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To Len Hayflick

Good comes from those who care what others think; greatness, from those that don’t.

To Louis Pasteur and Robert Koch

Great ideas pivot on the Janus’d cusp of history: looking forward they are obviously
foolish, looking backwards they appear foolishly obvious. We are doubly blind.
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There are limitations—intrinsic and human, absolute and relative—in
writing a book on cell senescence, aging, and disease. Four limitations
played foremost in this text and circumscribed its outcome:

1. The entire field cannot be covered. Having to shortchange some-
thing, I neglect dozens of areas from telomere structure to cholesterol
metabolism, methylation to tau proteins, free radical scavengers to pres-
byopia. The restriction here is one of focus; available pages and reader
interest dictate a Procrustean approach to textbook writing.

2. Even a defined area cannot be covered flawlessly, and here the
fault is a human one. None of us perhaps—not myself certainly—can
perfectly comprehend and plainly convey a topic as large as this one,
even shorn of its conceptual appendages.

3. Even with genius, the field is full of pitfalls and lacunae. Much is
unknown, some of what we think is known is probably in error, and the
result is uneven coverage and an inconsistency not due to human limi-
tation but scientific limitation. Writing demands that we accept what
we daily work to overcome in science.

4. Finally, health of a field is implied if a book is out of date before
it is published. Literature progresses in all directions. Flux and evolution
of a field are the delight of the researcher, the curse of the writer.

Request to the Careful Reader

Error-free textbooks are impossible for human authors. The copy editor (doubtless with
Fowler’s Modern English Usage encoded in her genes) corrected hundreds of stylistic

Apologia



errors and, by extrapolation and Bayesian statistics, thereby increased the already high
probability that this text must contain undiscovered substantive errors. The author is
grateful to readers who find such errors (whether of commission, omission, or inten-
tion), and email them to oxfordtext@earthlink.net, so that the second edition, already
in progress, may prove more useful and accurate for future readers. Thank you.

viii APOLOGIA



Preface

The major danger of technology is not that we may play God, but that we may refuse to
work at being fully human. Compassion is the highest of human motivations, allowing
us first to understand, then to prevent, the suffering, fear, and tragedy of others. Our
enemy is not death, which will forever be with us, but avoidable suffering, which need
not be. The ubiquity of disease is no more ordained than is the rarity of individual com-
passion, but it is in our power to lessen the former through our dedication to the latter.

The aim is to understand how diseases of aging occur, that we may prevent human
suffering. Helping those around us is not “playing God,” but is, if it has a sacred mean-
ing, God’s work. To denigrate this dedication, to avoid our responsibility, to ignore the
suffering of those around us is neither human nor forgivable. We cannot assume that if
someone suffers, the creator of the universe must have wanted it that way. Our igno-
rance of divine intent is no justification for a lack of mercy.

Finally, the age of those who suffer does not mitigate nor alter our responsibility
to them. Few are callous enough to ignore the suffering of children, some would ignore
and trivialize suffering in the elderly. Having been children, perhaps we remember our
own helplessness and fear, yet remain unable to predict or understand the suffering of
those who walk ahead of us in time. Compassion for the young is common; an equal
compassion for the old should be no less equally common. Its lack indicts our basest
egoism and rests upon a willful ignorance of life.
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The Aging Cell
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3

C H A P T E R 1

The Context

AGING is cell aging.
This bald statement, shorn of caveats and qualifications, is a simplistic (and so

inaccurate) statement of the cell senescence model of aging. While reflecting the cen-
tral tenet of this book, the model as proposed is complex, misunderstood, and ardently
disputed and has little direct, confirming data. Despite this, a growing body of experi-
mental work and the powerful implications of the hypothesis (Fossel, 1996; Liu, 1999)
make it imperative that the model be defined, allowing it to become understood, test-
able, and perhaps even disproved.

Although the central role of cells in human disease was first described by Rudolph
Virchow one and a half centuries ago (Virchow, 1858), the invocation of cell senes-
cence in this context is of more recent provenance. First described by Hayflick and
Moorhead (1961), cell senescence has been a tempting model to explain aging and
aging disease (Martin, 1977a).

Ironically, although the hypothesis has never been clearly formulated, it has re-
ceived frequent criticism in absentia. It is tempting to cite Darwin’s (1859) dismissal of
such critics as “writers who have not taken the trouble to understand the subject,” but
the fault lies in necessarily understanding two abstruse and interrelated areas: cell biol-
ogy and human pathology. Although cell biology is necessary to an accurate understand-
ing of human pathology (Rubin, 2002b), it is the latter—human pathology—that is of
primary concern here. The focus of this book is on the pathology, but fundamental therapy
for age-related disease requires the language and facts of cell biology. Pathology (and,
by implication, therapy) remains paramount, however, and is required if we are to under-
stand what cell biology has to tell us.
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Lacking this macaronic understanding of the pathology, some (e.g., Wallace, 2000)
have stated that cell senescence cannot play a role in aging diseases because cells do
not divide in relevant organs. Likewise, Clarke (1999) suggests that cell senescence
cannot play a clinical role because “the majority of cells in our bodies” don’t senesce.
Others (Goyns and Lavery, 2000) have suggested that not only do most cells not senesce,
but there is insufficient senescence among those that do to have a clinical impact. Human
pathology contradicts assumptions that cells are identical or function independently, or
that senescence is an all-or-nothing affair. The common mistake is confusing nondivid-
ing cells with cells central to the pathology (Martin, 1977b), resulting in a counterfeit
certainty (Macieira-Coelho, 2000). Consider Kirkwood’s (1999, p 157) conclusion that
since brains and muscles “certainly age” and the cells of those organs don’t divide (ap-
proximately true), then cell aging cannot play a role in aging disease (Kirkwood,
2001). Paraphrasing, since myocardial cells don’t divide, cell division couldn’t play a
role in age-related heart disease such as myocardial infarction. Similar desultory rea-
soning suggests that since myocardial cells do not accumulate cholesterol, cholesterol
couldn’t possibly play a role in myocardial infarctions. Experience suggests otherwise.

A mutual understanding of cell biology and pathology is rare and ill-conceived
conclusions are the result. The pathology of aging and many diseases are consistent with
the cell senescence model, although there is only a modicum of data implying causa-
tion. A more seduous view is occasionally personified in de Grey (1999), who concludes
that the model is consistent with human pathology. Aging and age-related pathology
might be caused by senescing cells whose dysfunction might in turn “harm non-dividing
cells.” He merely faults the model as unproven, which summarizes its current status
(Rudolph et al., 1999).

The aim is to understand how cell senescence affects human aging and disease,
separating what is known from the speculative and elusive. This aim is not academic,
but that we may intervene in diseases. Voltaire (1764), echoing Cicero’s earlier dictum
(Einhard, 1960), said that a book “must be new and useful, or at least have great charm.”
Lacking charm, the hope is that this book will provide something new and useful.

The urge to ameliorate aging was first recorded in the Epic of Gilgamesh 4700 years
ago (Sandars, 1960). Gilgamesh obtains a plant that “restores his lost youth to a man,”
then loses it, in a conspicuously Biblical motif, to a snake. Fourteen hundred years later,
Egypt gave us far grander examples of immortality, although none of age reversal. This
difference—between a merely long or a healthy life—remains a quotidian ethical dis-
tinction, echoed in hospitals and nursing homes.

In classical Greece, Aurora, daughter of Zeus, loved Tithynos, a mortal. At her
pleading, Tithynos obtained immortality, but not eternal youth. He became older and
older, his body crippled, his mind gone until, “he babbled endlessly, words of no mean-
ing” (Hamilton, 1940). At what price is immortality, if paid for in the coin of dementia?

In an ironic blessing, modern biology cannot offer immortality but instead offers a
chance, through an understanding of disease, to treat and prevent human suffering. It is
dementia we wish to prevent, not merely early death. Treating the diseases of aging is
more desirable than a fictional immortality. Our fear, that like Tithynos we might simply
extend dependence and disease, is groundless. Extending the human lifespan cannot
be done without preventing age-related disease. Reasonably, we prefer the death of
Tithynos’s son Memnon at the gates of Troy: healthy and active to the end. Luckily,
this preference encompasses the goal and spirit of modern biology. We may achieve
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the opposite of Tithynos, not the irony and pathos. His minatory myth is, thank God,
inconsistent with human biology.

Until recently, not only had aging interventions eluded us but even a consensus
understanding appeared suspect. Recently, however, cell biology has given us novel
and accurate insight into aging, recasting apparent certainties (Rose and Nusbaum, 1994;
Rose, 1999a). Historically, we have increased mean but not maximum lifespan. In early
hominids, maximum lifespan may have been far less (Smith, 1993), but within histori-
cal times, the maximum has been stable at about 120 years.

The threefold increase in mean lifespan over two centuries contrasts markedly with
an immutable maximum lifespan (Fig. 1–1). In developed nations, mean lifespan has
gone from approximately 25 years (1800), to 50 years (1900), to the current 75 years
(2000). Even these rough figures raise the hackles of academic demographers: histori-
cal data are sparse and unreliable; compared to the privileged, figures for most of the
population are unreliable; and previous populations are inappropriate for modern com-
parisons. Nonetheless, due to several social and medical factors, mean lifespan has tripled
while the maximum hasn’t budged. Rectangularization of the survival curve implies that
mean lifespan responds to behavioral, dietary, and medical interventions, but the maxi-
mum lifespan is “pinned” by fundamental, elusive biological constraints (Kirkwood,
1996; Holloszy, 2000; Kvitko, 2001). Retrospectively, there is nothing to suggest that
maximum lifespan has been or ever will be extended. Contrary claims have been the
result of insufficiently large samples (i.e., less than a billion, as in Wilmoth et al., 2000),
exaggerations, outright fictions, or unsubstantiated data. Such exaggerations include
Marco Polo’s 150- to 200-year-old Indian Yogis who ate only rice, milk, sulphur, and, in
spectacular disregard for their safety or lifespan, mercury (Latham, 1958). Yogis were
pulling Polo’s leg or he, ours. Dozens of other fictional candidates exist, such as Candide’s
172-year-old man drinking liqueurs in El Dorado’s diamond goblets (Voltaire, 1759) or
Elie Wiesel’s codification of the Wandering Jew legends (Wiesel, 1968). Claimants
abound in the literature of each age and culture. Perhaps the most well-known, in the
Judeo-Christian tradition, are the antediluvian biblical patriarchs living almost a thou-
sand years, until God apparently changed his mind with Noah, and limited us to 120
years (Genesis 6:3). There is a time beyond which God no longer “strives” in a person
(Hebrew: “Y’don”). Buddhist tradition (i.e., Abdhidamma) surpasses this limit, giving

Figure 1–1 Survival curves. Over the past 200 years, the approximate mean lifespan in most
developed nations has gone from 25 years (in 1800), to 50 years (in 1900), to 75 years
(in 2000), but the maximum lifespan has been invariant at an estimated 120 years.
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“ no definite limit to the duration of life” (Narada, 1968, p 244), a remarkable thought.
Despite such accounts, or perhaps in light of their provenance, and despite continual
(Oeppen and Vaupel, 2002) increases in mean lifespan, there has been no reason to
believe that the maximum lifespan or aging is mutable. Contrary claims were based on
profit, not data.

A broad and careful look at the biology of aging, however, suggests that while
maximum lifespan cannot be increased by the methods that have improved the mean—
reliable access to calories and other nutrients, immunization and antibiotics, and access
to a safe water supply—maximum lifespan is nevertheless alterable (Nusbaum et al.,
1996). This statement is not theory but reflects current facts: aging is neither immutable
nor biologically ubiquitous. The immutability and universality of aging belie reliance
on limited interventions, narrow perspectives, and species provincialism. Aging is not
ubiquitous among organisms, nor is it immutable among those that age.

Many unicellular organisms (e.g., most bacteria) do not age while most multicellu-
lar organisms (e.g., mammals) do. This suggests that aging is a side effect of multicellu-
larity, an intrinsic limit to communal survival. Perhaps aging just “happens” because time
passes and is an emergent phenomenon of multicellular gestalts; data contradict this. Aging
is a necessary concomitant of neither chronology nor multicellularity. The rate of aging
varies between and within species. Unicellular organisms such as Saccharomyces cerevisiae
age (Lundblad and Szostak, 1989), while some multicellular organisms do not, although
a clear understanding of aging remains elusive (Austad, 2001). In his encyclopedic work,
Longevity, Senescence, and the Genome, Finch (1990) devotes an entire chapter to “neg-
ligible senescence” in lobsters, Quahog clams, tortoises, and bristlecone pines. If these
organisms age, they take an extraordinarily long time doing so.

Similar inconsistencies occur within cells. As Weismann suggested a century ago,
normal somatic cells senesce, whereas cancer cells and germ cells do not (Weismann,
1884). Aging occurs in some cells, but at different rates or not at all in others (Curtis,
1963; Austad, 2001). Were aging mere entropy, we could not explain such inconsisten-
cies, key hints to fundamental mechanisms. Complex and subtle processes trigger,
modulate, and direct entropy.

Were aging mere chronology, mere accumulated damage from free radicals and simi-
lar processes (Kowald and Kirkwood, 1996; Kirkwood and Kowald, 1997; Kirkwood,
1998, 2002), we would face the contradiction of the overwhelming “age” of every cell
line. If the vox populi is correct—“free radicals are the engine of aging”—then the en-
gine is controlled and modulated. Each cell derives from preceding cells, whose ances-
try weaves (due to sexual and other recombination, including viral transfer) backward
through earlier cell lines. This retrospective cell line—for every cell—is three and a half
billion years old. In a basic and inescapable sense, every cell is three and a half billion
years old. Eukaryotic cells themselves form an unbroken cell lineage of a billion and a
half years of hosting symbiotic mitochondria, the major source of the free radicals
(Loschen et al., 1974; Chance et al., 1979; Turrens, 1997). This unbroken three-and-a-
half-billion-year cell lineage begs the question of why cell senescence has not accumu-
lated retrospectively in the germ cell lines (Beach, 2000). Why has time and free radical
damage not aged all cells, instead of only somatic cells? Germ cell lines maintain them-
selves over billions of years; somatic cell lines accumulate damage and age over a mere
handful of years.
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Cell senescence begins at defined times, occurs only in specific cells, and shows a
clear temporal inflection in doing so. Furthermore, cell senescence correlates with cell
divisions, not with time. Without division, cell aging stops, regardless of time duration,
and restarts when the cell divides again. Cell “aging” is not the same thing as the dura-
tion of exposure to damage. Cellular aging occurs in somatic cells, but not in the germ
cells from which they derive. In particular cell lines we can say that aging did not occur
(back to the dawn of life) until fertilization occurred. But why then? Aging is continu-
ally reset in cancer and germ cell line. What interventions, until now impossible, allow
us to reset aging in somatic cells? That aging is not universal or that cell aging can be
reset does not imply that organism aging can be easily altered. Quite the contrary. Fac-
ile claims notwithstanding, aging is robust.

Caloric restriction delays aging and aging diseases (Masoro 1984; Weindruch and
Walford, 1988; Yu, 1993), as obesity shortens life (Fontaine et al., 2003), but the mecha-
nisms of the former are unclear (Masoro, 2001). There is limited evidence (Lin et al.,
2000a) supporting the contention that caloric restriction works via changes in gene
expression (Allison et al., 2001; Teillet et al., 2002) and may link caloric restriction and
cell senescence (Campisi, 2000a). Gene expression changes (Lee et al., 1999a; Nusbaum
and Rose, 1999; Imai et al., 2000), specifically, transcriptional silencing occurs (Lin
et al., 2000a; Rogina et al., 2002), and correlates with delayed cell senescence (Pignolo
et al., 1992; Wolf and Pendergrass, 1999), but this may be a response to rather than a
necessary mechanism of caloric restriction. There is initial evidence that while transcrip-
tional silencing may be important, at least in yeast (Jazwinski, 2000d), it is not required
in caloric restriction (Jazwinski, 2000c).

Hormonal explanations (Sonntag et al., 1999b; Mobbs et al., 2001) and potential
links between corticosteroids and stress in the aging brain (Lee et al., 2000c) notwith-
standing, there is no evidence that these mechanisms explain caloric restriction. Despite
potential benefits (Smith, 2000), there is no evidence that growth hormone, melatonin,
dehydroepiandrosterone (DHEA), or oral supplements have any effect on aging nor on
themaximal lifespan of any species. To the extent that there are data on hormonal inter-
actions with aging, clinical benefits may be restricted to or mediated by specific tissues
(e.g., estrogens on vaginal epithelium). Claims that hormonal interventions affect aging,
like most other claims for aging interventions, are false. Nonetheless, aging is mutable
and contrary claims are equally false.

Accelerating aging (with appropriate disputes as to whether this is aging) is trivial.
Environmental stresses such as UV radiation (e.g., dermal photoaging), recurrent
trauma, infections, hyperoxia, toxins, and dietary inadequacies or alterations (Arking,
1998; Kapahi et al., 1999) accelerate aging, although these processes may simply
increase mortality without affecting aging. As George Roth once observed, if you hit
a young organism with a hammer, you increase early mortality, but not aging. Are
“photoaging and intrinsic aging two distinct entities” (as per Kaminer and Gilchrest,
1994) or do both processes use the common pathologic pathways and thereby deserve
common discussion (Li et al., 2003)? Photoaging may be a distinct entity, as progeria
is distinct from normal aging, yet may aid in understanding aging. Incomplete but
useful models for accelerated aging include human progerias (Fossel, 1996, 2000c)
and animals bred for rapid aging (Arking, 1998), such as Mus (Takeda et al., 1981)
andDrosophila (Rose and Charlesworth, 1981). The questions of whether progerias
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are true aging and whether animals demonstrate rapid aging or merely rapid pathol-
ogy remain arguable (Harrison, 1994), yet provide insights.

Decreasing the aging rate is more difficult but more interesting and has profound
clinical implications. Three current interventions delay aging: (1) selective breeding,
(2) caloric restriction, and (3) genetic alteration.

Selective breeding can increase the lifespan and slow the rate of aging in domesti-
cally bred and experimental laboratory animals (Rose and Nusbaum, 1994; Banks and
Fossel, 1997), including the nematode Caenorhabditis elegans (Johnson, 1987; Larsen
et al., 1995; Hekimi et al., 2001), the fruit fly Drosophila melanogaster (Luckinbill et al.,
1984; Rose, 1984; Arking, 1987b; Arking and Dudas, 1989; Jazwinski, 1996), and mice
(Atchley et al., 1997; Miller, 2001). In humans, this approach is scientifically imprac-
tical, ethically unacceptable, and clinically pointless. The same caveats are accepted in
fiction (Heinlein, 1958). Human selective breeding would be paradoxical: experiment-
ers have equivalent lifespans, requiring a multigenerational experiment and under-
cutting the self-interest of the experimenters. Nor is there clear benefit: the eugenic
implications are strikingly distasteful and would undercut financial or political support.
The ethics devolve into the same concerns as intentional and enforced selection of
humans for any trait. Selection occurs haphazardly and naturally (Perls et al., 2000) as
each of us chooses a mate, but this process reflects personal, not social enforced choices
and rarely achieves the same level of opprobrium. The haphazard nature assures a more
varied species gene pool than a single criterion, such as extended lifespan. Our clinical
goal is not solely to prevent future suffering by selecting for healthier humans but to
prevent or cure the diseases we now suffer from. Aside from practical and ethical ob-
jections, selection offers no benefit to patients. Despite this, an understanding of how
selection delays aging remains practically, ethically, and clinically relevant. By con-
sensus, such breeding selects for genes involved in basic energy metabolism, antioxidant
efficacy (Dudas and Arking, 1995), metabolic efficiency, and free radical metabolism
in the broadest sense (Arking, 1998). Curiously, epidemiologic analysis suggests that
these experiments may not be selecting for lower mortality with aging, but for much
lower mortality overall (Curtsinger et al., 1995; Pletcher et al., 2000).

Caloric restriction, by about 30%–40% of ad libitum intake with careful mainte-
nance of nutrient balance (Pugh et al., 1999a), works through restricting total caloric intake,
rather than any specific nutrient or calorie source (Weindruch and Walford, 1988; Sohal
and Weindruch, 1996). A minor exception, lifespan extension of Caenorhabditis elegans
through specific restriction of coenzyme Q, has been attributed to reduced generation
and enhanced scavenging of intracellular reactive oxygen species (Larsen and Clarke,
2002).

First described in rats (McCay et al., 1935), caloric restriction appears to work in
a fair number of nonmammalian species (Kirk, 2001), in all tested mammalian species
(Lane et al., 1998a; Roth et al., 1999), including primates (Lane et al., 1992, 1997b;
Ingram et al., 1993), and likely in humans (Roth et al., 2003). Caloric restriction may
have an analog in yeast (Imai et al., 2000; Jazwinski, 2000b; Jiang et al., 2000). Sac-
charomyces starvation, however, accelerates cell senescence, though only for one gen-
eration (Ashrafi et al., 1999). Philosophically, we might ask whether caloric restriction
extends lifespan or the normal ad libitum diet shortens it. In the natural environment,
caloric restriction might be the control group while ad libitum diet constitutes an in-
creased, but suboptimal and unnatural, caloric intake. However we view caloric restric-
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tion, the optimal diet is not what most organisms choose in the wild, in captivity, or, in
modern humans and their lucullan diet, in the supermarket.

Caloric restriction affects many (Lane et al., 1997a; Wolf and Pendergrass, 1999;
Roth et al., 2003), but not all biomarkers of aging (Nakamura et al., 1998). Exceptions
include age-related changes in healing rates (Roth et al., 1997), serum lipid ratios, and
lipid oxidation (Cefalu et al., 2000), although it does decrease protein oxidation (Youngman
et al., 1992). Epidemiologic analysis suggests that caloric restriction affects aging per se,
rather than simply mortality (Pletcher et al., 2000). Correlated with its other benefits, in
some circumstances caloric restriction “is accompanied by more youthful rates of cell
replication” (Pendergrass et al., 1999b; Wolf and Pendergrass, 1999). Caloric restric-
tion delays the onset of age-related diseases, including cancer (Weindruch et al., 1991;
Weindruch, 1992; Volk et al., 1994), which may be linked to an increased cell sensitiv-
ity to apoptotic death (Muskhelishvili et al., 1995).

Human (leaving aside Marco Polo) and primate data are limited. During the early
1940s, the incidence of most age-related diseases fell in The Netherlands (Hoogendoorn,
1990) and has been attributed to the limited caloric intake (near starvation in some cases)
resulting from the Nazi occupation. Initial results (Lane et al., 1998a) in rhesus macaques
(Ingram et al., 1990) support but do not confirm (Roth et al., 1999) the suggestion that
caloric restriction may be effective in humans (Roberts et al., 2001). Circumstantially,
the limited current data imply potential human clinical benefits (Hadley et al., 2001;
Lee et al., 2001a; Roth et al., 2003). Caloric restriction probably lowers the incidence
of atherosclerosis (Verdery et al., 1997) and risk factors known to play a role in its pa-
thology (Edwards et al., 1998; Cefalu et al., 1999; Lane et al., 1999). The same is likely
true of other age-related diseases and their respective risk factors (Lane et al., 2000).

Given human nature, however, caloric restriction has limited direct practical value.
Human patients are notoriously resistant to permanent dietary change, let alone a 30%
reduction in caloric intake (Hass et al., 1996). Nonetheless, when it can be enforced,
stringent dietary changes have been shown to lower the incidence of heart disease (Ornish
et al., 1998). As with selective breeding, caloric restriction may achieve clinical appli-
cation through increased understanding of mechanisms rather than through use of its
methods. Caloric restriction is likely to involve fundamental energy metabolism (Lane
et al., 1995; Roth et al., 1995a; Luckinbill and Foley, 2000), perhaps paralleling those
implicated in selective breeding. Drugs that affect energy expenditure (Ramsey et al.,
1998), especially glucose mimetics (such as 2-deoxyglucose), result in some benefits
of caloric restriction without caloric restriction (Lane et al., 1998b, 2002; Poehlman
et al., 2001; Weindruch et al., 2001). Initial work shows that glucose mimetics have
neuroprotective effects against oxidative damage (Guo and Mattson, 2000b). Alterna-
tively, such a basic change in the cellular energy budget may increase protein (Gafni,
2001; Gottesman and Maurizi, 2001) and lipid membrane turnover, with effects on re-
spective function (see mathematical analysis in Chapter 3). Mechanisms aside, caloric
restriction remains the most reliable method of postponing aging in mammals (Arking,
1998).

Among invertebrates, a parallel example is found in the nematode, Caenorhabditis
elegans, which enters the dauer phase (with conceptual but no etymological justification,
this may be thought of as hibernation) if food is scarce. Caloric restriction or not (Lane,
2000), it extends lifespan by restricting metabolism approximately 12-fold (O’Riordan
and Burnell, 1989). The daf-2 and age-1 genes play a role and are homologous to the
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human insulin receptor tyrosine kinase gene (Kimura et al., 1997). Drosophila lifespan
is extended by mutation of daf-2 homologs, the insulin-like receptor gene InR (Tatar
et al., 2001), or an insulin receptor substrate, chico (Clancy et al., 2001). Multiple
mutations, directly affecting intermediate metabolism, double the Drosophila lifespan
(albeit in a line starting with a shorter than average lifespan) without apparent costs to
fertility or activity (Rogina et al., 2000). In Caenorhabditis elegans, mutations of daf-2
(Larsen et al., 1995) or age-1 (Larsen, 1993) may result in extended dauer phases and
extended lifespans (Gems et al., 1998), with the central nervous system gene expres-
sion being paramount in these effects (Wolkow et al., 2000), although telomere-like
sequence may play a significant but unknown role (Jones et al., 2001). Mutations of the
“Clock genes,” especially clk-1 coupled with daf-2, result in a fivefold lifespan exten-
sion in these worms (Lakowski and Hekimi, 1996). The Clock genes act as metabolic
regulators (Ewbank et al., 1997; Felkai et al., 1999; Branicky et al., 2000) and may act
to increase telomere length. Clk-2, whose overexpression shortens telomeres in
C. elegans, is homologous with TEL2, which regulates telomere length in yeast (Benard
et al., 2001; Lim et al., 2001; Rothman, 2002). By whatever mechanism, these muta-
tions mimic caloric restriction (Strauss, 2001) and, with caveats (Lane, 2000), might
employ the same underlying mechanisms (Lakowski and Hekimi, 1998) or perhaps
employ an independent third mechanism different from those of loss-of-function muta-
tions in the insulin-like signaling pathways or the Clock genes (Braeckman et al., 2000).
Curiously, though perhaps predictably, several of the genes that extend lifespan in
Caenorhabditis elegans, specifically age-1, clk-1, and spe-26, may have segmental and
independent effects upon the lifespan curve. Age-1, for example, selectively lowers late
mortality, whereas spe-26 lowers early mortality (Johnson et al., 2001b). Lifespan-
extending genes may work by radically different mechanisms.

The effect of the daf-2 mutation upon lifespan is not mediated by autonomous cells
that in turn control the organism’s lifespan through their effect on the other cells of the
body (harking back to hormonal and similar theories of human aging), but is a simulta-
neous effect in multiple, if not all, cell lineages within the organism (Apfeld and Kenyon,
1998). Ablation of the germ cells, however, does cause such a generic effect on the re-
maining cells of the organism, apparently through the same daf-2 mechanism and insu-
lin signaling (Hsin and Kenyon, 1999), although hormonal effects have been suggested
(Arantes-Oliveira et al., 2002). A similar effect pertains to mutations of the sensory cilia
cells; once again, mutations of a few cells can affect the lifespan of the entire organism
(Apfeld and Kenyon, 1999). The daf-2 gene effect on lifespan requires the activity of
thedaf-16 gene, which encodes a member of the hepatocyte nuclear factor 3/forkhead
family of transcriptional regulators, antagonized by insulin (Lin et al., 1997). Mutations
of the DAF-16 transcription factor (a homologue of the mammalian insulin receptor)
can bypass these effects of the daf-2 mutation (Ogg et al., 1997). In these and other studies
(Guarente et al., 1998; Paradis and Ruvkun, 1998; Tissenbaum and Ruvkun, 1998), there
is a recurrent and tantalizing implication that basic energy metabolism plays a role in
lifespan determination. While mutants have normal metabolic rates, lifespan is increased
by altering glucose sensing, glucose transport, or glycolysis (Lin et al., 1997). Lifespan
determination in mutants and that in calorically restricted mammals share common
metabolic mechanisms but retain differences (Lane, 2000).

The paradoxical observation in nematodes—energy metabolism changes without
apparent effect on the gross metabolic rate—is echoed in mammalian caloric restriction
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work, in which metabolic rate remains unaltered (McCarter and Palmer, 1992). While
unadjusted total body energy expenditure is decreased (Lane et al., 1996) in restricted
rhesus macaques, which have a smaller body mass than ad libitum macaques (Ramsey
et al., 1997; Colman et al., 1998, 1999c; Black et al., 2001), energy expenditure per lean
or total body mass is unchanged. Differences in physical activity do not explain caloric
restriction (McCarter et al., 1997), but the mechanisms remain arguable.

Glucose metabolism (Masoro et al., 1992; Lane et al., 1998b), glycation (Cefalu et al.,
1995; Teillet et al., 2002), free radical production (McCarter, 1995; Kim et al., 1996;
Wachsman, 1996), oxidative damage (Weindruch, 1996; Kim et al., 1997a; Wanagat
et al., 1999; Hall et al., 2000), antioxidant production (Luhtala et al., 1994; Suzuki et al.,
1997), individual cell or mitochondrial energy expenditure (Lass et al., 1998), mito-
chondrial damage (Aspnes et al., 1997; Harper et al., 1998; Lee et al., 1998b), immune
changes (Roecker et al., 1996; Weindruch et al., 1997), or hormonal changes in insulin
(Wang et al., 1997), somatostatin (Sonntag et al., 1995), growth hormone (GH; Xu and
Sonntag, 1996a, 1996b), or IGF-1 (Sonntag et al., 1999b) have been used to explain
caloric restriction. More likely, however, caloric restriction involves basic changes in
gene expression, perhaps via transcriptional silencing (Campisi, 2000a; Lin et al., 2000a),
that underlie, contribute to, and tie together these plethora of other, perhaps more facile
and superficial, explanations. Perhaps an explanation lies in the forest—altered patterns
of gene expression—and not the trees.

Experimental genetic interventions extend the lifespans of relatively simple multi-
cellular species (Guarente and Kenyon, 2000), such as Caenorhabditis elegans (Kenyon
et al., 1993; Larsen, 1993; Dorman et al., 1995; Lin et al., 1997; Hekimi et al., 1998;
Murakami and Johnson, 1998; Yang and Wilson, 1999). Such intervention in C. elegans
amounts to a “fountain of youth” for nematodes (Kenyon, 1996; Guarente and Kenyon,
2000). A parallel finding in Saccharomyces cerevisiae is the FOB1 mutation that slows
the generation and accumulation of extrachromosomal ribosomal DNA circles (see
below), an apparent counting mechanism for yeast senescence (Defossez et al., 1998).
This finding links chromosomal structure, gene expression, metabolism, and aging
(Guarente, 1996, 1997a; Defossez et al., 1999). Increasing the gene dosage of Sir 2p
extends lifespan, probably by related mechanisms (Kaeberlein et al., 1999) or via tran-
scriptional silencing or recombination suppression (Imai et al., 2000). Similar extended-
lifespan mutations are found in mice, with again the implication that insulin metabolism
is central to the effect (Dozmorov et al., 2001).

Lifespan determination is complex, but is alterable by simple mutation as well as
selection. Though not determined solely by genetics (Arking, 1988; Finch and Tanzi,
1997), lifespan is extraordinarily responsive to selective breeding. In Drosophila, breed-
ing is enormously effective in extending or shortening lifespan (Rose and Charlesworth,
1981; Arking, 1987c; Arking and Dudas, 1989; Rose, 1989), despite technical barriers
and theoretical criticisms (Arking and Buck, 1995). The mechanisms are complex and
difficult to characterize (Rose, 1989; Arking et al., 1993) even in this simple, termi-
nally differentiated organism (Kowald and Kirkwood, 1993a). Although the effect has
been localized to Drosophila’s third chromosome (Arking et al., 1991; Buck et al.,
1993b), the genes and mechanisms remain unclear (Hutchinson et al., 1991; Dudas and
Arking, 1994; Nusbaum and Rose, 1994; Force et al., 1995; Arking et al., 1996). Per-
haps coincidentally, a gene that lengthens Drosophila telomeres is on the same chro-
mosome (Siriaco et al., 2002). With considerably less funding, Aristotle observed, “it
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is not clear whether . . . it is a single or a diverse cause that makes some to be long-
lived, others short lived” (from Ross, 1908, p 464b).

Flies bred for longevity are probably more efficient in combating oxidative dam-
age (Hari et al., 1998). The family of small heat shock proteins, which play a role in
oxidative stress, has been implicated (Kurapati et al., 2000; Verbeke et al., 2001; Walker
et al., 2001) and has raised the issue of hormesis (beneficial effects of low level physi-
ological stressors) in extending lifespan (LeBourg, 2001; Rattan, 2001). Mild stress, like
caloric restriction, may be the natural condition (Hayflick, 2001), but repeated stresses
shorten lifespan (Jazwinski, 2001). Hormesis may trade short-term survival for long
lifespan (Cypser and Johnson, 2001), but practical implications await an understanding
of the genetic mechanisms (Lithgow, 2001).

Lifespan is inversely correlated with body temperature within strains, but there is
no correlation with lifespan between strains bred for long or short lifespans (Arking et al.,
1988). Longer lifespan is not a matter of living (and using energy) more slowly, but
something more subtle, echoing the mutations of C. elegans. The cost of a nematode’s
longer lifespan is a prolonged dauer phase; the cost of a fly’s longer lifespan is delayed
development (Buck et al., 1993a). Just as age is delayed in the longer-lived strain, so
too is the entire pattern of events (e.g., the rate of amino acid uptake, protein synthesis)
in adult life (Pretzlaff and Arking, 1989; Arking and Wells, 1990). There is an inter-
action between lifespan and fecundity (Hutchinson and Rose, 1991; Kirkwood and Rose,
1991). Fecundity alone will select for longer-lived organisms (Rose et al., 1992b). How
these are related remains unclear.

Does this apply to humans? The genetics (Rose, 1999b) and most basic metabolic
functions are identical or closely analogous (Rose et al., 1992a). Similarities tempt us
to believe that invertebrate data offer generic insight into mechanisms of mortality
(Nusbaum et al., 1993) and into mechanisms of vertebrate, specifically human, aging
(Schachter et al., 1993). Temptations notwithstanding, there are no corresponding data
from mammalian experiments. Invertebrate lifespan extension genes modulate oxygen
consumption, free radical metabolism, cellular respiration, or basal metabolism (Ogg
et al., 1997; Paradis and Ruvkun, 1998; Tissenbaum and Ruvkun, 1998; Gems, 1999;
Honda and Honda, 1999; Paradis et al., 1999; Van Voorhies and Ward, 1999), echoing
the caloric restriction data (Kimura et al., 1997). Within vertebrates, few models bear
upon these genetic findings; those that do reflect changes in resistance to oxidative stress
(Kapahi et al., 1999; Migliaccio et al., 1999).

That a few genes modulate aging (in invertebrates or otherwise) is startling. That
random mutation apparently improves biological function, which is complex and far
from random, is so improbable as to strenuously imply unappreciated survival costs.
There is evidence of such costs (Kuether and Arking, 1999), although their significance
and extent is unclear. Mutation may remove metabolic restrictions having only occa-
sional benefits and having reproductive or survival costs in the wild (Kirkwood, 1997;
Westendorp and Kirkwood, 1998) though not easily demonstrable in the laboratory (Hsin
and Kenyon, 1999). Such costs probably accrue to developmental viability and are
selected against in the wild (Buck et al., 2000).

In humans, only circumstantial evidence suggests that aging or maximum lifespan
can be altered. Segmental progerias, such as Hutchinson-Gilford syndrome, Werner
syndrome, and trisomy 21, have isolated features that resemble normal aging. They may
result from single mutations, single chromosome duplications (Brown, 1992), or epige-
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netic abnormalities. While not equivalent to normal aging at the gross or cellular levels
(Brown et al., 1985; Oshima et al., 1995; Kipling and Faragher, 1997), cells do show
senescent changes that may underlie these syndromes, such as fibroblasts in Hutchinson-
Gilford progerics and lymphocytes in trisomy 21 patients. In Werner syndrome, a single
mutation underlies the clinical and cell senescence abnormalities (Yu et al., 1996). Sur-
prisingly, telomerase circumvents the accelerated senescence, resetting telomere length
(Ouellette, 2000b; Wyllie et al., 2000) and gene expression and partially normalizing
cell function (Choi et al., 2001).

Whatever the species, there are two overarching themes: interventions that extend
the lifespan or that delay aging alter energy metabolism or chromosomal function. Not
only are free radical metabolism (Harman, 1956, 1999) and mitochondrial dysfunction
(de Grey, 1997, 1999; Richter, 1999) central to aging (Finkel and Holbrook, 2000), they
are probably necessary to explaining caloric restriction (Feuers et al., 1993) and genetic
alteration of lifespan (Larsen, 1993).

Purely metabolic explanations are insufficient. The evidence of germ and cancer
cell lines, helicase abnormalities in Werner syndrome (Yu et al., 1996), and growing
literature on telomeres (Moyzis, 1991; Losi and Dal Cin, 1999) and telomerase (Yegorov,
1999) suggest that chromosomal function modulates not only cellular (Kipling, 1995b)
but perhaps also organismal aging (Fossel, 2001b). The thesis of this book is that chro-
mosomal function, and specifically alterations in gene expression, plays a key role in
human (and mammalian) aging by modulating the changes in energy metabolism and
mitochondria that drive aging in all organisms (not merely those that, like humans,
demonstrate cell senescence). The role of energy metabolism in aging is biologically
universal; the roles of chromosomal function and gene expression in aging are more
restricted. The driving forces underlying aging are ubiquitous; the genetic control of
such forces differs between species. Adult insects (Finch, 1990; Arking, 1998) are ter-
minally differentiated (their cells no longer divide). They age by running out of cells,
with cell losses set by free radical damage and mitochondrial dysfunction (Yan and Sohal,
1998). Cell senescence plays little role in the aging of terminally differentiated organ-
isms. Not surprisingly, these organisms have different (“non-canonical”; Hawley, 1997)
telomere mechanisms (Pardue et al., 1996; Martinez et al., 2001a, 2001b). Insects ac-
tively maintain telomeres (Kipling, 1995b) and recognize them as nondamaged chro-
mosomal terminations (Ahmad and Golic, 1999; Ahmed and Hodgkin, 2000), even if
the telomere and maintenance mechanisms are strikingly different (Biessmann et al.,
1997; Kamnert et al., 1997). That telomeres are “similar in structure” (Pryde et al.,
1997) may apply to yeast and vertebrate organisms (Dubrana et al., 2001), but is less
true in multitudes of other organisms such as Drosophila (Pardue et al., 1996; Savitsky
et al., 2002), Borrelia (Hinnebusch and Barbour, 1991; Kobryn and Chaconas, 2002),
certain other bacteria (Goshi et al., 2002), and viruses (DeMasi et al., 2001; Kobryn
and Chaconas, 2001).

In some single-celled organisms that, although intuitively surprising, demonstrate
aging, telomeres play a role (Sinclair et al., 1998b). Yeasts lose telomere length with
age (although see D’Mello and Jazwinski, 1991) and simultaneously accumulatecurious
extrachromosomal ribosomal DNA circles (ERCs) within the nucleolus (Defossez
et al., 1998; Johnson et al., 1998; Sinclair et al., 1998a), which may result from DNA
repair (Park et al., 1999). Blocking ERC creation extends yeast lifespan (Defossez
et al., 1999). The relationship, if any, between these circles and “supertwisted” DNA
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minicircles found in the mitochondria of some candidal yeast species (Tomaska
et al., 2000) is unclear. Whether these circles have human parallels (Shore, 1998a) is
unknown and even their role in yeast remains uncertain (Jazwinski, 2000d). Circle
location matches hTR and hTERT location within the human nucleolus (Etheridge
et al., 2002; Yang et al., 2002b), a location that varies with malignancy and cell cycle
(Wong et al., 2002).

Telomeres at chromosome terminations are probably necessary for cells with lin-
ear chromosomes (Sandell and Zakian, 1993; Ishikawa and Naito, 1999) as well as de
novo chromosomes, e.g., in Ascaris (Muller et al., 1991) and Euplotes (Mollenbeck and
Klobutcher, 2002). Exceptions (Levis, 1989; Biessmann et al., 1990a) or interesting
complications (Biessmann et al., 1990b; Ravin et al., 2001) occur, but telomeres are
universal on linear chromosomes, even on linear mitochondrial chromosomes (Morin
and Cech, 1988). This necessity was confirmed experimentally in new telomeres, formed
experimentally (Anglana and Bacchetti, 1999) or normally (Jentsch et al., 2002), and
artificial chromosomes (Grimes et al., 2002) in which telomeres are required for nor-
mal function (Runge and Zakian, 1993; Ascenzioni et al., 1997; Grimes and Cooke, 1998;
Mills et al., 1999b).

Curiously, telomere-like sequences are found throughout the chromosomes of many
organisms, e.g., horses (Lear, 2001) and primates (Hirai, 2001). In Tetrahymena, these
sequences (Yu and Blackburn, 1991) probably result from telomerase-induced chro-
mosomal repair or “healing” (Greider, 1991a; Harrington and Greider, 1991; Collins
and Greider, 1993).

Unlike invertebrates, vertebrates have many cell lines that divide throughout the
lifespan, replacing typical and constant cell loss, providing a peculiar twist to the cell
dynamics of aging. Within vertebrates, and within mammals, aging differs, not so much
in the basics of intermediate metabolism but in changing control of metabolism and hence
aging. If all mammals were to start with the same intermediate metabolism and mito-
chondria, differences in rates of energy use (and hence free radical accumulation) and
patterns of gene expression would drastically alter the outcome and pathology (e.g.,
Goldstein and Moerman, 1984; von Zglinicki et al., 2000a). Compared to humans, mice
have higher metabolic rates, fewer body cells, longer telomeres (at least in some strains;
Hande et al., 1999b), different patterns of gene expression (or marginally different genes),
and, as a result, faster overall aging. Aging is not simply telomere length, nor any other
single factor. These differences reflect the evolutionary pressures on mice, in which aging
is seldom the weakest link in survival (Wright and Shay, 2000).

The intent is not to explain universal patterns of metabolism, nor interspecies dif-
ferences in the genetic control and expression of aging (Kirkwood, 1992), but to illumi-
natehuman aging. Specifically, the intent is to explore a practical model of human
age-related pathology. Rather than an ivory-tower, conceptual bagatelle, aging is the
concrete and daily accrual of personal dysfunction and discomfort. Aging is arthritis,
angina, strokes, dementias, incontinence, and infections. Aging is, etymologically and
experientially, emphatically a dis-ease. It is distinctly tangible, fundamentally human,
and unavoidably real.

Finally, cell senescence is consistent with our current understanding of age-related
clinical disease and myriad hypotheses regarding aging. It explains how hypertension
and tobacco may cause pathology. It explains exceptions, such as atherogenesis in
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progeric children who lack other risk factors. That aging now occurs on the stage of cell
senescence does not change our usual actors, but it does introduce new and important
characters to our play. Free radicals may be villains in this drama, but the script is that
of cell senescence and it is here we can intervene most effectively. The importance of
cell senescence lies in how it defines human pathology and then only if we can alter the
script and prevent age-related disease.
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C H A P T E R 2

Cell Senescence

CELL senescence appears carefully arranged as cells divide; aging appears to
be a more haphazard affair. For cells, this has prompted a semantic distinction be-
tween aging and senescence, but organisms may age or senesce without fear of schol-
arly argument.

Until 40 years ago, cells were not believed to age or senesce. Cells simply divided
and survived indefinitely. By implication, aging was an emergent property of multicel-
lularity with unavoidable repercussions the cells. Cells were immortal; organisms (col-
lections of cells) were not. Aging was failure of the gestalt between rather than any
mechanism within cells. Cells might be immortal, but the anarchy of aging was the body’s
unavoidable destiny.

Data were meager, causes elusive, theories rampant. Was aging due to hormonal
imbalance, metaphysical failure of cellular social contracts, or trade-off of procreative for
survival energy (although energy remained ill-defined)? Lacking evidence of cell aging
until past the middle of the twentieth century, aging remained the product of multicellular
interaction by default. Though false, the belief that cells did not age was vigorously de-
fended. The crucial breakthrough occurred serendipitously and despite dogged attempts
at disproof. That cell senescence occurred was revolutionary; that it might have clinical
implications for aging remains so. To understand the revolution in our concept of aging,
we must first explore telomeres (the terminal portion of linear chromosomes), telomerase
(the enzyme that extends telomeres), and our concept of cell senescence.

Telomeres, Telomerase, and Cell Senescence

In 1888, Waldeyer described dark nuclear clumps, naming them chromosomes. Half a
century later, investigators described terminal portions of chromosomes and, in 1938,
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Hermann Muller named them telomeres (Muller, 1938). Barbara McClintock, who won
a Nobel prize for her work on maize, did the initial work on telomeres and found them
essential to chromosomal integrity. Succinctly, “nature does not like DNA with free ends”
(Brenner, 1997). Lacking telomeres (Shore, 1998b), chromosomes become unstable,
“sticky,” and prone to mutation (McClintock, 1941; Lundblad, 2001). The poetic and
common—although, strictly speaking, inaccurate—metaphor is that telomeres “keep our
chromosomes from unraveling.”

Although research has been done in plants (Richards and Ausubel, 1988; McKnight
et al., 1997; Zentgraf et al., 2000; Riha et al., 2001), most work was done on animal
telomeres. Telomeric organization is similar in plants (Kilian et al., 1995; Ohmido et al.,
2001), although with differences (Armstrong et al., 2001). Telomeric structure and se-
quence suggest distinct clades (Adams et al., 2001) although some species have lost the
normal telomere mechanism (Cunado et al., 2001). Readers are referred elsewhere for
details (Gall, 1995) and early reviews (Biessmann and Mason, 1992; Blackburn and
Greider, 1995) of those who established a preliminary understanding of telomeres (see
Greider, 1991c).

Sometimes referred to as a “chromosomal cap” (Cervantes and Lundblad, 2002),
the telomere has been compared to the terminal plastic sleeve or “aglet” on the chromo-
somal “shoelace” (Gottschling and Stoddard, 1999). Correctly stressing their importance,
this comparison incorrectly suggests a passive role and disregards the active nature of
telomere maintenance (Bryan and Cech, 1999; Dandjinou et al., 1999; Dubrana et al.,
2001). Telomere loss has widespread consequences throughout cells—the “telomere
deletion response”—including up-regulation of energy production, mitochondrial pro-
liferation, and wholesale alterations in gene expression (Nautiyal et al., 2002). Far from
mere DNA ferrules on chromosomal handles, telomeres actively and assiduously modu-
late cell function (Kim et al., 2002f). Far more importantly, as the telomere shortens
(Levy et al., 1992), the cell cycle slows (Morin, 1997a), as does cell division (Maigne
et al., 1998), leading to growth arrest (Harley et al., 1990) long prior to apocryphal
unraveling.

Linear chromosomes, and hence telomeres, create problems (Hawley, 1997), fore-
most among them, replication (see Fig. 2–1). Telomere function cannot be divorced from
mechanisms maintaining them and permitting duplication (Zakian, 1995; Lingner and
Cech, 1998; Blackburn, 2000b), especially telomerase (Harley, 1994; Lundblad and
Wright, 1996; Evans et al., 1999). Predicted in 1971 (Olovnikov, 1971; Watson, 1972),
telomerase was identified in Tetrahymena (Greider and Blackburn, 1985), the preemi-
nent organism in early telomere research (Turkewitz et al., 2002). Before considering
them together in cell senescence (Greider, 1990), we will consider first the telomere,
then telomerase.

The telomere comprises DNA and proteins (Kipling, 1995b; Campisi et al., 2001),
forming a complex (Cong et al., 2002) sufficient to permit DNA replication and protect
chromosomal stability (Blackburn and Szostak, 1984; Gottschling and Cech, 1984;
Gottschling and Zakian, 1986). Telomeric DNA is rigorously (de Lange et al., 1990)
repetitive (Blackburn and Gall, 1978); the protein structure is specific to and defines
the action of the telomere (Henderson, 1995). The complex allows the cell to distin-
guish telomeres unambiguously from other chromosomal breaks (Wynford-Thomas and
Kipling, 1997). In some species, the telomere is the site of attachment for a “tether”
between partner chromatids during anaphase separation (LaFountain et al., 2002).
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The DNA portion, repetitive hexameric nucleotides, is typically several kilobase
pairs long. In humans, the sequence is TTAGGG: thymine, thymine, adenine, guanine,
guanine, guanine (Moyzis et al., 1988). Some organisms display variation in the G-rich
sequence (Blackburn and Szostak, 1984; Blackburn, 1990b), even with only a single
telomerase RNA gene (Forstemann and Lingner, 2001). The boundaries of telomere varia-
tion may reflect unknown but required functions (Shoeman et al., 1988; Guo et al., 1992;
Villanueva et al., 1999). The TTAGGG sequence is shared by vertebrates, slime molds,
trypanosomes, and many other organisms (Zakian, 1989; Greider, 1990; Blackburn, 1991).
Some yeasts have a hexameric portion, but the repeats may range up to 25 bases
(McEachern and Blackburn, 1994). Distal bases are turned over more frequently than
innermost bases (McEachern et al., 2002). Similar sequences are found elsewhere in
chromosomes (“interstitial sequences”) and may be more labile—prone to breaks and
faulty repair—than telomere sequences (Balajee et al., 1994) and may represent erro-
neous insertion during double-strand break repair (Faravelli et al., 2002), end-fusions,
and segmental duplications (Uchida et al., 2002).

The telomere is not a simple structure but forms a terminal loop (Greider, 1999b), at
least in mammals (de Lange, 2001). To an extent, this loop forms a protective cap (de
Lange, 2002) and disruption is interpreted as DNA damage (Eller et al., 2002). This “lariat”
or telomere duplex loop (t-loop) structure probably forms immediately after duplication
(Wright et al., 1999) when the longer, guanosine-rich, 3' end (Wright et al., 1997) of the
overhang (the tail) bends backward and attaches slightly proximally from the termination
(“invades the duplex telomeric repeat”), displacing the normally complementary 3' strand
and taking its place on the complementary, more proximal, cytosine-rich 5' strand of the
telomere (Griffith et al., 1999a). The normally complementary displaced portion of the 3'
strand becomes the d-loop (for displacement loop) (Fig. 2–2).

An analogous circular arrangement occurs in yeast (Wellinger et al., 1992, 1993b;
Wright et al., 1992), although other mechanism may predominate (de Lange, 2001). A
critically short telomere (triggering cell cycle arrest) is probably one too short to form
t-loops (Yegorov et al., 1997) and this length may determine p53 binding (Stansel et al.,
2002). Overhang length is variable and directly proportional to the rate of telomere base
loss, perhaps explaining variation in shortening rates between different cells (Huffman
et al., 2000) and rapid shortening in certain mutations (Bucholc et al., 2001). Longer
overhangs may be more prone to damage, access by DNA repair proteins (von Zglinicki,

Figure 2–1 Telomere shortening. Telomere shortening occurs because the DNA primer, though
initiating replication, “hides” and thus prevents replication of the distal telomere of the repli-
cated strand.
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2000), and accelerated loss. Overhang length (Jacob et al., 2001) is apparently inde-
pendent of telomerase (Hemann and Greider, 1999; Nikaido et al., 1999), at least in
murine mTERT null cells, but there is disagreement (Stewart et al., 2003), and models
suggest that length variation may be due to template abnormalities (Hao and Tan, 2002).
Finally, telomeres can form four-stranded structures, G-quartets (see Kipling, 1995b;
Henderson, 1995; Moine and Mandel, 2002), or even larger structures (Sen and Gil-
bert, 1992; Scherthan, 2001), with functional (Ferguson et al., 1991; Phan and Mergny,
2002) and perhaps clinical (Brown et al., 1998b) implications.

Human telomeres comprise at least two specific binding proteins, telomere-repeat
binding factors 1 and 2: TRF1 and TRF2 (Chong et al., 1995; Bilaud et al., 1997; van
Steensel and de Lange, 1997). These and a growing number of other proteins (Fang and
Cech, 1995; Shore, 1997b; d’Adda di Fagagna et al., 1999; Classen et al., 2001; Kamma
et al., 2001) regulate telomere length (Ishikawa, 1997; Griffith et al., 1998; Shay, 1999a).
Proteins, such as Cdc13p (Grandin et al., 2001; Mitton-Fry et al., 2002), open the
G-quartet structure, permitting replication (Izbicka et al., 2001; Lin et al, 2001). Pro-
teins in the MRX complex such as MRE11, Rad50p, and Xrs2p (Diede and Gottschling,
2001; Tsukamoto et al., 2001), fulfill maintenance functions including checkpoint sig-
naling and DNA replication (D’Amours and Jackson, 2002), and preserve chromosomal
integrity in animals (Booth et al., 2001; Goytisolo and Blasco, 2002) and plants (Daoudal-
Cotterell et al., 2002), if not necessarily, yeast. Amounts and ratios of these proteins
(e.g., MRX proteins) may change significantly in cancer cells (Matsutani et al., 2001b).
Heterogenous nuclear ribonucleoproteins (hnRNPs) may regulate length (Ford et al.,
2002). Telomere associated proteins may be linked to oxidative damage or single-strand
fragment production (Saretzki et al., 1999; von Zglinicki et al., 2000a). Whatever the
mechanism, telomerase and longer telomeres are protective against apoptosis (Ozen et al.,
1998; Holt et al., 1999b; Ren et al., 2001; Gorbunova et al., 2002).

TRF1 and TRF2 regulate telomere length and maintain homeostasis (Shore, 1997a;
de Lange, 2000; Watanabe, 2001; Ancelin et al., 2002), preventing indefinite lengthen-
ing and unlimited cell proliferation. Judging from the function of similar proteins (such
as Rap1p) in Saccharomyces (Conrad et al., 1990; Wright and Zakian, 1995; Marcand
et al., 1997a; Li et al., 2000a) and in Kluyveromyces lactis (Blackburn, 1997; Blackburn
et al., 1997; Maddar et al., 2001), and overexpression causing telomere loss in telomerase-
positive tumors that normally display stable telomeres (van Steensel and de Lange, 1997),

Figure 2–2 Telomere structure. Telomeres routinely form complex, looped structures: the larger
loop is the telomere duplex loop (t-loop), the displaced portion of the 3' strand forms a smaller
displacement loop (d-loop).
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TRF1 and perhaps TRF2 provide feedback regarding telomere length (Smogorzewska
et al., 2000; Karlseder et al., 2002). A frequent, concise observation is that TRF1 nega-
tively regulates elongation whereas TRF2 protects chromosome ends and inhibits end-to-
end fusions (Matsutani et al., 2001a; de Lange, 2002; Karlseder et al., 2002).

Both TRFs bind duplex telomeres in vivo, especially long telomeres. Neither affects
telomerase expression or activity in vitro, but blocks telomere elongation in vivo, prob-
ably by sequestering the 3' terminus in loops, preventing telomerase access and there-
fore activity (Smogorzewska et al., 2000). Both TRFs contain a C-terminal Myb domain
that binds telomeres (Hanaoka et al., 2001); both have equivalent a-helical architectures
that resemble twisted horseshoes, permitting homodimerization and almost identical
binding (Fairall et al., 2001; Nishikawa et al., 2001). They are found in vertebrates, but
not necessarily in budding yeasts (Wellinger et al., 1993c; Lin and Zakian, 1994; Li et al.,
2000a). A TRF2 analog, Taz1p, is found in fission yeasts such as Saccharomyces pombe
(Cooper et al., 1997; Matsutani et al., 2001b). Telomere maintenance mechanisms are
more similar in fission yeasts and humans than fission and budding yeasts (Park et al.,
2002b). With exceptions, e.g., Caenorhabditis elegans (Yi et al., 2001), most plants
and animals have analogous (if not equivalent) binding proteins (Hwang et al., 2001b).
Pot1 protein, binding single-stranded DNA, may bind the terminus of the protein in
ciliates, fission yeast, and mammals, and perhaps most eukaryotes (Baumann and Cech,
2001).

TRF1 (aka Pin2) and other proteins probably maintain stability (Yajima et al.,
2001) by signaling normal, undamaged chromosomal terminations (Ancelin et al.,
1998; Karlseder et al., 1999), blocking inappropriate elongation (Shore, 1997a; van
Steensel and de Lange, 1997), and inhibiting telomerase (Ancelin et al., 2002). TRF1
binds a potent telomerase inhibitor, PinX1 (Zhou and Lu, 2001). TRF1 is regulated
cell cycle–specifically; it binds to, and regulates microtubules and mitotic spindles
(Nakamura et al., 2001b, 2002b). Meiotic spindle function, by contrast, requires func-
tional telomeres and perhaps telomerase (Liu et al., 2002d). TRF1 molecules dimerize
(Bianchi et al., 1999; Fairall et al., 2001), bind to duplex TTAGGG, induce a shallow
bend in the DNA, and lead to loop formation. The sequence of TRF1 varies between
species. Although certain (presumably key) regions of the proteins are conserved at the
N-terminus and in the middle, overall there is only a 67% homology between mTRF1
and hTRF1. TRF genes are not syntenic, lying on different chromosomes in mice com-
pared to those of humans (Broccoli et al., 1997).

TRF2 probably caps newly formed telomeres (Bailey et al., 2001), remodeling
(Stansel et al., 2001) and stabilizing (Shay, 1999a) t-loops. It prevents end-to-end fusions
(Hiyama et al., 1998b; van Steensel et al., 1998; Karlseder et al., 2002), probably by
favoring d-loop formation or stability (Griffith et al., 1999a). TRF2 inhibition removes
this protection, causing loss of the 3' tail, activation of p53, end-to-end fusions, apoptosis,
DNA damage checkpoint activation, and even senescence, including senescent mor-
phology andb-galactosidase expression (de Lange, 2000). Telomeric genes for proteins
inhibiting apoptosis may be implicated (Li and Altieri, 1999). Absent TRF2, exposure
of telomere ends, rather than short telomeres, may trigger the senescent phenotype
(Karlseder et al., 2002). TRF2 binds telomeric repeats, even interstitially along the chro-
mosome (Mignon-Ravix et al., 2002), but preferentially at the loop–tail junction (Griffith
et al., 1999a), where it may stabilize t-loops at the binding of the 5' strand, displacing
the corresponding d-loop from duplex telomere. In doing so, it may “hide” the single-
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strand 3' tail, which would otherwise be mistaken for single-strand, damaged DNA and
initiate an inappropriate (e.g., apoptotic or senescent) response (Karlseder et al., 1999,
2002). Mutant TRF2 overexpression induces end-to-end fusions and growth arrest, which
suggests that normal senescence may be triggered by TRF2 loss (van Steensel et al.,
1998; Karlseder et al., 2002). Overexpression of normal TRF2 delays senescence and
reduces the senescent “checkpoint” by several kilobases, but also accelerates telomere
shortening (Ancelin et al., 2002; Karlseder et al., 2002), similar to TRF1 overexpression
(Smogorzewska et al., 2000).

Tankyrase (Smith et al., 1998; Zhu et al., 1999c; Rippmann et al., 2002) is a
poly(ADP-ribose) polymerase (PARP) that inhibits TRF1 binding and whose sub-
cellular location correlates with TRF1 (Seimiya and Smith, 2002). Tankyrase is cell
cycle–dependent (Smith and de Lange, 1999) and probably has two forms; func-
tional differences, if any, are unknown (Cook et al., 2002). PARPs protect protein sta-
bility against oxidative damage and correlate with species longevity (Burkle, 2000). That
DNA polymerases may play a role in telomere maintenance (Ohya et al., 2002) is nei-
ther surprising nor enlightening.

Ku, a heterodimeric protein with a high binding affinity for double-stranded DNA
ends, nicks, and gaps, functions in DNA repair and telomere maintenance in some viruses
(Jeanson and Mouscadet, 2002), yeasts (Peterson et al., 2001; Cosgrove et al., 2002;
Gravel and Wellinger, 2002), plants (Riha et al., 2002), eukaryotes (Conway et al., 2002),
and mammals (Bailey et al., 1999; d’Adda di Fagagna et al., 2001; Espejel and Blasco,
2002; Espejel et al., 2002a), including humans (Hsu et al., 1999; Gasser, 2000). Mam-
malian Ku may prevent telomeric fusions (Samper et al., 2000). Recent work finds that
Ku binds specifically to hTERT (Chai et al., 2002). Homologs (Chen et al., 2001c), binds
to undamaged telomeres, “G-quartet conformation” or not (Bianchi and de Lange, 1999),
and may identify intact telomeric structures as undamaged DNA (Teo and Jackson, 2001).

Two ATM kinases, Tel1p and Mec1p, maintain telomeres, acting directly rather
than through telomerase, in Saccharomyces cerevisiae (Chan et al., 2001) and per-
haps humans (D’Amours and Jackson, 2001). La, a component of ribonucleoprotein
complexes, interacts with hTR; overexpression results in telomere shortening (Ford
et al., 2001). DNA-dependent protein kinase catalytic subunits (DNA-PKCs) are
implicated in telomere maintenance and telomere capping (Espejel et al., 2002b), par-
ticularly in mice with severe combined immune deficiency (SCID; Gilley et al., 2001).
DNA primases may regulate telomerase activity, at least in yeast (Diede and Gottschling,
1999) and ciliates (Ray et al., 2002), ensuring simultaneous activity on both chromosomal
strands, obviating long, unmatched strands. Additional candidate proteins, including p80
and p95 in Tetrahymena, associate with telomerase, but have no proven role in telo-
mere maintenance (Mason et al., 2001).

TIN2 (Kim et al., 1999; Simonsson, 2001), E-Cbs (Klobutcher et al., 1998), rep-
lication factor C (Uchiumi et al., 1996, 1998, 1999; Mossi and Hubscher, 1998),
Nijmegen breakage syndrome (NMS) protein (Ranganathan et al., 2001), and others
(e.g., Grunsteing, 1997; Fanti et al., 1998) could play a role, as may chromatin struc-
ture (Slijepcevic et al., 1997; Lowell and Pillus, 1998). Some species may have idio-
syncratic approaches to telomere stability, for example, the repetitive inclusion of
b-D-glucosyl-hydroxymethyluracil, in trypanomome telomeres (van Leeuwen et al.,
2000). Telomerase activity, hence length and stability, may be controlled through access
to the telomere (Shay, 1999a). Telomerase may even regulate its own activity, through
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splice variants (Krams et al., 2001). One of six variants, hTERT-a, lacks catalytic core
residues, inhibiting activity and causing shortening (Colgin et al., 2000).

That genes regulate telomere length is likely, but that there are supportive data
(Blackburn et al., 1997) is fascinating, for it clarifies their dominance (Wright et al.,
1996a), inheritance (Manning et al., 2002), and location (Hinkley et al., 1998), even if
their regulation remains unclear (Kipling, 1995b, pp 111–113; Greider, 1996; Shore,
1997a). Whatever mechanisms are involved, they are largely shared throughout eukary-
otes (Greider, 1993; Dokudovskaya et al., 1997), with the lessons of one species likely
relevant to another.

CrossbreedingMus musculus (telomeres >25 kb) and M. spretus (5–15 kb) clari-
fies factors controlling telomere length. Longer length is dominant; controlling genes
localize to a 5 cM region on distal chromosome 2 (Zhu et al., 1999c). Whether these
mechanisms correspond to those discussed above remains unknown, but they are, to a
degree, cell phenotype–specific (Coviello-McLaughlin and Prowse, 1997) and likely
responsive to selection pressure (Weinstein and Ciszek, 2002).

Even within species, lengths vary between telomeres, but specific chromosomes
may have specific telomere lengths (Zijlmans et al., 1997; Slijepcevic and Hande, 1999)
and those lengths correlate directly with length of their chromosome (Suda et al., 2002),
although lengths may vary among a minority of sister chromatids (Bekaert et al., 2002).
Murine telomere lengths correlate with length of their respective arms; telomeres are
shorter when closer to centromeres and p-telomeres are shorter than q-arm telomeres.
Mice have acrocentric centromeres (Kipling et al., 1991, 1994), but the correlation re-
mains in humans and Chinese hamsters, with more central centromeres (Slijepcevic,
1998b). Whether active mechanism or accidental correlation, there are suggestions of a
functional link between centromeric and telomeric heterochromatin in mammals, Dro-
sophila, and yeast (Netzer et al., 2001). Curiously, 600 telomere sequences added to
yeast chromosomes had no obvious effect, while a dozen centromere sequences were
rapidly destabilizing (Runge et al., 1991). Telomere maintenance (Moreau et al., 2001;
Romney et al., 2001; Schwartz et al., 2001) may be critical to radiation resistance
(Bouffler et al., 2001; Finnon et al., 2001), but surviving radiation-induced dicentrics
rarely display intermediate telomere sequences (Cornforth et al., 1989).

The pivotal function of telomeres, cell survival (Muniyappa and Kironmai, 1998),
is deceptively clear in outline but unsettled in detail. The necessity for specific base
sequences, for example, and their influence on cell survival has received little attention
and is largely unexplained (Marusic et al., 1997; Ware et al., 2000).

Telomeres “match” meiotic chromosomes (Hiraoka, 1998) and localize them dur-
ing transcription (Blackburn, 1991; Gray and Celander, 1991), but these roles are pas-
sive. Telomeres are not static structures (Blackburn, 1995; Cooke, 1995; Kipling, 1995b).
First the Russian (Olovnikov, 1971), then the English (Watson, 1972) literature pointed
out that linear replication implied loss of part of the telomere during every division.
Replication begins not at the terminus (Wellinger et al., 1993a) but at the DNA replica-
tion “primer.” Telomere replication may occur late in S phase (McCarroll and Fangman,
1988) and vary even within an organism (Hultdin et al., 2001). The “lagging” strand
underlying the primer would usually go unreplicated (Nozawa et al., 2000). The “lead-
ing” strand may have its own problems (Lingner et al., 1995). This model, supported
experimentally (Ohki et al., 2001), implies incomplete replication of the lagging end of
each strand, hence incomplete chromosome copying. Chromosomes shorten with each
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division. This “end replication problem” implies progressive telomeric erosion (Greider,
1995) and, ultimately, loss of chromosomal integrity.

In increasing probability, this implies that

1. immediately upon evolving, telomeres eroded and life with linear chromosomes be-
came extinct,

2. chromosomes replicate in another fashion and telomere shortening does not occur, or
3. an unknown mechanism relengthens telomeres (at least in germ cells) and maintains

species survival.

Readers may dismiss the first mechanism, while the second has a modicum of truth.
We do not fully understand replication nor the gamut of mechanisms responsible for
telomere maintenance. The third mechanism proved accurate. Early theory (Blackburn
and Szostak, 1984; Zakian, 1989) has yielded to data on telomere-extending mecha-
nisms (Greider and Blackburn, 1985; Greider, 1995), especially telomerase.

Telomerase, or telomere terminal transferase (Greider and Blackburn, 1985;
Greider, 1991b, 1995), binds (Price et al., 1992) and relengthens eukaryotic telomeres
(Kipling, 1995b; Campisi et al., 1996; Counter et al., 1997). It is a reverse transcriptase
(Cech et al., 1997) that reextends telomeres by adding terminal TTAGGG repeats.

Telomerase comprises two primary components (Morin, 1989): a dimeric RNA
template (hTR) configured for the correct (e.g., TTAGGG) telomere sequence (see
Blackburn, 1999) and a catalytic component (hTERT) that does the enzymatic work
(Blackburn, 1990a; Barinaga, 1997; Lingner et al., 1997) (Fig. 2–3). The catalytic com-
ponent is commonly called hTERT (human telomerase reverse transcriptase); TE stands
for telomerase, RT for reverse transcriptase. The RNA component should then be hTER
(human telomerase RNA), TE standing for telomerase, R for RNA. However, the litera-
ture prefers hTR, and we bow to this more common usage.

There is considerable (Greider, 1995; Kipling, 1995b) and growing (Cong et al.,
1999) evidence that other proteins modulate telomerase in humans and yeast (e.g., Lin
and Zakian, 1995; Hughes et al., 1997), but the primary components reextend telom-
eres in vitro (Autexier and Greider, 1994; Wen et al., 1998). Telomerase is largely re-
sponsible for telomere maintenance and ultimately for cell viability (Dandjinou et al.,
1999) and continued replication (Shay and Bacchetti, 1997). Without telomerase, linear
chromosome replication is a finite, biologically unrewarding affair.

The importance of telomere loss in cell senescence was first pointed out by Alexey
Olovnikov (1971). Going beyond theoretical necessity, Olovnikov compared telomeres

Figure 2–3 Telomerase structure. Human telomerase comprises both a template component (hTR)
and an active enzymatic component (hTERT).
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to a clock, counting cell divisions and timing cell senescence, connecting telomeres and
cell aging.

The History of Cell Senescence

As microbes 300 years previously, cell senescence was initially heresy. This is surpris-
ing and ironic, in light of Weisman’s early distinction between “immortal germ cell lines”
and mortal somatic cells (Weismann, 1884). Even Freud commented in 1920 that the
somatic cell “alone is subject to mortal death” (Freud, 1961). Unfortunately, Weismann
suggested that aging was an active genetic process. Some have resurrected this notion
(Skulachev, 1997), but portraying aging as having a selective advantage remains un-
convincing (Kirkwood and Austad, 2000). For whatever reason—faulty theory or tech-
nical flaws in cell culture—dogma favored cell immortality. Weismann’s quondam
distinction was prescient, but thoroughly and promptly ignored.

Early work indicated that all cells were biologically immortal (Kirkwood and
Cremer, 1982). Two dominant scientists, Alexis Carrel and Albert Ebeling, asserted that
all cells grew indefinitely (Carrel and Ebeling, 1921). Had their cells divided until their
work was refuted in 1961, “the mass of chicken cells . . . would have been greater than
the sun” (Hayflick, 1994). Ironically, cells can be immortal, given telomerase, but ab-
sent this, Carrel and Ebeling were simply wrong (Shay and Wright, 2000a).

Against this faith and error, it took courage for Leonard Hayflick and Paul Moorhead,
at the Wistar Institute in Philadelphia, to suggest (Hayflick and Moorhead, 1961) that
earlier researchers were wrong and that cells have “lifespans.” Then a mere parvenu,
the “Hayflick limit” is now a pillar of biology. Germ, stem, somatic, and cancer cells
have individual replicative limits (Hayflick, 1968, 1992, 1998a, 1998b).

Germ cell lines are biologically immortal if properly cultured in vitro, and by defi-
nition in vivo (hence, the reader’s existence). Although not immortal in a strict sense
(keeping them alive is technically daunting), they are immortal in the biological sense:
they do not senesce. Theoretically, all cells derive from ancestral cell lines with a com-
mon origin three and a half billion years ago, eukaryotes branching off perhaps one and
a half (Margulis, 1970) to two billion years ago, hominids perhaps seven and a half
million years ago (Leakey, 1992, p 80), and Homo sapiens perhaps half of that, although
dating is technically difficult (Shay, 1997a) and conceptually moot.

In contrast, somatic cells divide a limited number of times in vitro or (with consid-
erable circumstantial evidence) in vivo (Schneider and Mitsui, 1976). Stem cells—not
by definition (Potten and Loeffler, 1990), but not surprisingly—have replicative limits,
greater (Ramirez et al., 1997) than those of somatic cells that derive from them (van der
Kooy and Weiss, 2000). Embryonic stem cells, which give rise to all cell types and show
profound medical promise (Lanza et al., 1999b; Okarma, 1999), have the least restric-
tion in their replicative limits, particularly when including the organism’s future germ
cells (ova and sperm).

With fates largely controlled by surrounding cells (Kiger et al., 2000; Tran et al., 2000),
early stem cells differentiate into fetal endothelium, mesothelium, and ectothelium, with
differentiation varying within specific tissues. Hematopoetic stem cells include less (from
which all blood elements derive) and more differentiated (from which only particular
cells, e.g., leukocytes derive) cells. On the basis of theoretical reasoning and data (e.g.,
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Yashima et al., 1998b), each stem cell type has characteristic replicative limits, while
their derivative somatic cells have shorter limits. At birth, there is little telomere vari-
ability among different somatic cells within (but not between) organisms and no sig-
nificant variation between males and females (Okuda et al., 2002).

A distinction is drawn between true stem cells (dividing, but not differentiating),
transit cells (dividing and differentiating slightly), and functionally competent somatic
cells (fully differentiated, dividing only into equally differentiated cells). True stem cells
reside in a “microenvironment that regulates the self-renewal and output of a stem cell
population” (Wasserman and DiNardo, 2002), whose regulatory mechanisms are gradu-
ally becoming clearer (Kiger et al., 2002; Tulina and Matunis, 2002). Transit cells, in-
termediate between stem and differentiated cells, occasionally confuse discussions of
stem cell capabilities (Potten and Loeffler, 1990). The fully differentiated somatic cell—
hepatocyte, leukocyte, neuron, myocyte, etc.–has a replicative limit particular to each
species and cell phenotype.

Distinction between mortal somatic and immortal germ cells prompted a search
for the switch controlling cell senescence. Early reports showed senescence dominat-
ing in fused senescent and nonsenescent somatic cells (Pereira-Smith and Smith, 1982)
and with few exceptions mortality dominates (Pereira-Smith et al., 1990b) when mor-
tal human fibroblasts (Pereira-Smith and Smith, 1983) or T lymphocytes (Pereira-Smith
et al., 1990a) fuse with immortal cells. Similarly, in heterokaryons of mortal human
fibroblasts (young versus senescent), senescence dominates (Norwood et al., 1974),
although senescent human fibroblasts could be rescued by fusing hamster cells (Goldstein
and Lin, 1972).

Factors (Lumpkin et al., 1986b; Spiering et al., 1988) enforcing such senescence
in fused cells were labile and could be isolated in cytoplasts (Pereira-Smith et al., 1985).
Four complementation groups (Pereira-Smith and Smith, 1988; Smith and Pereira-Smith,
1989b; Smith et al., 1992) were found in T and B lymphocytes, fibroblasts, and endo-
thelial cells (Goletz et al., 1994a). The genetics of cell senescence were thought crucial
(Berube et al., 1998; Smith and Pereira-Smith, 1990) and there was success at assign-
ing complementation factors to chromosomal locations (Ning et al., 1991a; Goletz et al.,
1993; Tominaga et al., 2002), such as chromosome 1 (Hensler et al., 1994; Vojta et al.,
1996), chromosome 4 (Ning and Pereira-Smith, 1991; Ning et al., 1991b; Pereira-Smith
and Ning, 1992; Pershouse et al., 1997), and chromosome 7 (Ran and Pereira-Smith,
2000).

The mechanisms by which complement groups caused senescence were investi-
gated (Pereira-Smith, 1992), especially inhibition of DNA synthesis (Spiering et al.,
1991). Factors included mortalin (Kaul et al., 1995; Wadhwa et al., 1995), mortality
factor 4 (Bertram et al., 1999), and SDI1 (Noda et al., 1994), although the roles of the
latter two are more complex (Smith et al., 1996a; Bryce et al., 1999). Mortality factor 4
(MORF4) appears to be located on chromosome 4 and has motifs suggesting transcrip-
tional regulation (Ran and Pereira-Smith, 2000; Leung and Pereira-Smith, 2001) that
may play a role in the changes in gene expression (e.g., Irving et al., 1992) that define
cell senescence (Tominaga et al., 2002).

Other factors (p53, CIP1, WAF1, p21) led into the cell cycle (Johnson et al., 1994;
Nakanishi et al., 1995b; Tahara et al., 1995c). Antisense p21 (a cell cycle factor) rein-
states DNA synthesis and mitosis in senescent fibroblasts (Nakanishi et al., 1995a),
complementing wild p21, which inhibits telomerase expression (Kallassy et al., 1998).



26 THE AGING CELL

This research elucidated the function of cell cycles in senescence (Kill and Shall, 1990),
particularly via cyclic-dependent kinases (Stein et al., 1991; Nakanishi et al., 1995c;
Gerland et al., 2001) and other mechanisms of cell cycle braking (Rubelj and Pereira-
Smith, 1994). Although there were hints that chromosomal mechanisms, such as meth-
ylation, might be involved (Henderson et al., 1990; Ferguson et al., 1991; Vertino et al.,
1994; Mitchell et al., 1996), much remained unclear and without a unifying theoretical
framework.

Absent knowledge of telomere dynamics, some investigators suggested that cells have
a stochastic risk of becoming mortal at each division, of “committing” to senescence
(Kirkwood and Holliday, 1975; Holliday et al., 1977). This resembled modern stochastic
views of senescence (Rawes et al., 1997) and was not contradicted by available data, al-
though a nonstochastic limit—the Hayflick limit—remained immutably present (Harley
and Goldstein, 1980; Shmookler Reis et al., 1980). In the 1980s, cell senescence theories
(Kirkwood, 1984, 1987) attempted to incorporate earlier aging theories, including error
catastrophe (Gallant and Prothero, 1980) and free radical theory (Harman, 1956). In the
early 1990s, attempts were made to revive these theories (Kowald and Kirkwood, 1994).
Despite such efforts, cell senescence remained a mystery (Goletz et al., 1994b).

For two decades, the insights of Olovnikov and Watson lay fallow, with little cre-
dence paid to telomere mechanisms. The focus remained on somatic cells and the dis-
tinction between somatic and germ cell mortality, largely ignoring cancer cell immortality
(Crocker, 2001), despite clinical implications. Cancer cells typically have no limitation
on their divisions, do not senesce (Shay and Wright, 1996a, 1996b), and maintain stable
telomere lengths (Shay and Wright, 2001a, 2001b). By implication, such cells must
not only express (Morin 1989; Counter et al., 1992; Kim et al., 1994; Harley and
Villeponteau, 1995) and perhaps regulate (Gorbunova et al., 2003) telomerase but regu-
late excess telomere extension (Blackburn et al., 1997; Shay, 1999a).

Roughly, germ cells and cancer cells are immortal, somatic cells have defined rep-
licative lifespans (Linskens et al., 1995b), and stem cells are intermediate cells. Stem
cells have prolonged, though restricted, lifespans compared to their somatic daughter
cells. Transformation is a two-way street: immortal germ cells produce cells with lim-
ited lifespans, mortal somatic cells can give rise to immortal cancer cells. Cancer over-
comes dominant mortality; cellular mortality is reversible.

Early work suggested that there were two independent but necessary mortality stages
to cell immortality: M1 and M2. M1 is executed via p53, perhaps through binding to
the t-loop of the telomere (Stansel et al., 2002) or via proteins in the p16/Rb pathway
(Shay, 1998a), though this latter pathway may not function in mice (Smogorzewska
and de Lange, 2002). This stage may have subdivisions and backup mechanisms to
ensure senescence (Morris et al., 2002a). M1 is not senescence but (e.g., induced by
photoactivated psoralen) may mimic it (Ma et al., 2002b). At M1, cells lose responsive-
ness to normal mitogens (except SV40 T antigen), arresting near G1/S. Many tumor
viral proteins bind p53 and p16, block their inhibition, and allow cells to bypass M1.
Cell replication then continues until M2. M2 coincides with telomere shortening; by-
passing M2 requires telomerase (Park et al., 2002a). Cells undergo crisis (Wright et al.,
1989), distinct from normal senescence in that cells “detach from culture dishes en masse
and undergo apoptosis” (Hubbard and Ozer 2000; Macera-Bloch et al., 2002). Bypass-
ing both stages, cells achieve immortalization and indefinite lifespans (Wright and Shay,
1996; Duncan and Reddel, 1997).
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Cellular “lifespan” is the number of divisions cells undergo before division slows
(Maigne et al., 1998) or stops (Hayflick, 1970). Retrospectively, all cells have been
immortal (i.e., derive from immortal germ cells), but prospectively, few cells remain so.
Rare cells retain immortality, having unrestricted replicative potential. Cancer cells reat-
tain, and abuse, this potential (Hayflick, 1967; Kipling, 1995a; Greider and Blackburn,
1996). Somatic cells have defined replicative lifespans characteristic of their species,
phenotype, and donor age (Hayflick, 1989; Cristofalo and Pignolo, 1993). Embryonic
human somatic cells average 50 successive doublings (Hayflick, 1985, 1994), although
some phenotypes may double this (Duthu et al., 1982). Reproducible differences in
replicative lifespans between species, between cell types, and between age of cell
donors raise two questions: (1) what is the clock governing replicative limits (Hayflick,
1965), and (2) is there a relationship between replicative limit and aging within the
organism?

Olovnikov (1971) answered the first question and was proven correct a decade ago.
In 1990, Calvin Harley, Carol Greider, and Bruce Futcher (Harley et al., 1990) showed
that fibroblast telomere lengths correlate with replicative limits in culture. Other cor-
relative studies followed, as did a suggestive and confirmatory, but circumstantial study
(Wright et al., 1996a), showing that telomeric oligonucleotides extend telomeres and
cell lifespans in hybridized senescing cells. This argument culminated in the publica-
tion of a study (Bodnar et al., 1998) proving causation and “ending the debate” (de Lange,
1998). The crucial work was done by Harley’s group (at Geron Corporation) and col-
leagues at the University of Texas Southwestern Medical Center (Jerry Shay and Woody
Wright) and was confirmed repeatedly (Counter et al., 1998a; Vaziri, 1998; Vaziri and
Benchimol, 1998). Transfecting hTERT into human somatic cells (lung fibroblasts, skin
fibroblasts, and pigmented retinal epithelial cells) resulted in cells lacking a measur-
able replicative limit or senescent pattern of gene expression but that were otherwise
normal. In four decades, telomerase has changed from Watson’s theoretical “loose end”
to a method of immortalizing human somatic cells with enormous clinical potential. In
answer to our first question: telomeres and telomerase control cell senescence.

The second question, the potential relevance of cell senescence for aging (Cristofalo
et al., 1994; Hayflick, 1998a), has occupied many researchers over four decades (Hayflick,
1989, 1991) and is the foundation for this book. The potential relevance for aging pro-
vided a strong impetus for research (Cristofalo, 1996), but little was initially known
(Hayflick, 1984a). Attempts to fill this void included defining the characteristics of se-
nescence (Cristofalo et al., 1967; Cristofalo, 1988; Pignolo et al., 1994; Cristofalo and
Pignolo, 1996) and conditions under which normal cells immortalize (Gorman et al.,
1984). SV40, for example, immortalizes murine cells (Hubbard and Ozer, 2000) but
only 1 in 10–8 human fibroblasts (Shay and Wright, 1989; Cheng et al., 1997). Equally
studied were factors inducing cell senescence (Wright and Hayflick, 1975; Pignolo et al.,
1998a; Tresini et al., 1998) and altered responses of senescent cells (Balin et al., 1977;
Cristofalo et al., 1989; Phillips et al., 1990). Research naturally segued from growth
factor response (Cianciarulo et al., 1993) to cell protein expression (Ferber et al., 1993;
DiPaolo et al., 1995; Keogh et al., 1996a) and then into the basic molecular (Carlin et al.,
1994; Allen et al., 1995; Keogh et al., 1996b), signaling (Cristofalo and Tresini, 1998),
and genetic (Choi et al., 1995; Wang et al., 1996; Tresini et al., 1999) mechanisms. As
techniques improved, research became increasingly molecular (Cristofalo et al., 1992b;
Allen et al., 1997; Pignolo et al., 1998b) and focused on senescent patterns of gene
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expression (Smith and Pereira-Smith, 1989a; Cristofalo et al., 1992a; Doggett et al., 1992;
Medcalf et al., 1996), giving us an expanded and detailed understanding of senescence
(Cristofalo et al., 1998a, 1998b; Teng et al., 2002). Senescent human fibroblasts, for
example, display impairment in Cdk2and Cdk4 activation in response to mitogens, sec-
ondary to increased binding of p16 to Cdk4 and increased association of Cdk2 with cyclin
D1 and p21 (Morisaki et al., 1999). The past decade, marked by accelerating interest
and citations, has been succinctly, albeit informally, reviewed elsewhere (Marx, 2002).
While the second half of this text will address the clinical relevance of cell senescence,
the remainder of the first half explores our growing knowledge of cell senescence at the
molecular and genetic levels.

Telomerase and Its Function

Knowledge of telomerase function (Blackburn, 2001) has grown, but appreciation of
our ignorance has grown faster. Telomerase is a reverse transcriptase that adds DNA
bases to human telomeric DNA using an RNA template (Greider and Blackburn, 1985;
Yu et al., 1990; Singer and Gottschling, 1994). Human telomerase conserves many
generic characteristics of reverse transcriptases (Bosoy and Lue, 2001), but, unique from
most reverse transcriptases (such as HIV reverse transcriptase), retrotransposons (Moore
and Haber, 1996; Teng et al., 1996; Arkhipova and Morrison, 2001), and the extensive
family of DNA retroelements, telomerase does not cleave the DNA strand prior to in-
serting new bases (Eickbush, 1997) and has regions outside the reverse transcriptase
domain critical to telomerase and DNA primer activity (Beattie et al., 2000; Armbruster
et al., 2001). Molecules may inhibit HIV reverse transcriptase without effect on hTERT
(Mizushina et al., 2000). Instead of infecting the host or increasing DNA burden, as do
other reverse transcriptases (Boeke, 1996), telomerase (excepting carcinogenesis) bene-
fits the cell and organism. In some species, retroposons may serve a similar end, as
maintaining telomeres in Drosophila melanogaster (Sheen and Levis, 1994; Pardue et al.,
1996). Human telomerase comprises the RNA template (hTR) and the catalytic compo-
nent (hTERT). There is also an uncertain number of telomerase associated proteins (TEP)
(Nugent and Lundblad, 1998; Le et al., 2000; Scheffer et al., 2000).

The RNA template is specific for the telomere sequence that varies slightly among
vertebrates, yeast, and other organisms (Chen et al., 2000c). The dimeric template is
functional only as a homodimer; heterodimers consisting of a wild-type hTR and a mutant
hTR unit are almost inactive (Wenz et al., 2001). hTR has additional non-template bases
with functions, such as alignment (Gavory et al., 2002), in humans and other vertebrates
(Autexier et al., 1996; Hinkley et al., 1998; Lukowiak et al., 2001; Chen et al., 2002c),
as well as in nonvertebrates, such as tetrahymena (Autexier and Greider, 1995; Gilley
and Blackburn, 1999; Blackburn et al., 2000; Ware et al., 2000), and yeast (Roy et al.,
1998; Tzfati et al., 2000). Functionally, the non-template portion of this phylogeneti-
cally diverse enzyme is more important. A single, short “template-recognition” element
defines adjacent residues as a template for telomere synthesis (Miller and Collins, 2002).
Folded into a long hairpin structure, the 5'-terminal template domain remains accessible;
the 3'-terminal domain folds into a hairpin-hinge-hairpin-tail structure (Antal et al., 2002).

Although other regions vary among vertebrates, 10 helical regions of the RNA
remain almost invariant. The global architecture is likewise almost universal even in



CELL SENESCENCE 29

many nonvertebrates (Chen et al., 2000c; Rhodes et al., 2002). Disruption of non-
template regions reduces or abolishes DNA synthesis (Autexier and Greider, 1998; Chen
et al., 2002c), or causes replication beyond normal template boundaries, with conse-
quent abnormal telomere maintenance and cellular growth defects (Tzfati et al., 2000).
Some telomerases accept RNA primers, suggesting an evolutionary origin as an RNA-
dependent RNA polymerase (Collins and Greider, 1995). The hTR gene maps to chro-
mosome 3q26.3 (Soder et al., 1997), correlating with local telomerase repression
(Newbold, 1997). Control of expression, however, is more complicated and depen-
dent on many interacting sites (see below).

hTR is by no means the passive player to hTERT’s active role as an enzyme
(Blackburn, 1999; Smith and Blackburn, 1999). Specific domains determine binding
of hTERT and TEPs (Bachand et al., 2001). Approximately 270 bases downstream of
the template is a sequence required for in vitro assembly of the active telomerase. Either
of two fragments of hTR (nucleotides +33–147 or +164–325) combined with hTERT
cannot produce telomerase activity separately but do so together (Tesmer et al., 1999).
In humans, other vertebrates, and many invertebrates, the telomere sequence is a series
of tandem repeats of TTAGGG (thymine, thymine, adenine, guanine, guanine, guanine),
usually for several thousand base pairs. The corresponding hTR template is comple-
mentary, but overlaps and is capable of “climbing” telomeres as bases are added (Greider,
1996).

Most normal human somatic cells have a low but stable hTR concentration; stem,
cancer, and hTERT-transfected cells often have higher or more variable hTR concen-
trations. hTR activity is increased (often with increased gene copy numbers) in some
carcinoma cells (Soder et al., 1997; McCaul et al., 2002). Since it is constitutively ex-
pressed in most normal human somatic cells (Blasco et al., 1995, 1997a; Feng et al.,
1995; Avilion, 1996), hTR is probably not rate limiting for telomerase activity. None-
theless, in some human and other species (Avilion et al., 1992) cells, the RNA compo-
nent may be actively regulated.

hTR and hTERT expression may be independent (Avilion et al., 1992) or recipro-
cal (Stanta et al., 1999), but theory suggests a positive correlation and most data sup-
port this. The hTR half-life (approximately 5 days in hTERT-negative human cells)
increases markedly (as do hTR levels) if cells express hTERT. In extreme cases (H1299
tumor cells), the half-life is 4 weeks, longer than other cellular RNA. Surprisingly,
whether hTERT is endogenous (as in stem or cancer cells) or exogenous (as in transgenic
cells) profoundly effects hTR transcription rates. Exogenous hTERT does not alter hTR
transcription, but endogenous hTERT markedly increases transcription. This origin has
no effect on hTR half-life, however, which increases 1.6-fold regardless of hTERT source
(Yi et al., 1999). hTERT affects hTR synthesis and degradation; the hTERT source
somehow modulates hTR transcription. If telomerase transcription, degradation, and
activity vary with cell phenotype, cell state, and a variety of intracellular factors, small
wonder that differences in hTERT source and expression should affect hTR expression.

The catalytic component of telomerase, human telomerase reverse transcriptase,
or hTERT (previously hEST2; Meyerson et al., 1997), is a catalytic protein and the active
half of telomerase. The number of molecules present in cells demonstrating hTERT
activity may be surprisingly small. Using assays sensitive to 0.004 molecules per cell,
hTERT molecules are estimated at between 0.2 and 6 per cell (Ducrest et al., 2001).
Combining hTR and hTERT in vitro (Weinrich et al., 1997) or in vivo (Counter et al.,
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1998b) reconstitutes telomerase activity with normal enzymatic properties. The amino
acid and gene sequences of hTERT are known (Collins et al., 1995; Nakamura et al.,
1997; Nakayama et al., 1998). The specific effect of protecting (as opposed to length-
ening) the telomere (see discussion below) localizes at the COOH terminus of hTERT
(Huang et al., 2002), but specific functional locations may vary between yeast and higher
organisms and are still being teased apart (Banik et al., 2002).

hTERT is probably the most distal gene (5p15.33) on chromosome 5p (Bryce
et al., 2000; Shay and Wright, 2000b). Most human somatic cells do not express hTERT
constitutively; it is therefore the controlling element for telomerase activity in most such
cells (Harrington et al., 1997b; Kilian et al., 1997; Lingner et al., 1997; Nakamura et al.,
1997; Nakayama et al., 1998). Exceptions include germ and stem cells, and likely a few
potentially proliferative cells in otherwise telomerase-negative tissues. These include
mitotically inactive cells, such as breast lobular epithelium, and mitotically active, re-
generating cells, such as proliferating basal cells underlying human epidermis (Harle-
Bachor and Boukamp, 1996; Kolquist et al., 1998).

Most mouse somatic cells constitutively express the catalytic component of telomerase
(mTERT), although expression probably remains carefully regulated (Greenberg et al.,
1998; Martin-Rivera et al., 1998; Blasco, 2002b) and overexpression may increase
malignancy risk (Artandi et al., 2002). mTERT may be constitutively expressed, but its
activity may be more restricted than that of hTERT (Prowse et al., 1993). The regula-
tion of hTERT expression may be the norm for human cells, but with exceptions. Human
lymphocytes may express hTR and hTERT, while telomerase activity remains unde-
tectable. While hTERT levels may be regulated by transcription (Ducrest et al., 2001),
activity can be independently regulated by unknown post-transcriptional mechanisms
(Liu et al., 1999), perhaps proteolysis (Holt and Shay, 1999) or inhibition by hTERT
variants (Colgin et al., 2000). Synthesis may often be rate limiting for activity, and other
processes may also play a role: hTERT transport into the nucleus, assembly of the holo-
enzyme, recruitment to the telomere, and post-translational modifications (Aisner et al.,
2002). Increases in hTERT gene numbers occur in some tumor cell lines (Bryce et al.,
2000) and might conceivably regulate hTERT in normal cells.

The holoenzyme (Shay et al., 2001) comprises hTR, hTERT, and TEPs (Le et al.,
2000), including TEP1 (Harrington et al., 1997a), hStau, and L22. These apparently
independent proteins may play roles in hTR processing, telomerase assembly, or local-
ization within the cell. Their function and necessity (Liu et al., 2000b) remain ambigu-
ous. Other proteins may modulate telomerase activity. These include molecular chaperones
such as p23 and Hsp90 (Masutomi et al., 2000; Akalin et al., 2001; Forsythe et al., 2001)
that bind to the catalytic subunit of telomerase (Holt et al., 1999a) and (in yeasts) DNA
primases (Diede and Gottschling, 1999), an F-box protein (Katayama et al., 2002), and
inhibitory hTERT variants (Colgin et al., 2000).

Telomerase may have other roles than extending telomeres, such as telomere re-
pair (Collins and Greider, 1993) or preventing senescence by “capping” telomeres
(Blackburn, 2000c), the latter being mediated by the hTERT COOH terminus (Huang
et al., 2002). Not only can the mere presence of telomerase (absent net telomere length-
ening or activity) increase replicative potential (Cao et al., 2002a), provide a selec-
tive growth advantage (Forsythe et al., 2002; Xiang et al., 2002), and perhaps limit
DNA damage–protein binding, but subtelomeric DNA can cause capping (Chan and
Blackburn, 2002). The extent and significance of these roles remain uncertain. Just as
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telomerase may do more than merely lengthen telomeres, the obverse occurs: telo-
meres can lengthen without telomerase. Alternate lengthening of telomeres [ALT] is
discussed below (Chapter 5).

Typically, normal somatic cells constitutively express the RNA but not the cata-
lytic component (Greenberg et al., 1998). Thus there may be three ways to test the ef-
fect of telomere length on cell senescence and gene expression:

1. transfect the catalytic gene into a somatic cell that normally lacks it (as in Bodnar et al.,
1998),

2. knock out the catalytic gene from a cell or organism (as in murine cells that constitu-
tively express telomerase; see below), or

3. reversibly control expression of the catalytic component in cells that lack constitutive
expression.

Roughly speaking, we can add the gene to a cell that lacks it, subtract the gene
from a cell that has it, or produce a cell in which we can turn it on and off at will. We are
capable of transfection in vitro, ex vivo, and, potentially (with limited“take”), in vivo.
Gene knockouts are standard in genetic laboratories as in, for example, the telomerase
knockout mouse. Reversible induction occurs routinely in hematopoetic and perhaps
other stem cell lines (Hiyama et al., 1995d; Soares et al., 1998; Holt and Shay, 1999).
The same appears to occur in rats (and probably other species) during hepatic regenera-
tion when telomerase is transiently turned on and then back off when regenerative pro-
liferation terminates (Tsujiuchi et al., 1996, 1998; Golubovskaya et al., 1997). We are
experimentally capable of reversibly controlling gene expression in vitro (Steinert et al.,
2000) and there is increasing focus on mechanisms controlling hTERT expression (Poole
et al., 2001). This effort has clear implications for treating cancer and (at a more distant
resolve) age-related diseases (Gonzalez-Suarez et al., 2001).

hTERT levels may be predominantly controlled (not by degradation but) by gene
expression, specifically transcription (Horikawa et al., 1999; Gunes et al., 2000; Ducrest
et al., 2001). In many cell lines, perhaps in general, telomerase activity declines with
differentiation (Fukutomi et al., 2001). After cell cycle exit, terminal differentiation, and
loss of detectable telomerase activity (Holt et al., 1997a), proteolysis may play a greater
role in telomerase regulation (Holt and Shay, 1999). Major control is, however, vested
in transcription and is tightly restrained by promoter (Takakura et al., 1999; Koga et al.,
2000; Kyo et al., 2000b; Poole et al., 2001) and repressor mechanisms (Fujimoto et al.,
2000; Kanaya et al., 2000). Beyond expression, synthesis, and mere presence of hTERT,
however, lie complex controls on activity (Aisner et al., 2002).

The hTERT gene lies within a 37 kb region and consists of 16 exons, with an
identifiable promoter region flanking it on the GC-rich 5' end. This regulatory region
contains a TATA-less promoter located in a CpG island (Horikawa et al., 1999) and
the proximal 181 bp core promoter of hTERT has five binding sites for Sp1 and two
for c-Myc (Wick et al., 1999; Takakura et al., 2001). Maximal promoter activity can
be assigned to a 59 bp region (–208 to –150) that appears to contain the Myc binding
site. Insertion of c-Myc plasmids (Horikawa et al., 1999) or retroviral infection
(Falchetti et al., 1999) results in rapid telomerase transcription and activation. Tran-
scriptional switching has been accomplished using a conditional v-Myc-estrogen re-
ceptor protein (Falchetti et al., 1999) with resultant estrogen-dependent telomerase
activity.
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Regarding hTERT promoters, current interest focuses on c-myc as a preeminent
promoter of transcription (Cerni, 2000; Biroccio et al., 2002). c-myc, a ubiquitous tran-
scription factor and protooncogene, directly induces of hTERT transcription. hTERT
and c-myc are expressed in actively dividing cells, but down-regulated in nondividing
cells. Constitutive expression induces immortalization, but c-myc rapidly induces hTERT
expression regardless of the proliferation status (Wu et al., 1999c). The hTERT pro-
moter region contains numerous c-myc binding sites and is active in cancer, but not in
normal cells. Myc directly interacts with these sites, activating hTERT transcription in
vivo and in vitro and may be required for telomerase activation in cancer cells (Oh et al.,
1999a). The effects of c-myc on hTERT transcription can be overcome. Suppression by
herbimycin A blocks transcription independent of direct effects on exogenous telomerase
activity (Akiyama et al., 2000b), a finding indicating that suppression can (and does)
occur effectively at transcription, rather than by inhibition of activity.

Although our knowledge of the promoter mechanisms for hTERT is increasing
rapidly, little is known of the repressor mechanisms (Liu, 1999; Oh et al., 1999b). These
are probably complex (Reddel, 1998b; Liu, 1999; Shay, 1999b), although much has
become clear in the past few years (e.g., Takakura et al., 1999; Kyo et al., 2000b). Some
inhibitory elements may lie within the larger promoter sequence (Braunstein et al., 2001).
E2F-1 may have two putative binding sites proximal to the transcriptional start site of
the promoter and function as a key regulator of the gene in human cells (Crowe et al.,
2001; Crowe and Nguyen, 2001). Methylation alone is not responsible for telomerase
repression (Guilleret et al., 2002b), although it may play a role (Dessain et al., 2000;
Hoare et al., 2001; Bechter et al., 2002; Guilleret et al., 2002a; Neumeister et al., 2002).
The issue of the Polycomb-group proteins in immortalization and telomerase regula-
tion has been raised but not clarified (Jacobs et al., 1999; Itahana et al., 2003).

Effects from other regions have been examined. In keratinocytes, telomerase ex-
pression is normally repressed by at least one gene that has been tentatively mapped to
the short arm of chromosome 3p (Loughran et al., 1997; Newbold, 1997; Parkinson et al.,
1997; Tanaka et al., 1998a). This nicely matches data from renal cell carcinomas, in
which restoration of normal chromosome 3 function restores cell senescence (and re-
ciprocally abolishes telomerase activity) within this otherwise immortal tumor cell line
(Ohmura et al., 1995). In immortalized breast epithelial cells, insertion of a normal
chromosome 17 inhibits telomerase activity (Yang et al., 1999b). Other work has im-
plicated chromosome 5 (Kugoh et al., 2003) as well as chromosomal regions 1q and
17p as having inhibitory effects and 3q and 8q as having promoter effects on telomerase
expression. The c-myc gene is located on 8q and the p53 gene on 17p, perhaps explain-
ing part of this correlation (Loveday et al., 1999). In cervical cancer, hTERT expres-
sion appears to be controlled by a repressor on chromosomes 6 (Steenbergen et al., 2001)
and in HeLa cells, by repressors on chromosomes 3 and 4 (Backsch et al., 2001). While
it is likely that telomerase control is a complex and interactive phenomenon, it is equally
likely that much remains to be learned that will simplify and give order to the current
data.

One possible candidate is the transcription factor Mad1, a second member of the
myc/marx/mad network. Initial work suggests that mutation of Mad binding sites causes
de-repression of hTERT, which can be counteracted by Myc. The relative amounts of
Mad and Myc proteins may be negatively correlated and these levels are appropriate
for the hTERT expression found in normal versus malignant cells (Oh et al., 2000). Mad1
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repression is dependent on the NH2 terminal domain in association with a corepressor,
mSin3 (Gunes et al., 2000). Additional candidates for hTERT suppression include human
interleukin-4 (IL-4; Fu et al., 2000a) and interferon-alpha (IFN-a), which represses
telomerase transcription (but not hTR or TP1) and telomerase activity in Burkitt’s lym-
phoma cells, apparently by a c-myc–dependent mechanism (Akiyama et al., 1999).

Suppression may vary among cell phenotypes, as occurs with the Wilms’ tumor 1
suppressor gene (WT1) in renal cells. Alteration of the binding site markedly derepresses
hTERT transcription in renal cells, although not in HeLa cells, probably because they
lack WT1 expression. At least in some cell lines, WT1 represses the hTERT promoter
and therefore telomerase transcription (Oh et al., 1999b). A growth hormone releasing
factor antagonist (MZ-5-156) down-regulates hTERT gene expression (and thereby
telomerase activity) but had no effect on hTR or TP1 levels in a glioblastoma cell line
(Kiaris et al., 1999). Information on other possible suppressors (e.g., Mendoza et al.,
2000) remains scant.

Is Telomerase Good for Anything?

Absent telomerase, cellular renewal of organs in vivo or the serial passage of somatic
cells in vitro leads to telomere shortening and changes in gene expression (Hayflick,
1984a; Linskens et al., 1995a; Jansen-Durr, 1998), cell morphology (Matsumura et al.,
1979b; Pignolo et al., 1994) and the rate of cell cycling (Matsumura et al., 1979a;
Faragher and Kipling, 1998). As the telomeres shorten, the expression of multiple, domi-
nant genes halt DNA synthesis. Virally transformed senescent cells reactivate DNA
synthesis and divide even with critically short telomeres. This end run of cell cycle brak-
ing can result from viral oncogenes that encode proteins, especially the SV40 T antigen
(Pereira-Smith and Smith, 1981, 1987; Counter et al., 1994a; Hayflick, 1997b). Not all
oncogenes are as effective (Lumpkin et al., 1986a). The SV40 T antigen binds and in-
activates p53 and retinoblastoma (pRb) tumor suppressor proteins (Shay et al., 1991a),
which, along with basic helix-loop-helix (HLH) transcription factors (Desprez et al.,
1995), otherwise suppress proliferation (Hara et al., 1996). Destabilization of the ge-
nome ensues, encouraging further mutations that permit cell immortalization (Stewart
and Bacchetti, 1991). SV40 and hTERT can induce immortalization in human mam-
mary epithelial cells (with telomere elongation), but the former causes aberrant dif-
ferentiation, loss of DNA damage response, karyotypic instability, and occasional
tumorigenicity, while the latter results in intact DNA damage responses and more nor-
mal differentiation (Toouli et al., 2002). SV40 can induce telomerase activity, at least
in mesothelioma cells (Foddis et al., 2002). Factors such as phosphorylation (Yan et al.,
1997; Venable and Obeid, 1999; Kharbanda et al., 2000) and methylation (Sonoda et al.,
2000) changes may play a role in SV40 immortalization. Overexpression of the Id fam-
ily of HLH proteins inhibits cell differentiation while activating telomerase and inacti-
vating retinoblastoma protein in human keratinocytes. Such immortalized cells have an
impaired p53-mediated response to DNA-damage response (Alani et al., 1999). The story
remains complex and incompletely understood.

The notion that cell senescence is timed by a mechanism that measures telomere
shortening is probably “the best explanation” (Campisi, 1997b), though perhaps not the
only one (Spitkovsky, 1997). Although it remains supported by literally hundreds of
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studies over the past decade, some studies question the necessity (and at times the util-
ity) of telomerase. Mouse embryonic fibroblasts (MEFs), nullizygous for telomerase
RNA, spontaneously immortalize without telomerase activity (Blasco et al., 1997a;
Hande et al., 1999a), although normal telomere structure and function may be required
(Espejel and Blasco, 2002). Mouse embryonic fibroblasts become immortal given op-
timal in vitro conditions (Mathon et al., 2001; Shay and Wright, 2001c; Tang et al., 2001).
Although inhibition of mTERT activity appears to interrupt proliferation, some subclones
escape inhibition and continue dividing (Boklan et al., 2002). Spontaneous immortal-
ization is 10 million–fold more likely in murine than in human cells (Wright and Shay,
2000). Occasional reports (Romanov et al., 2001) notwithstanding, spontaneous immor-
talization is extraordinarily rare in human cells. Although the majority (perhaps 90%)
of human malignancies express telomerase, there are immortal human cell lines with
long telomeres but lacking detectable telomerase activity (Bryan et al., 1995; Gollahon
et al., 1998). These may be attributable to technical limits, suggesting greater reliability
(and telomerase expression) as methods improve (Wright et al., 1995; Shay et al., 1997;
Norton et al., 1998). The general rule suggests there is an all-but-consistent repression
of telomerase in normal somatic cells (Hastie et al., 1990) and overwhelming expres-
sion in malignant ones (Harley and Kim, 1996). Overall, telomerase is required for
immortalization (Dessain et al., 2000).

Mice are useful for aging research because they are cheap, well understood, and
have short lifespans. Initially negative results (Blasco et al., 1997a) from a telomerase
RNA (mTR) knockout, or telomerase null, mouse (mTR–/–) were greeted with surprise
and uncertainty (Sedivy, 1998). Unlike humans, mice have baseline telomerase activity
in most (Chadeneau et al., 1995b; Prowse and Greider, 1995; Greenberg et al., 1998)
although not all (Bednarek et al., 1995) somatic cells, making telomerase a poorer marker
for murine than human malignancy (Kipling, 1997a, 1997b; King et al., 1999). None-
theless, telomerase activity does increase during murine carcinogenesis (Bednarek et al.,
1995; Miura et al., 1998).

Rats show similar constitutive activity (Yoshimi et al., 1996; Nozawa et al., 1999),
at least in many somatic cells (Borges and Liew, 1997; Golubovskaya et al., 1997, 1999).
In rats, telomerase activity declines with age (Kang et al., 1999), but (as in humans) there
is wide variation depending on cell phenotype and stimulatory conditions (Yamaguchi
et al., 1998). The same is true of many other small mammals, including some primates,
such as tamarins (Tobi et al., 2001). Constitutive telomerase expression occurs in Syrian
hamsters (Russo et al., 1998) and chickens (Venkatesan and Price, 1998), although
immortalized chicken cell telomeres remain stable without telomerase activity (Kim et al.,
2001a). In most birds (penguins, finches, and swallows), telomere length declines with
age, although in storm petrels, a longlived species, telomere lengths may increase
(Haussmann et al., 2002). Whether this correlates with telomerase expression remains
unknown. Telomeres may control nonhuman cell senescence and carcinogenesis, but
there may be striking differences in how telomerase activity (as opposed to expression)
is controlled (Forsyth et al., 2002) and how telomere length is regulated (Serakinci et al.,
1999) in these organisms compared to in primates (Steinert et al., 2002) and especially
humans (Blasco et al., 1999).

Murine constitutive telomerase activity and its associated high incidence of can-
cer (Prowse and Greider, 1995; Holliday, 1996; Greenberg et al., 1998) made the
telomerase knockout mouse a research priority. Despite what are now known to be
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significant intracellular abnormalities (Liu et al., 2000b), mTR knockout (Blasco et al.,
1997a) and mTERT knockout (Nikaido et al., 1999) mice initially appeared to suffer
no ill effects.

Consider the implications. While most normal human somatic cells lack telomerase
and do well for decades, some embryonic cell lines (Mantell and Greider, 1994; Wright
et al., 1996b; Yashima et al., 1998b), the germ cell line, and some stem cell lines (see
below) depend on telomeres maintenance to continue dividing. In the long run, telo-
mere maintenance is necessary to species survival and perhaps (in the short run) for
normal fetal development (Kojima et al., 2001). The initial results of the knockout
mice therefore startled many. Lifespans (more or less), motor activity, weight gains,
hematopoetic histology, peripheral blood counts, immune response, and in vitro cell
growth remained unaffected (Blasco et al., 1997a; Lee et al., 1998c). Bluntly, telomerase
activity was unnecessary for murine “organogenesis or postnatal organ function or
maintenance” (Lee et al., 1998c).

Subsequent results put the initial data in a different light (Lee et al., 1998c; Rudolph
et al., 1999; Blasco, 2002a). Early-generation mice were subtly abnormal and abnor-
malities increased with age (Herrera et al., 1999b). Some first-generation mice had ero-
sive dermatitis. Fertility problems became apparent by the fifth generation and there
were no sixth-generation offspring. This was partially attributable to cell losses and organ
changes in reproductive systems, but other organs with highly proliferative cells were
similarly affected (Blasco, 2002a). Hematopoetic stem cell renewal diminished in vitro,
although not demonstrably in peripheral or marrow histology. Responses to blood loss
(Samper et al., 2002), wound healing (Rudolph et al., 1999), immune function (Blasco,
2002a), angiogenesis, and vascularization (Franco et al., 2002b) were impaired. Lympho-
cytes showed a marked increase in late apoptotic cells, suggesting that telomerase and
long telomeres were (in certain cases) protective against apoptosis (Ozen et al., 1998;
Holt et al., 1999b; Seimiya et al., 1999; Ren et al., 2001). Abnormal chromosomal fusions
and other evidence of genomic instability (Chang et al., 2001) increased over generation
times (Slijepcevic, 1998a), perhaps in a chromosome-specific manner (Hande et al.,
1999a). Curiously, mice null for telomerase RNA and INK4a tumor suppressor genes
(part of the DNA damage response) have fewer tumors in vivo and less malignant
transformation in vitro. This partially resolves with reintroduction of mTER(Greenberg
et al., 1999a). Short telomere mTR knockout mice are less prone to epithelial tumors
(Gonzalez-Suarez et al., 2000) and melanomas (Franco et al., 2002b) than normals.

The long delay in these defects has been attributed to the long telomeres found in
this murine strain (and in hamsters; Slijepcevic and Hande, 1999). With a longer telomeric
buffer, they began to suffer only when the telomere had all but completely eroded (Lee
et al., 1998c). This vague explanation accords with later data comparing mTR knock-
outs in mice with longer or shorter telomeres. Original mice with longer telomeres sur-
vived for six generations; those with shorter telomeres only survived for four generations
(Herrera et al., 1999b). The telomere plays a role in timing something, if not within,
then between generations.

The primary importance of this work is that telomerase expression and telomere
length per se are often not critical in individual organisms. This cannot be overly stressed:
absolute (as opposed to relative) telomere lengths do not determine aging or aging pa-
thology within an organism. Failure to appreciate this difference has led to the unwar-
ranted conclusion that telomere shortening may determine cell senescence in humans
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but not in mice, because their cells arrest without “significant telomere shortening”
(Hornsby, 2001). Shortening may be minimal in proportion to total telomere length, but
discounting its effect on gene expression is premature. The fundamental issue is neither
telomerase expression nor absolute (or initial) telomere length (Golubev, 2001; Serra
and von Zglinicki, 2002), but the alteration of patterns of gene expression (West et al.,
1996; Shelton et al., 1999; Ly et al., 2000), only indirectly attributable to relative changes
in telomere lengths and even more distantly to telomerase expression (Li and Liu, 2002).
In cell senescence, the critical issue is gene expression, modulated by a (poorly under-
stood) linkage that depends not on absolute initial telomere length but on the relative
change in telomere length as cells divide. This change in length may be minor as a per-
centage of total length, yet have major effects upon gene expression. The mechanism
linking changes in telomere length to distant effects on gene expression (and therefore
any measure of senescence within the cell) is, of necessity, reset upon germ cell fertili-
zation (see below).

Comparing telomere lengths between specific murine chromosomes, there is pre-
dictable consistency of specific chromosomes and rate of telomere loss within individual
cells, but (also predictably) no consistency of telomere lengths between different chro-
mosomes (Zijlmans et al., 1997) nor between individual mice, even within fully inbred
populations (Kipling and Cooke, 1990). This agrees with the model suggested here:
telomere length is irrelevant; telomere loss is critical. The controlling variable is not
absolute length (Rubio et al., 2002; Serra and von Zglinicki, 2002), but relative loss of
length since fertilization. Consider falling from a building: the 50th percentile for sur-
vival (LD50)in humans is approximately 2.5 stories. On the other hand, jumping from
5000 feet (200 x LD50) is safe if it goes only 4 inches (e.g., from the sidewalk to the
street in Denver). Survival is determined, not by absolute altitude, but by relative loss
of altitude. Changes in gene expression are determined, not by absolute length, but rela-
tive loss of length. Lack of correlation between telomere length or knockout status and
lifespan is irrelevant.

Gene expression must be separated conceptually from which genes the organism
possesses (Goyns et al., 1998). Specific genes have been implicated in aging and used
to extend lifespan in some species (Jazwinski, 2000a). Despite understandable interest
in “longevity genes” (Hodes et al., 1996b; Pedersen, 2000; Yashin et al., 2000; Perls
et al., 2002) or “vitagenes” (Rattan, 1998a, 1998b), the concern is gene expression
(Linskens et al., 1995a; Shelton et al., 1999). All genes affect lifespan, but not neces-
sarily aging. Critical genes deserve attention for their clinical and biological implica-
tions (Martin, 2000) and affect aging’s “pace” (Guarente, 1997a), but cell immortality
is determined by gene expression. Within cells, aging is not a matter of longevity genes,
but longevity pattern of gene expression. Germ cells have the same genes as somatic
cells, but express them differently. Cell immortality and senescence are determined by
gene expression, not a change in genes. Resistance to oxidative damage, characteristic
of long-lived avian species, is determined not by the presence of specific genes but by
their pattern of expression (Ogburn et al., 2001).

While the genes the organism possesses (its genome) determine the “universe” of
possible expression, this set includes a subset enabling cell immortality, i.e., indefinite
survival, as occurs in germ cells. An organism lacking such a pattern precludes germ
cell and hence species survival. It is the control of this subset of gene expression that
concerns us. When will a cell express a senescent pattern and when an immortal pattern?
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Fertilization is a major determinant of gene expression. Normal fetal development oc-
curs only if nonfetal patterns are repressed, then proceeds with progressive differentia-
tion and decreasing cellular immortality: germ cells become somatic cells. Telomerase
gene transfection (“telomerization”) is an experimental determinant, switching somatic
cells from mortal to immortal without disruption of the remainder of the pattern of gene
expression (Bodnar et al., 1998; Funk et al., 2000). This process of gene control is cen-
tral to cell aging and experimental intervention. Resetting gene expression occurs in
knockout mice, cloning, and other interventions, permitting us to make sense of how
cell senescence causes aging in organisms.
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C H A P T E R 3

Cell Senescence in Aging

What Is Cell Senescence?

Defining cell senescence is surprisingly difficult. Current discussions often confuse
telomere length, population doublings, and cell morphology, prompting misunderstand-
ing and contradiction. Degree of senescence is frequently ignored, with similar outcomes.
One person’s senescence is another’s normal cell. As Voltaire (1764, p 225) said, “De-
fine your terms . . . or we shall never understand one another.”

Cell senescence is not simply the cessation of division. Adult human neurons and
myocytes have long been considered incapable of division although exceptions occur.
Nor is cell quiescence equivalent to senescence (Pignolo et al., 1993; Faragher et al.,
1997b; Holt and Shay, 1999). Many cells are “normally quiescent,” not dividing with-
out external stimulation, including hepatocytes (Aikata et al., 2000), lymphocytes
(Lansdorp, 1998), ocular stromal keratocytes (Tuft et al., 1993), and corneal endo-
thelial cells (Mishima, 1982; Treffers, 1982; Schultz et al., 1992). Not dividing, they
remain capable of doing so and are not senescent. The distinction between quiescent
and senescent may be based on the cell cycle: quiescent cells are in G0Q and senescent
cells, in G0S (Norwood et al., 1990a).

Cell senescence generally refers to changes in cells as they divide repeatedly. These
include not only morphology but G1 DNA content (Gorman and Cristofalo, 1981),
changes in gene expression (Sheshadri and Campisi, 1990; Wistrom and Villeponteau,
1992; Shelton et al., 1999), unique antigenic determinants (Porter et al., 1990), and,
perhaps most importantly, changes in cell function (Faragher et al., 1997b; Obeid and
Venable, 1997).

Cell senescence was originally considered to occur in somatic cells after many (typi-
cally 60 or more) divisions. Cells slow and finally cease dividing. Cell cycle decelera-
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tion is accompanied by morphological changes that are consistent within cell pheno-
type (Hayflick, 1979). Such changes are extensive; a review by Hayflick (1980) required
six pages to list known alterations two decades ago. The sheer volume and the ease of
a numerical approach to those limits, however, prompted oversimplification. A single
number—population doublings—came to define senescence. Cells were senescent when
reaching a cell phenotype–specific number of population doublings that was thought
to represent the equivalent number of divisions. Although a cell culture might have
doubled 10 times, specific cells were unlikely to have undergone exactly 10 divisions,
except as a population mean. Some cells might be “senescent” early, others might be
“young” well after the usual “senescent” number of doublings. Errors were intrinsic;
watching each cell divide was impractical, counting doubled volumes was simple. The
literature—appropriately, honestly, but misleadingly—gave data in PDs (population
doublings); this came to be equivalent to cell divisions. Cell senescence was occurring
as a mean, and senescent variance rose nearly as fast as the population doublings, i.e.,
exponentially.

Some authors (e.g., Faragher et al., 1997b) suggested that senescence was an en-
tirely quantal, stochastic process (Rawes et al., 1997) in that a cell has a small but equal
chance of achieving senescence at each division. Some data (Smith and Whitney, 1980)
and theory (Shall and Stein, 1979) support the suggestion. In Russian-roulette view, cells
were senescent or not: there was no spectrum of senescence. Cell senescence was all-
or-nothing and each cell division “pulled the trigger” (Faragher et al., 1997b) until the
odds of senescence became overwhelming (Shall, 1997). The number of population
doublings offered no insight into the mechanics of senescence. A more moderate ver-
sion suggests that perhaps seven cell divisions remain once the cell commits to senes-
cence (Gallant and Prothero, 1980; Prothero and Gallant, 1981).

Observation of individual cell morphology, by contrast, suggests that senescence
is gradual, not binary, but morphology is subjective. Observers have differed in whether
cells look young or like senescent fried eggs. Cell cycle deceleration gave a more reli-
able (perhaps more valid) measure, but was demanding. Observers needed to watch large
numbers of individual cells without interruption for days to be accurate.

In 1990, cell senescence was found to correlate with telomere length (Harley et al.,
1990). This useful observation made telomere lengths a marker for cell senescence.
Technically demanding (Baerlocher et al., 2002; Pommier and Sabatier, 2002; Scherthan,
2002), it was relatively objective and permitted ready comparison based on kilobase
pairs (kbps). Young cells might have 15 kbps, senescent cells a mere 3. A specific (Hao
and Tan, 2001) critically short telomere might induce senescence (Dimri et al., 2000;
Lundblad, 2001), but single telomeres are rarely sufficient (Lansdorp, 2000). In a popu-
lation of cells, however, mean telomere lengths might mean no more than mean divi-
sions. Was a mean telomere length of 2 kbps more accurate in describing individual
cells or population variance than 50 population doublings? Neither measure accounted
for the considerable variance (Allsopp and Harley, 1995; Lauzon et al., 2000). While
making progress in quantifying cell aging (Grant et al., 2001; Poon and Lansdorp,
2001; Cawthorn, 2002; Fordyce et al., 2002; Meeker et al., 2002a), individual telo-
meres are difficult to measure, prompting some investigators to simply weigh the entire
telomeric DNA and call it even (Bryant et al., 1997). Even worse, the telomere length
at which the human fibroblast senesce may vary with age (Figueroa et al., 2000) or
other factors.
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DNA damage (Ahmed and Hodgkin, 2000) such as hypoxia, hyperoxia (von
Zglinicki et al., 1995; Honda et al., 2001; Saretzki and von Zglinicki, 2002), oxida-
tive damage by hydrogen peroxide (Chen et al., 1998; Beach, 2000; von Zglinicki et al.,
2000a), chromatin remodeling, and oncogenic forms of Ras (Serrano et al., 1997; but
see Hutter et al., 2002) or Raf, E2F1 (Dimri et al., 2000), as well as other interventions
(Shibanuma et al., 1997; Toussaint et al., 2002) can apparently induce cell senescence
(Proctor and Kirkwood, 2002), although this effect may be due to cell divisions (Dumont
et al., 2001), loss of effective telomere capping (Peitl et al., 2002), and DNA damage
(Gorbunova et al., 2002) rather than senescence, and proteomic effects differ from
telomeric senescence (Dierick et al., 2002). Telomerase may protect chromosome by
capping the telomere or limiting DNA damage responses, independent of the canonic
effect of telomere lengthening (Chan and Blackburn, 2002), perhaps by protecting single-
strand overhangs (Stewart et al., 2003). In the case of E2F1, cell senescence might re-
sult from repression of hTERT (Crowe et al., 2001). Whether these interventions induce
senescence or mimic it is unknown. Confluent cultures occasionally undergo cell senes-
cence without sufficient divisions, although this apparently requires p16(INK4A) and
perhaps p27(KIP1) expression and may be reversible (Munro et al., 2001; Sviderskaya
et al., 2002). This effect may vary among human, mouse, and chicken fibroblasts (Kim
et al., 2002b).

Telomerase works directly as well as having enzymatic effects on telomere length
(Blackburn, 1999, 2000a, 2000c). In mTERT heterozygous mice, telomerase activity
insufficient to maintain length protects against fusions and genome instability (Liu et al.,
2002e), perhaps capping the telomere, as it does in yeast (Blackburn, 1999) or via other
mechanisms (Gollahon et al., 1998). Ectopic expression of hTERT in human fibroblasts
with short telomeres can effectively avert crisis and prevent chromosomal instability
even without extending the telomere. Such cells can continue to proliferate despite pro-
gressively eroding telomeres shorter than those of control cells that have already en-
tered crisis (Zhu et al., 1999b). Apparently, hTERT permits cell proliferation without
telomere lengthening.

Perhaps we need a more universal marker of cell senescence, such as changes in
cell function. Changes in morphology and cell cycle timing, and altered response to
environmental stimuli reflect altered cell function and result from current patterns of
gene expression. Patterns of gene expression define the difference between fibroblasts
and leukocytes; perhaps they can define the difference between senescent and non-
senescent cells (Linskens et al., 1995a; Shelton et al., 1999). This is not arbitrary or cir-
cular. We require a useful definition, not merely a descriptive one. Context and intent
determine utility of definition and consequent risk of denotative confusion. We intend
to discuss changes occurring in senescing cells; changes in gene expression applies nicely
in the context. Senescent cells express their genes in a senescent pattern rather than a
nonsenescent pattern, just as fibroblasts are cells that express their genes in a fibroblast
pattern rather than a leukocyte pattern.

Senescence is not simply cumulative cell damage causing changes in gene expres-
sion, but senescence and accumulating damage result from changes in gene expression.
This allows us to discuss senescence in practical, operational terms: by measuring gene
expression we not only define a cell as senescent but gain insight into how and why it is
senescent. Does the altered patterns of gene expression affect cell growth (Irving et al.,
1992)? Is inflammatory gene expression altered (Shelton et al., 1999)? What about the
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genes responsible for energy metabolism? Has expression changed in genes for cell cycle
factors and what precedes this change (Obeid and Venable, 1997)? From a scientific
standpoint, basing our definition of cell senescence on gene expression not only pro-
vides a complex, measurable, and objective definition but immediately provides infor-
mation as to potential mechanism and, better, avenues to further experimentation and
intervention (Shelton et al., 1999). Unfortunately, this definition presents an overabun-
dance of data. Senescence becomes a state-of-the-art technical measurement of differ-
ential expression in tens of thousands of genes (Shelton et al., 1999). This is more difficult
than counting population doublings, though also more rewarding experimentally, theo-
retically, and clinically.

Orthogonally to the problem of measuring senescence is the problem of agreeing
to a cutoff: how senescent is “senescent”? Backtracking to a definition base on cell divi-
sions, if a young cell has zero divisions and the cell can undergo a maximum of
50 divisions, then what is our cutoff for senescence? Does a cell become senescent at
25, 40, or 49 divisions? Must a cell have stopped dividing to be senescent? Despite proc-
lamations that “there is no such thing as a half senescent cell”(Faragher et al., 1997b),
some authors refer to “near senescent” cells, capable of rescue via telomerization (Steinert
et al., 2000). Others (Cristofalo and Pignolo, 1993) refer to “conditionally senescent
states,” citing cells in an “obligatory arrested state” that, under proper conditions, can
still undergo DNA, if not cell replication.

We unconsciously employ different assumptions, different definitions, and incon-
sistent criteria. Parameters, cutoffs, and whether senescence is all-or-nothing or a more
gradual process vary randomly throughout the literature. Honest researchers find con-
tradictory results: one finds 1% of cells are senescent in centenarians, another that 99%
of cells are senescent, even in a single biopsy from a single centenarian. To achieve
useful insights into cell senescence and aging (Hayflick, 1976), we need to identify
changes in cell function, measure the degree of each change, and specify assumptions.

In the entire picture of cellular change, senescence is not all-or-nothing, but a matter
of degree. Deceleration of cell cycling begins gradually, morphologic change is a con-
tinuum. Confusion reigns when we lose sight of what actually occurs in senescing cells,
which undergo wholesale but gradual changes in patterns of gene expression and, sec-
ondarily, cell function. With the advent of telomerization, i.e., hTERT transfection
(Bodnar et al., 1998), cell senescence can be prevented. This is no longer merely an
academic but now a practical question: can we reset senescence in senescent or “near
senescent” cells (Steinert et al., 2000)? The answer depends on our definition. Assume
we agree on a measuring stick for senescence running from zero to 100 (e.g., telomere
length). Maximally “young” cells (longest telomere), without any senescence, are at 100;
maximally senescent cells are at zero (a scale corresponding to percentage of telomere
loss?). Cells with low numbers are senescent and cannot be rescued by telomerization
or other intervention, but at how low a number and how completely “rescued”? Are cells
irrevocably senescent at 20? Fifty? No longer arbitrary, senescence becomes a matter
of measurable effect based on a defined intervention.

While no one suggests we can reset cells at zero (are such cells dead?), there is
disagreement as to what degree of cell senescence can be reversed (Faragher et al.,
1997b). As St. Augustine once observed, “It is not so much a question of what men’s
opinions are, but what the truth is” (Schopenhauer, 1965). There is little disagreement
that certain cells, senescent or nonsenescent, can be immortalized (Bodnar et al., 1998).
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There is a publicly unstated, but general assumption that there is a point of no return for
senescing cells, but this point is ambiguous, partly through inconsistent definition, partly
through our lack of complete data.

In defining cell senescence, Bodnar et al. (1998) employed telomere length and
population doublings. These and other markers for senescence, such as colony size, which
correlates with in vitro and in vivo aging in several species (Smith et al., 1978, 1980),
are historically sanctioned, but measure populations, not cells. Evaluation of cell senes-
cence requires a valid and reliable parameter reflecting intracellular events, one that
allows us to compare different cell phenotypes, different species, and different organ-
ism ages. It is misleading and pointless to discuss whether two cells are equally senes-
cent while relying on population doublings or even cell divisions. We require a marker
that accounts for changes in cellular state, i.e., gene expression. By default and without
overt intent, gene expression may become standard in discussions of cell senescence.

b-galactosidase (b-gal) has become a common marker of senescence in skin fibro-
blasts (Dimri and Campisi, 1994a; Dimri et al., 1995; Katakura et al., 1997; Watanabe
et al., 1997), retinal pigmented epithelial cells (Matsunaga et al., 1999a), and mesothe-
lial cells (Thomas et al., 1997), yet this method has been criticized (Yegorov et al., 1998;
Severino et al., 2000). Single gene–based definitions are neither appropriate nor well
supported. Patterns of gene expression (Linskens et al., 1995a) vary with cell pheno-
type and senescence (Funk, 1998; Shelton et al., 1999; Ly et al., 2000) and permit op-
erational and useful distinctions. Moreover, patterns of gene expression determine cell
function, organ function, and clinical disease.

As cells senesce and gene expression alters, they become increasingly dysfunc-
tional and accrue damage. Damage is ubiquitous and, at least historically, has been at-
tributed primarily to free radicals. This is not a simple, passive accumulation of damage
(Kirkwood and Franceschi, 1993). Even restricting consideration to free radicals still
results in four independent processes:

1. Production: the number of free radicals produced per mole of ATP increases.
2. Sequestration: the mitochondrial lipid membranes become less effective.
3. Scavenging: free radical scavenging mechanisms become less effective.
4. Repair and replacement: the effective response to such damage diminishes.

Changes in gene expression underlying any of these will increase cell damage. Free radi-
cal damage accumulates when the cell increases free radical production (Allen et al., 1999;
Chen et al., 2001a) or fails to sequester or trap them (Hall et al., 2001), and then only when
damage exceeds the cell’s ability to repair (Moriwaki et al., 1996; Gilchrest and Bohr,
1997) or replace (Finch, 1990; Arking, 1998; Donati et al., 2001) cell components.

Somatic cell mitochondria differ from those of immortal cells (Duncan et al., 2000).
Although constant in number, there are subtle changes in mitochondrial morphology in
normal and progeric aging (Goldstein and Korczack, 1981; Goldstein and Moerman,
1984). Mitochondrial protein synthesis falls with age (Beaufrere and Boirie, 1998; Proc-
tor et al., 1998; Short and Nair, 1999), as do binding affinities (Liu et al., 2002b) and
other functions. More importantly, aging mitochondria produce an increasing percent-
age (normally 1%–4%) of reactive oxygen species (ROS) for every mole of ATP (Richter,
1988; Joenje 1989). As production increases, so does membrane leakage. Proton es-
cape increases (Porter et al., 1999) as lipid membrane turnover decreases (Harper et al.,
1998; Donati et al., 2001).
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The outcome is an increasing probability of damage to intracellular molecules,
damage which the aging cell is less able to replace or repair (Lamb, 1977; Kowald and
Kirkwood, 1994). Granted the increasing production and leakage of free radicals, it is
the deceleration of turnover, rather than faulty synthesis, that underlies much of the cell’s
accumulating damage. Age-related synthesis of faulty proteins (Stadtman, 1992) or the
archaic notion of aging as a vicious cycle of errors in protein synthesis—error catastro-
phe (Kirkwood, 1977)—is tempting, but unlikely (Rattan and Clark, 1999). There is no
evidence that errors in protein synthesis cause cellular senescence; there is consider-
able evidence that transcription fidelity is maintained (Harley et al., 1980; Wojtyk and
Goldstein, 1980; Goldstein et al., 1985), although subtle effects may occur (Rattan and
Clark, 1999).

Oxidative DNA damage alone occurs perhaps 10,000 times per day per cell (Ames
et al., 1993), requiring at least 130 known DNA repair genes (Wood et al., 2001b). Even
if this damage were constant (Lindahl and Wood, 1999), repair is not (Goldstein, 1971b).
A number of studies over the past decade (Higami et al., 1994; Moriwaki et al., 1996;
Gilchrest and Bohr, 1997) support the consensus that DNA repair declines with age
(Hadshiew et al., 1999), although not uniformly in all cells (Liu et al., 1982, 1985;
Christiansen et al., 2000b), nor equally in all types of DNA repair (Hadshiew et al., 1999).
The resulting damage accumulation is neither predictable nor uniform among cells
(Singh et al., 1990) or individuals (Singh et al., 1991). Theories attributing aging solely
to accumulated DNA damage (e.g., Szilard, 1959) have been discounted (Kirkwood,
1988a, 1989; Arking, 1998), although DNA damage does occur (Ramsey et al., 1995;
Tucker et al., 1999; Spruill et al., 2000) and accumulates in aging organisms (Bohr and
Anson, 1995; Kaneko et al., 1996; Vijg, 2000), in aging organs (Higami et al., 1994),
and in senescent cells (Brown et al., 1978; Weirach-Schwaiger et al., 1994; Gilchrest
and Bohr, 1997).

Senescing human fibroblasts and osteoblasts may show a parallel decrease in DNA
repair (Goldstein, 1971b) although repair of UV damage is unaffected (Christiansen et al.,
2000b). Whether decreasing DNA repair causes senescence or vice versa would remain
unsettled (Sen et al., 1987; Bohr and Anson, 1995) were it not for data showing that cell
senescence can be indefinitely deferred (e.g., Bodnar et al., 1998) or even reversed (Vaziri
1998; Vaziri and Benchimol, 1998), apparently without directly increasing DNA repair
(Roques et al., 2001). Moreover, hTERT immortalization of human fibroblasts indefi-
nitely prevents any decline in DNA repair (Roques et al., 2001). Experimental abroga-
tion of DNA repair or other components of genomic maintenance (Hasty and Vijg, 2002),
including double-strand break repair (Vogel et al., 1999) and helicase function (de Boer
et al., 2002), can induce premature clinical aging. Telomerase knockout mice, though
as sensitive to radiation damage, show a striking problem with DNA repair, with delayed
DNA break repair kinetics, persistent chromosomal breaks, chromosomal aberrations,
and fragmentation (Wong et al., 2000), as well as complex nonreciprocal translocations
(Artandi et al., 2000), chromosomal aberrations that may also induce telomere shorten-
ing (Modino and Slijepcevic, 2002).

Many proteins play a dual role in telomere maintenance and DNA repair, espe-
cially double-strand break repair (Weaver, 1998; Lewis et al., 2002). Cells from pa-
tients with ataxia telangiectasia (ATM), whose chromosomes are prone to fusions,
end associations, and breaks (as well as more sensitive to radiation), have shorter than
normal telomeres (Hande et al., 2001). There is an inverse correlation between telomere
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length and chromosomal end associations (Pandita et al., 1995). This has been at-
tributed to problems of telomere maintenance (Greenwell et al., 1985; Pandita, 2001)
and specifically to defective telomeric chromatin (Pandita and Dhar, 2000; Scherthan
et al., 2000). Some problems, specifically premature cell senescence, disappear when
ATM cells are immortalized (Sprung et al., 1997), although other abnormalities, such
as radiosensitivity, telomere fusions, and cell cycle defects, remain (Wood et al.,
2001a). The latter can be related to defective TRF1 function (Kishi and Lu, 2002)
and a failure of double-strand DNA repair (Pandita, 2002). Nijmegen breakage syn-
drome, likewise having characteristic genomic instability and cancer susceptibility,
has defective telomere maintenance (Lombard and Guarente, 2000). In these diseases,
it is telomere lengthening and the prevention of cell senescence that improves chro-
mosome stability (Counter et al., 1992; Amit et al., 2000), not the reverse, which sug-
gests that longer telomeres may be essential to chromosomal stability (Golubovskaya
et al., 1999).

With the sole exception of DNA (Singer and Berg, 1991), cellular molecules are
not repaired but replaced. The rate of turnover is surprisingly critical (Rattan and Clark,
1999), even absent any change in rate of damage with age. If the rate of damage (here
arbitrarily 1% of molecules per day) and the total number of molecules in the pool (here
100%) remain constant, but the turnover rate varies (r = % molecules replaced per day),
then the percentage of damaged molecules (X) on day (N) will be XN. At equilibrium,
XN = XN–1. This can be calculated as the number damaged on a particular day, plus the
number of damaged molecules remaining from the previous day (XN–1 × M), minus the
number of previously damaged molecules replaced during the past day (XN –1 × r), di-
vided by the total number of molecules (M) in the cell. At equilibrium:

Equilibrium protein damage:X = 1 + [X(100 – r)/100]

If the molecular turnover rate (r) is 50%, then:

X = 1 + 0.5X
X = 2

Given a damage rate of 1%, if the turnover rate were 50%, then at equilibrium, 2% of
the molecules are damaged on any given day.

If the molecular turnover rate (r) is 2%, then

X = 1 + 0.98X
X = 50

Given a damage rate of 1%, if the turnover rate were only 2%, then at equilibrium, 50%
of available molecules would have been damaged (see Fossel, 1996, p 260).

Turnover rates—whether protein, lipid, or other molecules—have a profound ef-
fect on the burden of damaged molecules within a cell, i.e., on cell dysfunction. This
process might conceivably contribute to caloric restriction, since relative starvation
increases protein turnover (Gottesman and Maurizi, 2001). The cell, hungry for spe-
cific amino acids, increases protein turnover, resulting in a decreasing percentage of
damaged proteins and prolonged cell function.
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Lipid membranes are known to change with age (Zs-Nagy, 1997), but the impor-
tance of this change is unproven. Increased lipid peroxidation is found in atherogenesis
(Morel et al., 1984; Steinberg and Gotto, 1999), but whether this is the fault of turnover
is unknown. In rats, lipid membrane turnover probably decreases (Rothstein, 1995;
Donati et al., 2001), accounting for greater free radical permeability (Tsai et al., 2001)
and a failure of membranes to sequester free radicals within the mitochondria (Kim et al.,
1996).

Protein synthesis falls in senescing cells (Cristofalo and Sharf, 1973) and protein
turnover probably slows with age (Rattan and Clark, 1999; Donati et al., 2001), although
little is known in detail (Gafni, 2001). Protein turnover is a balance between synthesis
and the “recycling” of ubiquinated proteins destroyed in proteosomes (Goldberg et al.,
2000). Although difficult to assess accurately for individual protein fractions, protein
turnover shows an overall decrease with age and protein half-life increases (Rothstein
and Evans, 1995), in accord with predictions (Grune et al., 2001). Given the complex-
ity of changes occurring in aging cells, some proteins might display increased turnover,
even if net turnover decreases.

Increasing data suggest that cell senescence is not merely an accumulation of dam-
age but an accumulation of damage secondary to changes in gene expression (Ahmed
and Hodgkin, 2000). These may alter free radical production and sequestration, DNA
repair, and molecular turnover, but they also encompass altered responses to extrinsic
cell signals, altered cell secretion, and altered patterns of gene expression (Shelton et al.,
1999; Ly et al., 2000). Until recently, however, it has been difficult to distinguish cell
damage from underlying changes in gene expression. Older aging studies often looked
at the entire organism, averaging all somatic cells. We can scarcely expect to distin-
guish between cells that divide and senesce (e.g., endothelial cells and microglia) from
those that do not (e.g., muscle cells and neurons) on the basis of whole-organism data.
Even studies of specific organs or tissues may reflect similar confounding, as when
coronary endothelial cells are assayed with myocardial cells or glial cells with neurons.
Within specific tissue types—bone marrow or epidermis—stem cells senesce slowly
while other cells differentiate and senesce rapidly. Recently, gene array data allow spe-
cific, often quantitative answers to questions regarding changes within specific cell
phenotypes as they senescence. Cells change in specific, predictable, and measurable
ways as they senesce and these changes have profound effects on neighboring cells.

The Limited Model: Cells Senesce

Cell senescence may change cell function, but what causes cells to senesce? The lim-
ited model of the cell senescence theory of aging (Harley et al., 1992; Allsopp, 1996;
Harley, 1998b) addresses this issue, at least within the cell. The general model addresses
the implications of cell senescence for the organism in the following section.

Until 1990, explanations of cell senescence—for example, soluble factors (Wistrom
et al., 1989)—went largely untested. Since then, despite occasional eccentric fusillades
(Rubin, 1998), there has been increasing consensus for the limited model (Faragher et al.,
1998; Kipling et al., 1999). Although much remains unclear (Reddel, 1998a; Perrem
and Reddel, 2000; Marcotte and Wang, 2002), the overall outline (Engelhardt and
Martens, 1998; Ishikawa, 2000b) is well supported by data and has gained wide accep-
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tance (Boukamp, 2001). Simply put, cell senescence occurs because telomere shorten-
ing results in a change in the linkage (see below), which results in significant and cell
phenotype-specific changes in the expression of critical genes, such as those regulating
growth (Campisi, 1997b) and cell division (Ly et al., 2000). The segue from telomere
erosion to gene expression (Campisi, 2000a) is probably the result of telomeric chro-
matin changes: alterations in the histone proteins that play a central role gene expres-
sion (Jenuwein and Allis, 2001). Gene expression, not genes, distinguish myocyte from
fibroblast and young cells from senescent ones; telomeres are the controlling variables
in altering gene expression during cell senescence.

This summary is inaccurate and unfair. Cell senescence is not a simple domino
mechanism progressing from telomeres to linkage to genes. Not only is the mechanism
from telomere to gene expression much more complex than this catenation suggests,
but this portrayal ignores preceding (why did the telomere shorten?) and succeeding
events (so what if gene expression changes?) that place cell senescence in a broader
cellular and biological context.

Many of us assume that the passage of time causes cell senescence. This reflects
an unjustified, though common assumption: things falls apart as time passes. Unfortu-
nately, vague allusions to wear-and-tear explanations of cell senescence and are con-
tradicted by a passing knowledge of biology. All living cells are three and a half billion
years old. The keratinocyte on the back of my left hand is doing fairly well considering
its provenance. But total time living is not age. All cells may be three and a half billion
years old, but they are certainly not equivalent. Some cells senesce and some don’t, no
matter how many eons have passed since life began.

A second option might be to measure a cell’s age from its last cell division. The
keratinocyte on the back of my left hand is now merely a few days old. But defining
cell age as the time since last division would suggest that cell senescence cannot occur
over a number of divisions, which it does. Measuring age from last division suggests
that every time a cell divides, it is renewed and biologically “born again.” Yet cells
are known to senesce over dozens of divisions, reliably and predictably for each cell
phenotype.

Cell senescence is neither total age (since life began), nor age since division. We
might compromise on the colloquial definition, “chronological age,” measuring cell age
as time since fertilization. In this sense, cell age is equivalent to the age of the organ-
ism. Keratinocytes on the back of my left hand are neither three and a half billion years
old nor a few days old, but somewhat more than five decades old. Our age since fertili-
zation seems like common sense, because it is in keeping with what most of us (even
biologists who should be a bit more broad-minded and canny) assume we mean by age,
cells or otherwise. Unfortunately, different cells senesce at markedly different rates
independent of chronological age. Frequently dividing cells such as arterial endothelial
cells and basal keratinocytes rapidly show senescent changes, whereas non- (or rarely)
dividing cells such as myocytes and neurons undergo considerable damage and pathol-
ogy, but not senescence. Furthermore, frequently dividing cells (exposed keratinocytes
on my hand) senesce more rapidly than phenotypically identical cells that divide more
slowly (protected keratinocytes on the buttock). Finally, phenotypically different cells
dividing at about the same rate can “senesce” at different rates. If we measure senes-
cence as the percentage rate of decline in the cycling fraction of cells per population
doubling, human dermal fibroblasts and human peritoneal mesothelial cells show dif-
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ferential rates (0.89% vs. 2.2% per population doubling, respectively) of cell senescence
(Thomas et al., 1997).

Cell senescence is clearly not the simple passage of time, whether we use age since
life began, age since division, age since fertilization, or any other measure of time. Aging
is not a matter of time (Hayflick, 1984b), but a matter of intracellular events. In some
complex fashion, time is correlated with aging and cell senescence, but doesn’t cause
them. Leaving time in abeyance for a moment, let’s move on to the more recent but
almost equally problematic model of telomere length. The simple (and invalid) version
of this model would be that telomere length defines cell senescence in all cells. If this is
so, then why do some cells with long telomeres (such as some murine strains; Zhu et al.,
1999b) senesce faster than other cells with shorter telomeres? Among primates, humans
have the longest lifespans but the shortest telomeres (Kakuo et al., 1999). In his Almagest
almost 2000 years ago, Ptolemy tried to fix his geocentric model of the universe by adding
epicycle upon epicycle to the orbits of the planets until it became clumsy and a useless
mere list of positions, different for each planet, and ad hoc throughout. Yet despite ex-
ceptions, much of the telomere data, just as in the Ptolemaic model of the solar system,
are in accordance with the simple model. There is a rough (negative) correlation be-
tween relative telomere length and cell senescence. Copernicus solved the problem by
assuming heliocentricity. Can we do something analogous?

The assumption is frequently made that telomere length translates directly into gene
expression, but the assumption is misleading and, in specific cases, wrong (Mathon and
Lloyd, 2001). Gene expression is neither a direct, unmediated outcome of telomere length
nor of the rapidity of base pair loss from the telomere. Abundant cellular examples fal-
sify this simple but inaccurate relationship. In the (mTR–/–) telomerase knockout mouse
(Blasco et al., 1997a), for example, there is no evidence that cells of matched pheno-
type are (at least initially) more senescent in the telomerase knockout animal than in the
normal mouse, despite the cumulative loss of telomere lengths in each succeeding genera-
tion of the knockout animals. Equally, Mus musculus has telomere lengths of > 25 kb,
while Mus spretus has telomere lengths of 5–15 kb (Zhu et al., 1998). Cells of different
telomere lengths can exist in equivalent cell phenotypes (from different strains) with-
out necessary differences in cell senescence. Nonetheless, there is a correlation between
telomere maintenance and generational viability within the knockout mice (Herrera et al.,
1999b).

An equally effective example is found in nature’s experiments. Even in inbred
populations of mice, there is significant variation (“hypervariable” telomere lengths) in
the otherwise Mendelian inheritance of banding patterns as the length of telomeres varies
within individuals (Kipling and Cooke, 1990). Within individuals, however, the somatic
cells show predictable, cumulative loss of telomere lengths. If cell senescence is the
dependent variable, then the operative independent variable is not telomere length, but
the change in telomere length post-fertilization. While one might assert that telomere
length is irrelevant to cell senescence, this recommends itself more for shock than ve-
racity, particularly at short telomere lengths where additional considerations apply.

Despite varying telomere lengths among different knockout generations, among
different species, among different strains, and among different individuals, normal so-
matic cells show telomere erosion and it correlates with cell senescence within that cell
line. The telomere may act effectively as a timer, but we must remember that it does not
operate in isolation (Reddel, 1998a). Despite the metaphorical appeal and value of
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sobriquets (Counter, 1996; Chiu and Harley, 1997), telomeres are neither clocks (Stewart
and Weinberg, 2002), nor “hourglasses” (Rensing et al., 2001), nor the “watchmaker’s
masterpiece” (Ishikawa, 2000a). Although the term is awkward, Hayflick is correct to
call telomeres “replicometers” (Hayflick, 1997a, 2000a). Even if human and murine
telomeres had equivalent lengths, we cannot expect them to erode at equivalent rates
(even per cell division) or cause identical changes in gene expression.

Consider cells as time bombs, a useful analogy in discussing telomeres (Harley,
1991). Extending the trope, suppose the telomere is a fuse and the altered pattern of
gene expression (that ensues as the telomere shortens) the explosive. Fuse length alone
cannot predict what happens: we need to know where we have applied the match, the
rate of burn, and the amount of explosive. Telomere length alone doesn’t predict senes-
cence: we need to know the length at fertilization, the rate of telomere loss, and the likely
changes in gene expression. Cats have longer telomeres than humans, but feline telo-
mere loss, due to cell kinetics, is also higher (Brummendorf et al., 2002). Some strains
of mice have longer telomeric “fuses” than humans, but how fast do each of their cells
divide, at what length does gene expression start to change, and what changes occur?
There is extensive variance in the rate of cell division among species; extensive vari-
ance within a species and among individuals (e.g., dependent on environmental factors);
and extensive variance within individuals, among cell phenotypes. Some cells (stem
keratinocytes in the basal epidermis) divide frequently, some nearly not at all (adult
mammalian neurons and myocytes). Some smaller organisms (mice and rats) have high
metabolic rates (McCarter and Palmer, 1992), while some larger organisms (humans)
have relatively slow rates. Even holding metabolic rates and number of divisions con-
stant, the “burn rate” of telomeric fuses per division is still important. The number of
DNA bases lost per cell division may not only vary among species but among cell pheno-
types. Single-strand breaks, repaired elsewhere, may not be repaired within the telomere
(von Zglinicki, 1998; von Zglinicki et al., 2000a), offering another variable affecting
the rate of telomere erosion. Variance in number of telomeric base pairs lost per divi-
sion (or even in the absence of division) is attributable to oxidative damage (Saretzki
et al., 1999; von Zglinicki et al., 2000a; Goyns, 2002; von Zglinicki, 2002), environ-
mental variables (e.g., differential ultraviolet exposure; Kruk et al., 1995; Hande et al.,
1997), metabolic differences such as differential rates of free radical production (Chen
et al., 2001a) or the presence of ascorbate (Furumoto et al., 1998), mutation (e.g., the
activation of the H-ras oncogene; Serrano et al., 1997), and perhaps other variables. Even
knowing the length of the telomeric fuse, the rate of base loss per division, and the burn
rate of cell divisions per unit time is insufficient to adequately predict senescence.
Senescence depends on the amount and type of the genetic explosive. If gene expres-
sion changes dramatically (perhaps even with the earliest, most minimal loss of telo-
mere length), the outcome may be catastrophic. In the converse case, we might posit a
cell phenotype with minimum gene expression occurring only when the telomere has
all but disappeared.

Cell senescence is not a change in telomere length (the fuse), but a change in func-
tion (the explosion). As we are now capable of measuring such expression and changes
in gene expression that underlie cell senescence (e.g., Shelton et al., 1999; Ly et al.,
2000), gene expression is, appropriately, the basis for denoting senescence. To accu-
rately understand the reality of cell senescence and its role in aging, we need to under-
stand what genes change expression and how a loss of telomeric length relative to initial
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length (no matter how small a proportion of total length) induces these changes. A uni-
lateral understanding of absolute initial telomere length (Rubio et al., 2002; Serra and
von Zglinicki, 2002) and rate of telomere base loss does not speak to the issue.

In cell senescence, the issue remains neither telomerase, nor telomeres, nor cell
division, but their practical outcome and variables, such as changes in gene expression.
If cell senescence directly alters the expression of genes controlling extracellular ma-
trix maintenance, inflammation, and mitosis (Dandjinou et al., 1999; Ly et al., 2000),
then these changes in gene expression, rather than telomere lengths, would become criti-
cal to subsequent pathology. In some species, changes may include recombination, as
occurs in subtelomeric regions of Plasmodium falciparum (Freitas-Junior et al., 2001;
Figueiredo et al., 2002), but differential gene silencing is a common mechanism
(Stavenhagen and Zakian, 1994; Shore, 1995) occurring via a “telomere position
effect” in Saccharomyces (Gottschling et al., 1990; Aparicio et al., 1991; Renauld
et al., 1993; Stavenhagen and Zakian, 1998), other species (Tham and Zakian, 2002),
and probably in humans (Baur et al., 2001; Koering et al., 2002). In Saccharomyces
cerevisiae, for example, telomere elongation is capable of silencing reporter genes
(Denisenko and Bomsztyk, 2002). Differential gene silencing is a biologically ubiqui-
tous process and is required to “stably maintain distinct patterns of gene expression during
eukaryotic development” (Laible et al., 1997), but similar changes in transcriptional
silencing may define cell senescence. If cell senescence has implications for age-related
pathology, it will be understood most directly through our increasing knowledge of
changes in gene expression that occur during cell senescence, not through a simple-
minded measure of kilobase pairs.

None of this is intended to undermine the causal or conceptual importance of telo-
meres in cell senescence (Greider, 1998b). Absolute telomere length and erosion rates
may not be primary variables, but they are by no means inconsequential. Telomeres don’t
cause aging, but they do provide an effective point of intervention. Gene expression
may be the orchestra of cell senescence, but telomeres are conductors. To obtain a clinical
benefit, we must focus on the conductor. The conductor, not the first violinist, chooses
the score. By maintaining the telomere, gene expression may be reset and maintained
indefinitely (Bodnar et al., 1998; Jiang et al., 1999).

The linkage between the telomere and gene expression has been looked at in detail,
predominantly in yeast (Saccharomyces), a eukaryote that may bear little resemblance
to human cells in this regard (Price, 1999), yet offers insights into mammalian telomere
function and gene expression (Kipling and Cooke, 1992). The leading assumption is
that changes in heterochromatin are involved (Gottschling, 1992; Shay et al., 1994;
Jazwinski et al., 1995) and several models have been developed (Wright and Shay, 1992a;
Howard, 1996; Grunstein, 1997; Villeponteau, 1997; Imai and Kitano, 1998). Most
investigators assume that heterochromatin alters with telomere shortening and that hetero-
chromatin changes cause transcriptional silencing (Venetsanakos et al., 2002) or per-
mit expression of genes previously trapped beneath the heterochromatin (Wright and
Shay, 1996). The latter would permit gene expression by genes now located within a
euchromatin domain and might signal the M1 mechanism, the first stage of cell crisis.
The former, transcriptional silencing or the telomere position effect (Stavenhagen and
Zakian, 1998), may occur at least in the subtelomere region (Stavenhagen and Zakian,
1994; Shore, 1995; Stevenson and Gottschling, 1999; Krogan et al., 2002; Venditti et al.,
2002) and be independent of the telomere’s role in chromosomal stability (Sandell
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et al., 1994; Wiley and Zakian, 1995; Lin and Zakian, 1996), though it is perhaps still
linked to telomere length regulation (Morin, 1996b) in Saccharomyces (Runge and
Zakian, 1996) and perhaps humans (Baur et al., 2001). The subtelomere may have ad-
ditional functions in yeast (Pryde and Louis, 1997) and perhaps in mammalian chromo-
somes. Human subtelomeric sequences, or “telomere associated DNA” (Blackburn and
Szostak, 1984), are partially repetitive, but variable (Brown et al., 1990; Cooke and
Smith, 1996) and their function, if any (Allshire et al., 1989), remains unknown.

Among other possibilities, gene amplification may occur more frequently in these
regions (Brannan et al., 2001; Corsini et al., 2001) and variation has served to define
hybrid relationships in yeasts (Casaregola et al., 2001). Although the mechanisms of
heterochromatin modulation of gene expression, especially transcriptional silencing,
are being elucidated (Monson et al., 1997; Bi, 2002), it is probably operating in Sac-
charomyces (Hecht et al., 1996; Lustig, 1998; Wright et al., 1999) and perhaps other
eukaryotes (Kurenova et al., 1998; Cryderman et al., 1999), if not necessarily in mam-
mals. Initial data on silencing protein homologs (Perrod et al., 2001) and on telomere
position effects are consistent with this proposition (Baur et al., 2001). The functional
association between telomeres, heterochromatin, and gene expression is probably
common among eukaryotic cells (Kurenova and Mason, 1997), although with varia-
tion in detail.

One model of telomere–gene expression linkage is an altered chromosomal struc-
ture (Ferguson et al., 1991), such as a heterochromatin “hood” that covers the telomere
and a variable length of the subtelomeric chromosome (Fossel, 1996; Villeponteau, 1997;
Wright et al., 1999). As the telomere shortens, the hood slides further down the chro-
mosome (the heterochromatin hood remains invariant in size and simply moves with
the shortening terminus) or the hood shortens (as the telomere is less capable of retain-
ing heterochromatin). In either case, the result is an alteration of transcription from
portions of the chromosome immediately adjacent to the telomeric complex, usually
causing transcriptional silencing, although the control is doubtless more complex than
merely telomere effect through propinquity (Aparicio and Gottschling, 1994; Singer
et al., 1998; Stevenson and Gottschling, 1999). These silenced genes may in turn modu-
late other, more distant genes (or sets of genes). There is some direct evidence for such
modulation in the subtelomere (see below), but overall, while experimental data imply
the existence of some undefined (Campisi, 2000a) but direct and causal linkage between
telomere shortening and changes in gene expression, the mechanisms of the linkage
remain unclear and arguable (Ouellette et al., 2000a).

Much of what we know of telomeric heterochromatin and its function has come
from the study of yeasts, the most common being Saccharomyces cerevisiae, the com-
mon bread yeast (Runge and Zakian, 1990; Wang and Zakian, 1990a, 1990b; Zakian,
1996). Yeast and human beings are strikingly different at the macroscopic level and
may differ in the details of gene transcription and gene expression (Francon et al., 1999)
as well as telomeric heterochromatin, its function, and replicative timing (Wellinger et al.,
1996; Wright et al., 1999; Taggart et al., 2002). The last few decades have made it clear,
however, that yeast and human cells share striking similarities (Allshire, 1995; De
Rubertis et al., 1996; Gotta and Cockell, 1997; Laible et al., 1997) and may offer useful
clinical and genetic insights for human organisms (Bridger and Bickmore, 1998; Brown
et al., 1998a; Perfect et al., 1998), including mechanisms of telomere–gene interaction
(Aparicio, 1991). Most species differ, not so much in telomere organization as in telomere
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regulation (Pardue and DeBaryshe, 1999), allowing us to identify general mechanisms
by which telomeres modulate gene expression.

In eukaryotic cells, including human cells, gene expression is modulated by over-
all heterochromatin arrangement and “wrapping” of chromosomes around nucleosomes
(with a 50-fold condensing of the duplex DNA), which generally represses local gene
expression. One hundred and sixty-eight base pairs of helical DNA wind around a single
nucleosome, composed of an octomer of histone proteins (two each of H2A, H2B, H3,
and H4). Although this set of histones completes the nucleosome body in yeast and other
small eukaryotes, more complex eukaryotes have an additional histone, H1, the largest
of the histone group, which ties together the double helix as it enters and leaves the
nucleosomal loop (Singer and Berg, 1991). Histones in the telomeric heterochromatin
can have local (Lenfant et al., 1996) and more distant (Marcand et al., 1996) effects on
gene expression, including changes concomitant with senescence (Parseghian et al.,
2001). Even relatively distant (20 kb) genes, beyond the reach of non-histone effects
such as those of the Sir complex (see below), are influenced by telomeric histones
(Wyrick et al., 1999), perhaps through telomere loop effects (Zaman et al., 2002). On a
theoretical note, simplistic models have even tried to ascribe all of aging to “progres-
sive heterochromatinization” (Lezhava, 2001a, 2001b).

In yeast, genes integrated near the telomeres have their expression regulated by
the silent information regulatory proteins Sir2p, Sir3p, and Sir4p. These proteins bind to
heterochromatin in the nucleosome and repress gene expression cell cycle dependently
(Laroche et al., 2000). Within the peritelomeric region, RAP1 (repressor/activator pro-
tein 1) and Sir complex may have more predictably local effects on gene expression
and particularly transcriptional silencing (Bourns et al., 1998; Cockell et al., 1998, 2000;
Roy and Runge, 2000; Moretti and Shore, 2001) than do the histones and nucleosomes.
RAP1 and its homologs regulate transcriptional activation, silencing, and telomere func-
tion in several yeasts (Grossi et al., 2001; Haw et al., 2001; Wahlin and Cohn, 2002).
Sir3p may affect transcriptional silencing through its effects upon the nucleosome and
heterochromatin structure (Vega-Palas et al., 1998). Not only may it play a prominent
role in the basic changes in gene expression that underlie caloric restriction (Lin et al.,
2000a), but it may explain the effects of helicase mutations on aging, at least in yeast
(Sinclair et al., 1997).

The mapping of peritelomeric genes is progressing rapidly (Kipling et al., 1995)
and specific genes (e.g., the a-globin locus on human chromosome 6p13.3) have been
mapped to this region (Smith and Higgs, 1999). Curiously, although these regions are
prone to recombination (Mefford and Trask, 2002) and many genetic syndromes dem-
onstrate subtelomeric abnormalities (Cotter et al., 2001; Tsien et al., 2001; Veltman et al.,
2002), subtelomeric translocations are more frequently associated with mental retarda-
tion (Bonifacio et al., 2001; Joyce et al., 2001; Baker et al., 2002; Clarkson et al., 2002)
or autism (Wolff et al., 2002) than with other congenital anomalies (Rosenberg et al.,
2001). Telomeric probes may have a role in prenatal counseling (Benzacken et al., 2002),
and subtelomeric defects improve diagnosis in idiopathic mental retardation (Rio et al.,
2002; Martin et al., 2002a, 2002b). These regions are comparatively similar but unstable
within the primates (van Geel et al., 2002), prompting consideration of a putative rela-
tionship to rapid neurologic evolution within this clade.

A number of transcription factors (Skammelsrud et al., 1999) are found associated
with the human telomere, as well as the telomeres of other species (Strahl-Bolsinger
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et al., 1997). The most well-studied is probably the general DNA-binding protein RAP1
from yeast (Wright and Zakian, 1995; Krauskopf and Blackburn, 1998; Prescott and
Blackburn, 2000), which binds to telomeric DNA repeats (Krauskopf and Blackburn,
1996), contributes to telomere length control and to telomeric silencing (Lustig et al.,
1990), and is a major component of telomeric chromatin (Enomoto et al., 1997). It is
also involved in gene activation and repression. Recent studies suggest additional roles
for RAP1 in heterochromatin boundary-element formation and chromatin opening, al-
lowing this abundant DNA-binding protein to participate in a diverse array of chromatin-
related functions (Morse, 2000) and be a central mechanism in telomere homeostasis
(Blackburn et al., 1997; Lundblad, 2000). These effects on telomere length regulation
may be shared by and interact with other factors such as the Sir complex (Guarente,
1999; Mills et al., 1999a; Venditti et al., 1999b), particularly Sir3p (Venditti et al., 1999a)
and Rif1p and Rif2p (Marcand et al., 1997b; Gasser et al., 1998).

It is worth mentioning other possible linkage mechanisms. Olovnikov, author of
the original proposal of telomere shortening as a mechanism for cell senescence
(Olovnikov, 1971) and a good record of theoretical prediction, has posited ionic “foun-
tains” (Olovnikov, 1999). Telomeres distribute peripherally (Pfeifer et al., 2001) and
specific regions of the telomere (Carlton and Cande, 2002) bind to the inner nuclear
membrane in a “telomeric bouquet” during meiotic prophase (Seimiya et al., 2000; Wai-
Hong and Zakian, 2000; Chikashige and Hiraoka, 2001), perhaps modulated by spe-
cific membrane telomere binding proteins (Dol’nik et al., 2001), although the telomere
is probably dispensable (Franco et al., 2002a). In the ionic fountain model, membrane
binding modulates local ion concentrations and their availability to chromosomes,
thereby modulating transcription. The model may not be inconsistent with known data,
for example, the effects of gene proximity to the nuclear membrane (Blackburn and
Szostak, 1984; Cockell and Gasser, 1999) and relationships between gene silencing and
the nuclear periphery (Tham et al., 2001), but lacks supporting data.

While we do not understand the linkage, it is critical to recognize its existence and
importance. An intermediate variable, it cannot be neglected in an attempt to adequately
understand or discuss senescence. We must distinguish three separate but interacting
aspects of cell senescence: the telomere, the linkage, and gene expression. The shorten-
ing (not the length) of the telomere may control the movement of the linkage (poten-
tially and probably a heterochromatin sheath), but the two are not equivalent and may
be manipulated independently in experimental settings. Likewise, the linkage may
modulate gene expression, but is emphatically not the only operative variable. Put sim-
plistically, but not inaccurately, everything affects gene expression in a cell; a shift in
the linkage is only one input (and in the overall genetic scheme, a fairly minor one)
among many inputs over the cell’s lifetime. The hypothesis that the telomere linkage
causes wholesale patterns of change in gene expression in no way gives licence to take
such effects out of context. Senescence-associated changes in gene expression, although
central to age-related pathology, are a minor part of a cell’s world. The importance of
this point comes when considering what must logically occur to the linkage during cell
fertilization in organisms with varying telomere lengths, such as clones (Miyashita et al.,
2002), and varying abilities to express telomerase, such as (mTR–/–) knockout mice or
(mTR+/–) heterozygous interspecies mice (Hathcock et al., 2002). Absolute telomere
length is not an operative variable in cell senescence, nor is its linkage the major deter-
minant of gene expression.
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Finally, the linkage is not alone in translating telomere changes to changes in cell
behavior (Shay et al., 1992b). An additional mechanism, and one almost certain to play
a role in human cell senescence, is the p53–dependent checkpoint (Shay et al., 1992a;
Gollahon and Shay, 1996; Filatov et al., 1998), i.e., the cell cycle braking system (Harley
and Sherwood, 1997b; von Zglinicki, 1998; Carr, 2000; Webley et al., 2000). The cell
employs a battery of DNA damage–signaling proteins, which detect DNA damage and
trigger a common pathway (Ahmed and Hodgkin, 2000; Rouse and Jackson, 2002) in-
volving a minimum of several dozen factors, including p53 (Shay et al., 1992a; Chin
et al., 1999), p21 (Brown et al., 1997b), D cyclins, and cdks (Watanabe et al., 1998),
among others (Lundberg and Weinberg, 1999; Wynford-Thomas, 1999). This mecha-
nism stops the cell cycle and up-regulates DNA repair. As a result, normal cells either
repair chromosomal errors or remain fully braked, unable to divide further (Carr, 2002).
The mechanism need not be all-or-nothing: short telomeres may be interpreted as dam-
aged (Buchkovich, 1996; Ahmed and Hodgkin, 2000), accounting for cell cycle slow-
ing during senescence (Morin, 1997a; Maigne et al., 1998). This may be independent
of other changes in gene expression modulated by other linkage mechanisms. Cell se-
nescence shares several common pathways with apoptosis (Seimiya et al., 1999; Joaquin
and Gollapudi, 2001; Wang et al., 2001a) and intracellular defenses against malignant
transformation.

Considering genes as a cellular orchestra, genes do not go out of tune so much as
they play an alternate score. The instruments are neither missing, nor out of tune: they
are merely playing discordantly because the conductor has chosen a discordant score.
The difference between Amadeus Mozart and John Cage is not the quality of the instru-
ments but the pattern of notes played; the difference between a young and a senescent
cell is not the quality of the genes but the pattern of genes expressed. Cells do not senesce
because of wear and tear, but because they permit wear and tear to occur because of an
altered pattern of gene expression. Telomerization effectively replaces the score, allowing
the genes to express their previous pattern. While telomerization can abort cell senes-
cence, there is probably a point beyond which this rescue is unlikely or even impos-
sible. To define the interventional limit of telomerization in senescing cells, we need to
more clearly define senescence.

The simplification that there are only two types of cells—somatic cells, which lack
telomerase and senesce in lock step, and germ cells, which express telomerase and are
immortal—is inaccurate. For one thing, this ignores exceptions and intermediate cell types.
Though typically immortal (Sela, 2000), cancer cells often have short telomeres (de Lange,
1995) and altered telomere maintenance (Greider, 1994). Moreover, some cancer cells have
long telomeres and some even senesce. Some cells—dermal fibroblasts from Hutchinson-
Gilford syndrome patients—apparently begin lifealready senescent, but then continue
to senesce in a more or less normal fashion (Allsopp et al., 1992). Others, from Werner
syndrome (Thweatt and Goldstein, 1993; Oshima et al., 1995) or Fanconi’s anemia
(Adelfalk et al., 2001; Hanson et al., 2001; Callen et al., 2002a, 2002b) patients, start
out normally (Schulz et al., 1996) but senesce quicker than normal cells. During normal
human fetal development, most 16- to 20-week somatic cells (excepting brain tissue) ex-
press telomerase (Wright et al., 1996b), as do trophoblasts within the early chorion,
though later placental (Kyo et al., 1997d) or amniotic fluid cells do not (Mosquera et al.,
1999). In bovine fetal tissue, telomerase activity decreases during oocyte maturation
and subsequent development to the eight-cell stage but then increases again in the morula



54 THE AGING CELL

and blastocyst stages (Betts and King, 1999). There are data suggesting at least two
regulatory mechanisms control hTERT activity in human fetal cells: (1) transcriptional
regulation of the hTERT genes, and (2) alternate splicing of hTERT transcripts (Ulaner
and Giudice, 1997; Ulaner et al., 1998; Colgin et al., 2000). Even in cells expressing
telomerase, not every telomere is necessarily extending during every cell division
(Forstemann et al., 2000). Although the variance in telomerase expression may have
implications for human pathology (Kojima et al., 2001), its regulation is only margin-
ally understood.

Although most somatic cells never express telomerase, a restricted set of somatic
stem cells can do so upon appropriate stimulation. Such cells include hematopoetic, basal
skin, gastrointestinal crypt, hepatic, hair follicles, and potentially several other stem cell
lines (see below). In these cells, telomerase expression and activity is carefully con-
trolled within the cell and may be modulated via cell–cell interactions, e.g., through
interleukins (Soares et al., 1998) and lymphokines in lymphocyte precursors. Typically,
such stem cells transiently express telomerase, reextending their telomeres, and divide.
One daughter cell differentiates and becomes unable to reexpress telomerase even in
the face of further cytokine stimulation, its telomeres shortening progressively with
further divisions. The other daughter cell remains in the stem cell line with a marginally
shorter telomere and is capable of reexpressing telomerase to appropriate cytokine stimu-
lation and of dividing. Stem cell telomeres therefore shorten more slowly than other
cells with similar rates and numbers of divisions (Fig. 3–1). Teleologically, this allows
stem cells to divide over the life of an organism, such as a human who may require an
astronomically high number of cells over a century or more. Other dividing somatic
cells show a predictable erosion of telomere lengths (Butler et al., 1998; Tsuji et al.,
2002). In nondividing somatic cells the telomere lengths remain intact.

In cells that show telomere loss, the intracellular effects are ubiquitous and vari-
able, but probably share common features. Senescent cells have slower protein elonga-
tion and protein turnover (Finch, 1990; Arking, 1998), resulting in a gradual accretion
of dysfunctional enzymatic and structural proteins. DNA repair becomes slower and
less effective (Bohr and Anson, 1995), resulting in genomic instability in senescent cells,
an effect magnified in cells lacking telomerase (Wong et al., 2000; Chang et al., 2001).
Mitochondria produce a higher frequency of ROS per mole of ATP produced (Harper
et al., 1998), resulting in diminished cell energy economy and an increased risk of oxi-

Figure 3–1 Naive model: germ, stem, somatic cells. Naive models suggest that germ cells main-
tain telomere length, while somatic cells and stem cells both lose telomere length linearly—the
former rapidly, the latter slowly (due to intermittent telomerase activity).
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dative damage. As discussed, mitochondrial sequestration in increasingly faulty, while
free radical trapping decreases as trapping compounds of intracellular origin are less
available. These several problems result in a marked increase in cell dysfunction as
senescence ensues. The cell becomes increasingly resistant to apoptotic signals (Holt
et al., 1999b; Lundberg and Weinberg, 1999; Wang et al., 2001a) as well as messen-
gers such as ceramide (Miller and Stein, 2001), the cell cycle slows, and cell becomes
less capable of dividing and replacing local tissue losses.

Cell senescence also has extracellular effects and these are paramount in explain-
ing disease and age-related tissue and organ changes. Not only do senescent cells change
their pattern of gene expression but the result is a change in the production of secretory
products, such as trophic (Cristofalo et al., 1998b; Shelton et al., 1999) and replication
factors (Pendergrass et al., 1999a). The same is true of structural or enzymatic secre-
tory products, such as collagen (Furth et al., 1997), elastin, collagenase, elastase, or
b-galactosidase (Burke et al., 1994; Dimri and Campisi, 1994a; Matsunaga et al., 1999a).
Inflammatory factors and cytokines change as the cell senesces. Some cells (e.g., skin
fibroblasts) show a decreased pattern of inflammatory cytokines (Shelton et al., 1999).
Other cells (e.g., endothelial cells) show an increasingly inflammatory pattern.

Senescence in one cell accelerates senescence in surrounding cells. If one set of
cells is stressed and prone to cell loss, remaining cells divide, senescing more rapidly.
Senescing cells drag down other cells. Extracellular effects may start locally as a subtle
change in the function of a neighboring cell or a subtle change in the extracellular ma-
trix (West et al., 1996), but the effects progress to neighboring tissues planes, to entire
organs, to downstream parts of the vascular bed in which they lie, and, ultimately,
throughout the organism. What begins as cell senescence ends as age-related disease.

The limited model of cell senescence—shortening telomeres induce changes in gene
expression that cause gradual accrual of secondary cellular damage—stands in contrast
to wear-and-tear views of aging in which DNA and mitochondrial damage cause cell
senescence. If we reset telomeres, resetting gene expression (replacing the score in
our metaphorical orchestra), cell function is largely or completely restored (Bodnar
et al., 1998). Immortalized, but otherwise normal, somatic cells (Franco et al., 2001;
MacKenzie et al., 2002) have reset cell senescence as reflected not only in replicative
capability and telomere length but in gene expression pattern (Shelton et al., 1999). This
implies that cells do not senesce because they are damaged, but permit damage because
they senesce. Homeostatic processes suffice indefinitely in germ cell lines; they suffice
in somatic cells if senescence is abrogated.

Interventions that rescue a cell from senescence should vary in efficacy depending
on the degree of senescence; some cells may be sufficiently senescent to preclude res-
cue. Against this, however, in vivo tissue may show a tendency toward clustering of
almost but not irremediably senescent cells. Cell division may slow in more senescent
cells, placing the divisional burden on neighboring but less senescent cells. The degree
to which a tissue is senescent, however, is not a matter of the degree to which a cell has
an altered pattern of gene expression but the degree to which individually altered cell
behavior has an impact on cell–cell interactions and tissue function. We might imagine
a markedly senescent cell with marginal impact on surrounding tissue cells or a mar-
ginally senescent cell with marked impact on surrounding tissue cells. The degree of
impact depends on the tissue and on specific cell function within that tissue. Moving
from cell senescence to tissue senescence introduces complications. Cell senescence is
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more than telomere length; tissue senescence is more than percentages of senescent cells
and degrees of senescence.

The General Model: Cell Senescence
Results in Organismal Aging

Cell senescence underlies human aging. This describes the general model, but simplic-
ity stops there. The verb reflects the subtle nature of the causal process at work in aging.
Consider the parallel issue in atherosclerosis: does cholesterol cause, contribute to, or
underlie the pathology? It doesn’t strictly cause atherosclerosis, yet does more than
contribute. Cells may senesce, but cell senescence is surely not equivalent to organismal
aging (Norwood et al., 1991b; Cristofalo et al., 1998a; Smith et al., 2002). Free radi-
cals might be said to cause aging, yet they don’t cause cumulative damage in germ cells.
Senescence plays a permissive role that, at the level of the organism, is reflected in
dysfunctional tissues and organs, clinical pathology, and aging changes.

With qualification, some (McCormick and Campisi, 1991; Peacocke and Campisi,
1991; Campisi, 1996, 1997b; Imai and Kitano, 1998; Klapper et al., 2001; Mikhelson,
2001) have speculated that cell senescence might play such a role, perhaps minor or ill
defined, in organismal aging, at least in tissues with dividing cells. There has also been
speculation that cell senescence plays some role in age-related disease generally
(Hayflick, 1979; Chang and Harley, 1995; Rawes et al., 1997; Faragher and Kipling,
1998) or in specific age-related diseases (Harley, 1997; Morin, 1997b), including es-
sential hypertension, non-insulin–dependent diabetes mellitus (Goldstein and Harley,
1979), atherosclerosis, and cancer (Aviv and Aviv, 1998).

In addition to the model suggested here, that changes is gene expression underlie
aging, other telomere-related mechanisms have been suggested. For example, telomere
loss might lead to genomic instability and a loss of heterozygosity, with the consequent
expression of latent disease-causing genes (Aviv and Aviv, 1998, 1999). Alternatively,
cell senescence might cause pathology by interfering with apoptosis (or the apoptotic
response; Pritchard et al., 2001), resulting in the accumulation of apoptosis-resistant
“junk” cells that interfere with normal young cell function (Wang and Warner, 1989;
Warner et al., 1992; Joaquin and Gollapudi, 2001). Apoptosis eliminates both “dam-
aged and presumably dysfunctional cells (e.g., fibroblasts, hepatocytes), which can then
be replaced by cell proliferation, thereby maintaining homeostasis,” and “essential post-
mitotic cells (e.g., neurons, cardiac myocytes), which cannot be replaced, thereby lead-
ing to pathology” (Warner, 1997; Warner et al., 1997). Proponents suggest that we might
effectively intervene in this process (Joaquin and Gollapudi, 2001).

The notion that cell senescence might play a more generic role in age-related dis-
eases has been downplayed (Le Bourg, 2000; Ahmed and Tollefsbol, 2001), often be-
cause of a difficulty in appreciating how cell senescence in dividing cells could possibly
cause clinical pathology in nondividing (and therefore presumptively nonsenescent) cells.
Privately, some have resorted to what might flippantly be termed “infectious” senescence
(compare Faragher, et al., 1997b), in which senescent cells trigger a reactive senescence
in adjacent cells. However, the position that cell senescence cannot logically be re-
sponsible for major age-related diseases is flawed: dividing arterial wall cells certainly
have enormous impact on nondividing brain and heart cells. The notion that pathology
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in nondividing cells (e.g., myocardial infarction or cerebrovascular stroke) cannot be
attributed to dividing cells (e.g., arterial endothelium) belies ignorance of pathology.

The position that human aging and age-related disease are products of cell senes-
cence has been stated and fleshed out (Fossel, 1996, 1998a and b, 2000a, 2001b; Banks
and Fossel, 1997). Gradual accumulation of data over the past few years and a sophis-
ticated view of the complex pathology involved in age-related diseases have made this
view more supportable. More to the point (and more practically), to the extent that we
can prevent or reverse cell senescence, we may be able to alter age-related diseases
(Faragher, 2000). We might consider the model to a question rather than a theory. Alter-
ing cell aging, what happens to age-related human pathology? Is cell senescence con-
sistent as a fundamental variable in age-related human pathology? This is a question
raised not only within this chapter but throughout the book.

To say that aging is cell aging is imprecise, inaccurate, and often inapplicable (in
insects, for example). Moreover, it does not imply that cell senescence “causes” human
aging or that either can be reversed, prevented, or slowed. Besides aphoristic clarity,
the advantage of the simple statement, aging is cell aging, is in provoking argument and
therefore exploration of the pathology and current data. The statement that human aging
is cell aging is not a radical dictum. Shorn of the causal direction implied, it is not even
particularly novel (compare Gilchrest and Yaar, 1992).

The intent of this section is to set the stage by making it clear what the theory is—
and to make equally clear what it is not. Difficulties consistently arise from a blithe and
thoughtless attribution of causation. Causation is not simple. Biological “causes” are
multiple and notoriously interactive. Even with a well-defined and complete sequence
of intracellular events, we can be misled by the apparent simplicity. In apoptosis, for
example, where causation may depend on cell state and extracellular events, “the role
of a given protein may be entirely contextual” (Lockshin et al., 2000). Causation in
apoptosis, particularly regarding mitochondrial involvement (Finkel, 2001; Wei et al.,
2001a) is still argued. The simplicity of linear causation is meretricious, luring us away
from a complex reality. Telomeres do not cause aging nor does cell senescence cause
organismal aging. To argue that telomeres don’t cause aging is disingenuous. Telomeres
are a rough cellular “clock” (Aviv and Harley, 2001) that indirectly modulate gene
expression and are a useful (if limited) marker for cell senescence in the laboratory.

The important issue is not causation but a realistic understanding of the complex-
ity of aging, which we can efficiently intervene for clinical benefit. Aging is caused by
time, free radicals, protein turnover rates, telomeres, cell senescence, gene expression,
cell divisions, methylation, heterochromatin changes, DNA damage, lipid peroxidation,
environmental insults, the entire cell genome, cell–cell effects, and manifold other
variables. Do we need to intervene in all of these causes? And as with proteins in apoptosis,
causes of aging are contextual, depending on species, cell phenotype, and cell history,
and have an interactive effect on one another. Telomere length determines cell senescence
only in specified contexts. Telomeres do not cause aging any more (or any less) than a
key causes a car to go down the highway. The context—available gas, whether the brakes
are set, the state of the tires, the road, etc.—remains critical to the behavior of the car.
Like a key, telomeres are an available and effective point of intervention.

Cholesterol is often considered to cause atherosclerosis, yet some atherosclerotic
patients have low cholesterol (Mehta et al., 1998; Jee et al., 1999; Lee et al., 1999b),
and others with normal vessels have high cholesterol. This does not imply that cholesterol
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plays no role in atherosclerosis. Cholesterol may not “cause” atherosclerosis, but the
interventional implications remain: lowering cholesterol “causes” a lower risk of ath-
erosclerotic morbidity and death (Stamler et al., 2000). The practical intent—inter-
vention—is more amenable to both logical discussion and practical solution than are
theoretical discussions of causation. Cholesterol doesn’t cause atherosclerosis, but it is
a major factor, a convenient marker, and an effective point of intervention. Lack of strict
causation is scarcely a recommendation for ignoring one’s serum or dietary cholesterol.

The appropriate focus is intervention (Rattan, 2000b): what happens when we alter
a complex system, under what conditions, with what limitations? In atherosclerosis, the
pertinent question is the effect (if any) of lowering serum cholesterol (Grundy, 2000).
In regards to free radicals in aging, the appropriate question is the effect of decreasing
UV exposure or increasing dietary tocopherols or other dietary components, such as
carnitine (Hagen et al., 2002; Liu et al., 2002a, 2002b). If enzymatic activity or the
expression of superoxide dismutase (SOD) (Tyler et al., 1993; Allen et al., 1995; Mockett
et al., 1999; Serra et al., 2003) or other enzymes (Fleming et al., 1993; Lorenz et al.,
2001; Muller, 2001) play a role in aging, what are the effects of more active genes?
Very little, at least in mice (Huang et al., 2000). What of other points of experimental
intervention?

Mitochondria change markedly in senescent cells. They may decrease in volume
(Chen et al., 2001a). They leak, their protein synthesis rates fall (Beaufrere and Boirie,
1998; Proctor et al., 1998; Schwarze et al., 1998a; Short and Nair, 1999), and they pro-
duce more free radicals, including hydrogen peroxide (Allen et al., 1999) and superox-
ide (Chen et al., 2001a), per unit of ATP (Harper et al., 1998; Schwarze et al., 1998b).
Changes occur in vitro and in vivo (Michikawa et al., 1999). Everything within mito-
chondria turns over except mitochondrial DNA (mtDNA; de Grey, 1999), but turnover
rates slow and defect rates climb with age (de Grey, 1997; Lee and Wei, 1997; Lee et al.,
1997), probably for many reasons (Lee et al., 1994a; Wanagat et al., 2001). Although
the damage rate is variable among species, cell phenotypes, and mitotic states, it may
be constant until well into adulthood, then undergo a sudden inflection (Herrero and
Barja, 2001), suggesting a separate, more fundamental triggering process.

Mitochondrial DNA is circular in most but not all organisms (Nosek et al., 1998;
Duby et al., 2001). In organisms (such as Tetrahymena) with linear mitochondrial chro-
mosomes, telomeres have tandem repeats, similar to nuclear DNA, but with surprising
diversity (Morin and Cech, 1988), sufficient to identify yeast species diagnostically or
taxonomically (Nosek et al., 2002). The evolutionary conversion between ring and lin-
ear was relatively simple and telomere binding proteins show homology (Tomaska et al.,
2001). Circular human mtDNA codes for only 13 proteins (Anderson et al., 1981), each
crucial to oxidative metabolism. Damage occurs in nuclear and mtDNA, sometimes
involving transfer from one to the other (Shay and Werbin, 1992), but mtDNA damage
(Denver et al., 2000) is many-fold higher (Herrero and Barja, 2001; Wanagat et al., 2001),
ranging from 3- (Richter, 1999) to 20- (Kadenbach et al., 1999) fold that of nuclear DNA
damage. This is largely due to proximity to reactive oxygen species, lack of protective
histones (Caron et al., 1979), and lack of introns (Anderson et al., 1981). Worse, mtDNA
repair (Croteau et al., 1999) is relatively less effective (Street et al., 1999; Dobson et al.,
2000; Kolesnikova et al., 2000). Balancing this, however, each mitochondria may have
5–10 DNA copies and each cell may have 100–1000 mitochondria (Kadenbach et al.,
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1999). Overall, it is unclear how a relatively small (< 5%) amount of age-associated
mtDNA damage can be responsible for aging (Lee and Wei, 1997; Anson and Bohr,
2001). In some cells, e.g., human T lymphocytes, there is no evidence for age-related
increase in mtDNA damage (Ross et al., 2002).

Though endocrine systems change with age—Pacific salmon undergo an endocri-
nological catastrophe—this begs the question of what in turn times endocrine aging.
Why should hormone secreting cells wear out? If another cell (e.g., in the hypothala-
mus or pituitary gland) regulates the secreting cell, why does the regulating cell age?
The naive notion that the endocrine system controls aging conflicts with what we know
of pathology, aging, and endocrine function.

Some investigators assume that aging and age-related diseases are merely “wear
and tear,” like a car that “rusts out” (Hayflick, 1999, 2000a) or a “Mars space probe”
not designed to maintain itself (Comfort, 1970; Goldstein, 1971a). Similar views
(Olshansky et al., 2002a, 2002b) rely on misunderstanding and dogmatism rather than
a wide perspective on biology and often fail to survive editorial review. Mechanical
analogies are poor analogies for biological systems, in which energy input gives theo-
retical license for indefinite maintenance (Hasty and Vijg, 2002). Germ cell lines main-
tain themselves for several billion years despite free radical damage, mitochondrial
damage, and allegorical rust to the cellular undercarriage—some car.

The cell senescence model suggests that when cells divide in response to cell loss,
these cell senesce with consequent dysfunction within the cell, between cells (the intra-
cellular matrix), in neighboring nonsenescent cells (e.g., subendothelial cells respond to
senescing endothelial cells), and in distant cells dependent on dividing cells (e.g., myo-
cardial cells depending on arterial endothelial cells). The overall process (within cells and
tissues) constitutes aging. Cell senescence doesn’t cause aging so much as it is aging.

Fertilization Resets Telomere Effects

A major conceptual solecism can occur in the interpretation of the telomerase knock-
out, knock-in, and cloning data: confusing telomere length with a more crucial vari-
able, altered gene expression. The linkage (or linkages) between these two variables
remains a black box.

Certain outcomes of the linkage are clear. In successful fertilization, “the donor
nucleus must be reprogrammed . . . so that it can direct the development of the embryo”
(Prather, 2000). Equally, in viable knockout, knock-in, or cloned animals gene expres-
sion must be reset to an undifferentiated (normal fetal) state. Production of a healthy (Lanza
et al., 2001) young clone from an older animal argues that proliferative capacity (Wilmut
et al., 2000) and epigenetic programming (Rideout et al., 2001) must be appropriately reset
(Betts et al., 2001). This need not, in a naive sense, “reset the telomere clock” (Miyashita
et al., 2002), but fertilization does imply that the linkage (whatever its mechanism) must
be reset to permit normal fetal gene expression. If gene expression were not reset, the
organism would display abnormalities in gene expression. Clones derived from embry-
onic stem (rather than somatic) cells are less likely to have such abnormalities and more
likely to survive (Wakayama et al., 1999; Rideout et al., 2000; Eggan et al., 2001). This
has been attributed to epigenetic factors in the reprogramming of such cells (Vastag, 2001b)
and there is evidence supporting this (Humphreys et al., 2001). Though a tempting analogy,
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an embryonic cell is not a tabula rasa but has a specific pattern of gene expression appro-
priate to early fetal development and continued tissue differentiation (Rideout et al., 2001).
The resetting of such epigenetic effects, including the linkage between (relative) telomere
length and (nonsenescent) gene expression, can be central to understanding the effects of
cloning and telomerase knockouts on cell senescence.

The lifespans of knockout mice, clones, and animals with exceptional telomere
lengths, such as some wild murine strains and hamsters (Slijepcevic and Hande, 1999),
should be unaffected as long as the linkage is appropriate for normal gene expression
during fetal development (Fossel, 2000b). Initial telomere length should be largely ir-
relevant. Consider three supportive examples.

For the first example, posit two Mus strains, one with long (20 kb) telomeres (Mus
strain A) and one with short (10 kb) telomeres (Mus strain B), but otherwise equivalent
genomes (except genes enforcing differential telomere length maintenance). Should they
have different lifespans? If viable, zygotic gene expression should be reset and appro-
priate for a cell that will soon divide and differentiate into multiple phenotypes. Im-
printing (Tilhgman, 1999) of perhaps 100 human genes (Tilghman, 2000) on this genetic
palimpsest probably occurs via methylation (Forejt et al., 1999), adding to the complexity
of the soi disant tabula rasa (Hark et al., 2000; O’Neill et al., 2000; Schmidt et al., 2000).
Faulty imprinting causes epigenetic disease, such as Beckwith-Wiedemann syndrome
(Zhang et al., 1997; Caspary et al., 1999; Tilghman, 2000). In our two Mus strains, telo-
mere lengths may be different, but the pattern of gene expression must be normal: we
have viable murine zygotes. If telomere lengths differ and gene expression is remains
equivalent, then the linkage must differ correspondingly. Strain A has 20 kb telomeres
with a matching 20 kb linkage. Strain B has only 10 kb long telomeres, but gene ex-
pression is the same because B’s linkage is 10 kb long, thus matching its telomere. Mus
strain A (with 20 kb telomeres) should have the same lifespan as Mus strain B (with
10 kb telomeres). Regardless of initial telomere length, the rates of telomere base loss,
linkage movement, changes in gene expression, and cell senescence will occur at the
same rate in both experimental strains. Senescence is determined (indirectly) by change
in telomere length, not by prefertilization telomere length. More directly, the linkage
determines cell senescence. Given otherwise matched genomes, and even granting the
necessity for telomeres in fertilization (Liu et al., 2002c), prefertilization telomere length
may have no significant impact on lifespan.

As a second example, consider clones. Posit a donor animal which normally has
20 kb telomeres. An adult somatic cell, used for the clone, might have 10 kb telomeres.
In this respect the clone may be older than its donor (Hornsby, 2000; Vogel, 2000), but
an abnormal zygotic patterns of gene expression may not be viable (a common outcome).
Clonal viability implies a reset linkage, telomere length notwithstanding. Indeed, the
initial result with Dolly, the cloned sheep, was shorter than normal telomeres (Shiels
et al., 1999). Except in limiting cases (discussed below) and barring genetic damage,
many cloned animals appear healthy and normal (Kubota et al., 2000a; Lanza et al., 2001)
with lifespans typical of uncloned animals. Telomere length prior to cloning does not
determine the subsequent telomere length (Betts et al., 2001), lifespan, or development
in the cloned animal. Unexpectedly, some clones have longer telomeres than their donors
and cells may undergo 50% more population doublings (Lanza et al., 2000b). Various
explanations have been offered (Wilmut et al., 2000), but the finding requires duplica-
tion and explanation.
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For a third example, consider telomerase knockout (mTR–/–) mice. Telomeres show
progressive loss with each generation (Hande et al., 1999a) and we might naively
expect progressively shorter lifespans. To some extent this occurs (Herrera et al.,
1999b; Rudolph et al., 1999), but a gross shortening of lifespan would be inconsistent
with either the theory espoused here or our knowledge of embryology. The viability F1
telomerase knockouts suggests normal gene expression, implying that the linkage has
been reset appropriately. With two exceptions, shorter telomeres in a telomerase knockout
mouse should have no necessary effect on lifespan. First, after sufficient generations,
regardless of linkage position, zygotes will lack sufficient telomeres for viability. Pre-
dictably, knockouts are infertile by the sixth generation (Blasco et al., 1997a) or by the
fourth in strains with shorter baseline telomeres (Herrera et al., 1999b). Second, rap-
idly dividing cells might have initially normal gene expression but completely run
out of telomeres. Even early knockout generations show dysfunction in organs with
highly proliferative cells, including abnormal spermatogenesis and hematopoesis (Lee
et al., 1998c; Herrera et al., 1999b). We might further expect decreased fertility or an
increased number of developmental defects: each succeeding generation demonstrates
more frequent neural tube defects (Herrera et al., 1999a). In a parallel plant example,
Arabidopsis mutants lacking telomerase activity may survive for up to 10 generations,
displaying unstable genomes, increasingly shorter telomeres, and cytogenetic abnor-
malities (McKnight et al., 2002).

Do extremely long or critically short telomeres have no effect on lifespan or pathol-
ogy? As above, critically short telomeres (Lustig, 1999) cause dysfunction in organs with
highly proliferative cells, ensuring mortality via the weakest link, rather than wholesale
aging acceleration. Extremely long telomeres are also probably detrimental (McEachern
and Blackburn, 1995; Blackburn et al., 1997), subtly impeding quotidian chromosomal
mechanics and cell replication. Though they have a higher incidence of malignancy
(Artandi et al., 2002) and better wound healing (Gonzalez-Suarez et al., 2001), telomerase
knock-in animals do not address this issue, as these animals still maintain normal telo-
mere lengths. The outcome (pathology, aging, and lifespan) may depend on the length at
which telomeres stabilize and how firmly they are maintained at this length.

Critically short or extremely long telomeres may cause dysfunction and demon-
strable pathology; merely longer (some murine strains) or shorter (knockout mice)
prefertilization telomeres should not cause gross changes in aging. Cell senescence is
not determined by telomere length but by the change in telomere length during the life
of the organism. The cell senescence model of aging explains much about human dis-
ease that was otherwise puzzling (e.g., Hutchinson-Gilford atherosclerosis) and is sup-
ported by current data but remains equally unproven, requiring that we falsify the model
or validate it in clinical testing.

Criticism Gone Awry

Too often, criticism founders on the rocks of misconstrued data or faulty logic. For
example, the importance of nondividing cells in age-related disease (e.g., myocytes in
myocardial infarction) is frequently raised, but ignores the dependence of nondividing
cells on dividing cells. Furthermore, senescence may not be restricted to dividing cells
alone. “Reactive” as opposed to “constitutive” senescence (Faragher et al., 1997b) may
be triggered by mutation (Serrano et al., 1997), ultraviolet or other high-energy photon
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exposure (Kruk et al., 1995), free radical (von Zglinicki et al., 2000a) or oxidative dam-
age (Kagawa et al., 1999; Saretzki et al., 1999; Seidman et al., 2000; de Magalhaes et al.,
2002), or oncotherapeutic agents (Brenneisen et al., 1993; Khaw et al., 1993). Ultra-
violet photons and dimethylsulfoxide (DMSO) exposure may also trigger transient
telomerase expression (Alfonso-De Matte et al., 2001). Nondividing myocardial cells
might undergo reactive senescence from the hypoxia of coronary stenosis (in turn in-
duced by endothelial cell senescence).

Invalid arguments often use strawman reasoning. The initial example is clearly false:
myocardial cells don’t accumulate cholesterol (valid, but irrelevant), therefore, choles-
terol can’t contribute to myocardial infarction (invalid conclusion). Nevertheless, a
parallel is occasionally used to attack the putative role of cell senescence: myocardial
cells don’t senesce (valid, but irrelevant), therefore, cell senescence can’t contribute to
myocardial infarction (invalid conclusion). Strawmen reveal more about the logical
disabilities of the disputant than about human pathology. Yet the same strategy has been
used repeatedly in criticizing cell senescence as a overall factor in aging: some cells in
the body don’t become senescent (valid, but irrelevant), therefore cell senescence can’t
cause aging (invalid conclusion). The fact that some cells never senesce while others
could but have not yet done so is neither a surprise nor an issue. Compare arguments
that might have been made against microbial theory: bacteria can’t always be cultured
from every sample, therefore bacteria can’t cause infections. In cellulitis, 20% of cul-
tures (at best) yield positive growth and patients die of infections without infectious
organisms in every tissue, but proof of bacterial etiology lies in clinical response to
appropriate antibiotic intervention.

Consider an even more glaring illustration in the arena of malignancy: some non-
cancerous cells exist in dying cancer patients, therefore, cancer can’t be the cause of
their death. The diagnosis of cancer does not require the entire body to be malignant. A
sufficient number of cancer cells will cause dysfunction and mortality, though most body
cells are normal and nonmalignant at death. Cancer cells, like senescent cells, do not
kill by being nonfunctional but by being dysfunctional. The impressive cachexia and
asthenia of advanced malignancy, as well as of sepsis, severe trauma, and other cata-
bolic conditions (Hasselgren et al., 2002), is due to systemic intercellular effects (Bruera
and Sweeney, 2000; Kurzrock, 2001; Inui, 2002), not to the wholesale conversion of
normal cells into malignant ones. Cancer cells and senescent cells impose their dysfunc-
tion on cells around them, systemically as well as locally, aggressively undermining
overall tissue and organ function.

It is not necessary for all cells to senesce, but some do and are sufficient. This is
a far cry from the strawman argument that cell senescence cannot play a role in aging
because not all cells are senescent in old patients. Even the oldest animals (Kohn, 1975)
or humans (Cristofalo et al., 1998a) have nonsenescent, functional cells still capable
of division. The question is not whether all cells are senescent (or even dead?) but
whether enough sufficiently senescent cells are present in some tissues to undermine
organ function and cause clinical pathology. Moreover, the preeminent issue is not
mere presence but active interference with function. Lipomas (benign fatty tumors)
do little to interfere with other tissues and body function generally; malignant tumors
aggressively interfere with other cells and organ function. Senescent cells do not simply
drop out of collective tissue function but interfere with such function. Whether in
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malignancy or senescence, a small minority of cells may cause major morbidity or
mortality.

Criticisms misconstruing the model (e.g., telomeres cause aging) hit the wrong
target. Criticism based on deficient understanding of clinical pathology (neurons don’t
divide, so cell senescence can’t cause Alzheimer disease), tissue function (not all cells
are senescent, so cell senescence can’t cause aging), or the events of fertilization
(telomerase knockout mice have normal lifespans, so telomeres don’t cause aging)
are neither apropos nor telling. The severest test lies in the need for direct confirma-
tory data.

Cells to Organisms

Telomere lengths vary among species and do not correlate well with comparative spe-
cies lifespan in knockout mice (Blasco et al., 1997a), Mus musculus versus spretus (Zhu
et al., 1998), rats (Yoshimi et al., 1996), or other species—nor should they. When com-
paring animal species, lifespan depends not merely on mean fetal telomere length but
on innumerable other factors. Within cells these include metabolic rate, ultraviolet ex-
posure, free radical trapping efficiency, DNA repair, and cell cycle differences (e.g.,
von Zglinicki et al., 2000a). Age-related pathology depends on species-specific changes
in gene expression as well as on species-specific cell–cell interactions and organ differ-
ences. Species differ significantly at all levels: their cells, the interactions between cells,
and their organs. Murine cells have higher metabolic rates than do corresponding human
cells and murine SOD is less efficient as well (Cutler, 1985); additional changes occur
at every level. Telomere lengths do not determine the marked disparity in mean murine
and human lifespans.

In tissues comprising dividing cells (as in skin), a minority of relatively senescent
cells may suffice to produce aging changes. As senescing cells divide more slowly,
younger cells may increase their division rate reciprocally. Near-senescent human fibro-
blasts have variable telomere lengths (Steinert et al., 2000); each tissue will equilibrate
somewhat, yet have variable percentages of not-yet senescent cells. It is probably un-
likely that senescent cells ever become a majority within in vivo tissue.

In tissues comprising nondividing cells (as in myocardium), a small minority of
relatively senescent cells elsewhere (as in coronary arteries) may suffice to produce
pathologic changes. Of approximately two-thirds of a million myocardial infarction
patients dying in the United States annually, almost all have otherwise normal (but in-
farcted) cardiac myocytes (Lakata, 1994). Endothelial cells lining arterial walls divide,
their telomeres shorten, and they senesce (Chang and Harley, 1995), likely triggering
atherogenesis (Kumazaki, 1993; Cooper et al., 1994; Bodnar et al., 1998; Yang and
Wilson 1999). Myocytes do not have to senesce; they die nonetheless.

Whether the tissue’s cells divide or not is irrelevant when the tissue (like all human
tissues) depends on other tissues whose cells divide. In the epidermis, senescence of
epidermal cells affects only neighboring epidermal cells. In the brain, microglia senes-
cence also affects intermingled neuronal cells. In the arteries, endothelial cell senes-
cence affects both neighboring subendothelial and distant myocardial cells. Senescence
also results in the altered expression of genes responsible for extracellular matrix and
its maintenance. Dermal overexpression of plasminogen activator activity, for example,
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may progressively disrupt the extracellular matrix, leading to degenerative changes (West
et al., 1996), though only a modicum of cells senesce.

In any tissue, interdependence increases the potential outcome of senescent cells.
Myocardial infarction begins in endothelial cell dysfunction. Equally, Alzheimer de-
mentia might begin in microglia dysfunction. Oligodendrocytes and most glia may
not divide, but microglia do (Sturrock, 1976). Neurons depend on glial maintenance
of ionic milieu, guidance during arborization, insulation from excitatory transmitters,
metabolic support, and, perhaps most critically, trophic factors (Nishi, 1994). In the
glial–neural interaction, this may be the crucial factor in the etiology of neural apoptosis.
Until recently, neurons and myocytes were considered postreplicative. While neurons
may not divide, neuronal stem cells do and may even play a role in learning and
memory. Satellite cells may likewise replace adult myocyte loss. This occurs in rat
myocardium with consequent myocyte telomere shortening (Kajstura et al., 2000).
Such exceptions, though fascinating, are academic and orthogonal to the point: even
if none of these cells divide, nondividing cells depend on dividing cells. Dependence
translates into age-related pathology.

Occasionally, there have been attempts to measure telomere length to assess bio-
logical age (Tsuji et al., 2002; Cawthon et al., 2003). While there might be a narrow
value in length, it does not express the effects of changes in gene expression, local ef-
fects of cell dysfunction, or the frequently significant (even fatal) effects on distant tis-
sues. Moreover, cells do not divide in lock-step, even within an apparently homogenous
tissue. The classic graph of telomere lengths versus time suggests that germ cell lengths
are constant, while somatic cell lengths fall linearly. In reality, somatic cell telomeres
do not show a linear or uniform decrease but vary substantially over time (Fig. 3–2)
(Butler et al., 1998). Every cell pursues a separate vector. No two daughter cells are
likely to maintain the same vector, as they are unlikely to receive the same integration
of signals favoring and restraining cell division, bear the same environmental stresses,
or have the same direct cell–cell interactions. At every cell division, daughter cell lines
diverge, curve, overlap, tangle, and all but knot themselves as the daughter cells con-
tinue their gradual, discontinuous, and unsteady course into a complex and interactive
senescence.

Figure 3–2 Reality of telomere shortening. Realistic appraisal of cell dynamics suggests that
telomere loss is far from linear in any cell line. The differing fates of daughter cells during stem
cell division (as one differentiates and one remains in the stem cell compartment), disparate
oxidative stress, and widely varying (over time and between cell types) demands for cell divi-
sion enforce complex trajectories in plotting telomere lengths over time.
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Cells not only vary in their rates of telomere loss but, far more importantly and
interestingly, in the onset and effects of their senescence. Aging tissues show a broad-
ening range of senescence as displayed not by telomere lengths but by gene expression,
morphology, function, and implication. That senescing cells (as a population average)
should be equivalently senescent by any measure verges on inconceivably improbable.
That aging tissues should display a majority of senescent cells, equivalent or otherwise,
is almost equally improbable.
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C H A P T E R 4

The Aging Cascade

The Jigsaw Puzzle of Aging

By providing a broader, more inclusive framework for understanding aging, cell senes-
cence resolves many apparent conflicts among aging theories, as well as adding to our
understanding of age-related clinical pathology. How does this fit within the framework
of other, previous aging models (Balcombe and Sinclair, 2001)? Although this is not
the appropriate venue to explore the historical background and prior theories in detail,
it is appropriate to examine the consistency of cell senescence with previous models
and with current biology and pathology.

The belief that free radicals (reactive oxygen species [ROS]) cause damage in aging
organisms (Grune and Davies, 2001) has a firm theoretical foundation and, despite a
surprising lack of proof, has achieved widespread acceptance in their role. Recent work
has attempted to move this model into intervention clinically (Yu, 1999) and scien-
tifically (Chen et al., 1995; Yuan et al., 1995; Saretzki et al., 1998). Synthetic super-
oxide dismutase/catalase, more active than the wild enzyme, extends lifespan by half
in Caenorhabditis elegans, although mouse data are less compelling (Melov, 2000;
Melov et al., 2000).

Free radicals are not a complete explanation of aging. The eukaryotic germ cell
line, for example, has been subject to ROS damage from symbiotic mitochondria for
more than a billion years without senescing. Yet damage rapidly accumulates in somatic
cell lines. Free radical researchers should not be asking how free radicals cause aging
but why they don’t usually cause aging. Free radicals may underlie aging and may even
play some role in telomere erosion (von Zglinicki et al., 2000a), but there is something
fundamental controlling the occurrence or accumulation of cellular free radical damage,
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something controlling the balance between damage and homeostasis. Free radical dam-
age accumulates in somatic cells, but homeostasis is a sufficient match in germ cell lines.
Alteration in gene expression, modulated by telomere length, is a likely candidate for
such control. Without this or a similar explanation, wear-and-tear theories are not so
much wrong as inadequate.

One exception is a novel and thoughtful explanation (Kowald and Kirkwood,
2000) suggesting defective mitochondria as the cause of aging: damaged mitochon-
dria are preferentially selected in postmitotic somatic cells compared to rapidly di-
viding cells. This theory, first sketched out by de Grey (1997) and subsequently refined
and extended (de Grey, 1999), is more consistent than previous mitochondrial (e.g.,
Linnane et al., 1992; Richter, 1992; Kowald and Kirkwood, 1993b) or most nonmito-
chondrial models: it explains the biological immortality of the germ cell line. Germ
cells outdivide their damaged mitochondria, and somatic cells unavoidably accumu-
late damaged mitochondria. Other wear-and-tear or mitochondrial theories (Kalous
and Drahota, 1996; Finkel and Holbrook, 2000) remain incomplete without additional
theorization to explain this difference; mitochondrial theory (as we shall see) requires
only stochastic selection.

The incidence of defective mitochondria is higher in older organisms (Linnane
et al., 1990; Hattori et al., 1991; Yen et al., 1991; Michikawa et al., 1999), but is this a
primary effect (as de Grey suggests) or (as most data suggest) secondary to the lack of
appropriate support from the nucleus as gene expression alters with senescence? In yeast,
for example, a “retrograde response” from the nucleus ameliorates mtDNA damage
(Jazwinski, 2000d, 2000e). Such interactions between nuclear and mtDNA may be cru-
cial to eukaryotic cell longevity (De Benedictis et al., 2000). Cumulative mitochondrial
dysfunction is predicted from cell senescence theory, attributing the increasing mito-
chondrial defects to altered nuclear DNA expression and hence altered function not only
within the cell in general but in the mitochondria in particular. Indeed, at least in tumor
cells, immortalization is accompanied by characteristic changes (the immortalization-
associated d-loop) in the mitochondria (Duncan et al., 2000) that may explain the fail-
ure of mitochondria to induce damage in such immortal cells.

In normal cells, however, cell senescence causes progressive changes in cell func-
tion. Consequences include slowed mitochondrial turnover (Lee and Wei, 1997; Korr
et al., 1998), greater oxidative damage (due to damaged mitochondrial lipid membranes
and those mitochondrial proteins synthesized from nuclear DNA), ineffective phago-
cytic degradation of the damaged mitochondria (Donati et al., 2001), and decreased
mitochondrial volume (Chen et al., 2001a). Furthermore, there is an age-related increase
in mitochondrial proton leakage in vivo, but not necessarily in vitro (Porter et al., 1999):
mitochondrial aging may be secondary. In contrast, mitochondrial theory attributes
increasing mitochondrial defects to ineffective phagocytic degradation as a result of
ineffective oxidative “tagging” of the inner mitochondrial membranes (see below);
mitochondrial aging is primary, not secondary. Mitochondrial theory raises two ques-
tions: (1) why should defective mitochondria accumulate preferentially, and (2) how
do we deal with the growing data on cell senescence, particularly the work showing
that cell senescence can be prevented (or reversed) via telomerase?

Mitochondrial theory, as initially outlined (de Grey, 1997), dealt with the issue of
mitochondrial selection. More recent mathematical models (Kowald, 1999; Kowald and
Kirkwood, 1999) provide further detail. Free radicals cause progressive damage to
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mitochondrial DNA (Korr et al., 1998; Kovalenko et al., 1998), in turn interfering with
ATP production, resulting in cell dysfunction and (ultimately) aging. We might expect
the cell to destroy defective mitochondria or stimulate mitochondrial replication as it
senses decreasing ATP availability and it is not clear that mitochondrial damage is suf-
ficient to explain aging (Gadaleta et al., 1992). Defective mitochondria are normally
degraded by lysosomal phagocytosis, with consequent mitochondrial turnover (Korr
et al., 1998) and renewal (Kadenbach et al., 1999), although the rate of turnover may
decline with age (Donati et al., 2001).

Mitochondrial theory suggests that turnover fails and defective mitochondria pref-
erentially accumulate. While some explanations do not stand up to data (Kowald and
Kirkwood, 1999), de Grey (1997) suggests that defective mitochondria might not de-
grade as readily. Mitochondria typically turn over every 1 to 4 weeks (Huemer et al.,
1971; Menzies and Gold, 1971; Korr et al., 1998) depending on species and cell pheno-
type. If damaged mitochondria are tagged for degradation by their level of oxidative
damage to the inner mitochondrial membrane, but if defective mitochondria have a slow
enough rate of respiration, they may have less rather than more oxidative tagging and
hence a slower rate of turnover. Defective mitochondria would accumulate in older,
nondividing cells.

Defective mitochondria have an increased ratio of free radical production (Bandy
and Davidson, 1990; Lee and Wei, 1997, 2001), but their proton pumps are even more
defective, lowering the overall rate of perhydroxyl formation (as fewer protons are avail-
able). Since perhydroxyl radicals oxidize lipids, membrane damage is lower and there
is less oxidative tagging of the defective mitochondria (Kowald and Kirkwood, 1999).

Since human mitochondria turn over after a mean of 14 days, are there reserve
mitochondria from which other mitochondria derive (as there are erythrocyte stem cells)?
If damaged mitochondria turn over, is damage reset in the stem mitochondria by the
process of division (as it is in erythrocyte stem cells)? The alternative is (reductio ad
absurdum) that all mitochondria degrade approximately 14 days after last division. Unless
there are stem mitochondria, all eukaryotic cells quickly die of mitochondrial loss. Alter-
natively, mitochondrial turnover is asymmetric: degradation must be completely reset
in one of the two dividing mitochondria. Eukaryote survival apparently implies that
mitochondrial division can reset mitochondrial degradation even in nondividing cells.

Regarding cell senescence, initial mitochondrial data appear to contradict the model.
Cell senescence theory predicts a higher percentage of damaged mitochondria in divid-
ing (more nearly senescent) cells, but data suggest that defective mitochondria are found
preferentially in nondividing, postmitotic (hence nonsenescing) cells (Cortopassi et al.,
1992; Sugiyama et al., 1993; Lee et al., 1994b). But are these postmitotic cells already
senescent? While some of these studies were done on nondividing myocytes (striated
and cardiac), suggesting that mitochondrial aging operates independent of senescence
(Kwong and Sohal, 2000), other cells (hepatocytes) may have been postmitotic due to
cell senescence, muddying the theoretical waters. Even the myocytes (see Chapter 15)
could have been functionally senescent due to satellite cell replacement. Curiously,
mitochondrial changes were not found in testes, which might represent nonsenescing
germ or other cell phenotypes (Yashima et al., 1998b).

That cell senescence and defective mitochondria might independently play roles
has experimental implications (Kowald and Kirkwood, 1999; Sozou and Kirkwood,
2001). The rapid divisions of in vitro studies might show significant senescence effects
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but little mitochondrial effect as multiple divisions dilute out defective mitochondria.
In vivo studies might balance the two processes or favor mitochondrial failure as the
primary cause of cell dysfunction. In pheochromocytoma cells, high telomerase levels
correlate with less mitochondrial dysfunction (Fu et al., 1999). Senescent cells do show
defects in free radical metabolism, including increased superoxide (Chen et al., 2001a),
elevations in cytochrome-c oxidase and NADH dehydrogenase activity, hydrogen per-
oxide generation, and catalase activity (but not its mRNA) as well as a decrease in GSH
peroxidase (GPx) mRNA abundance (Allen et al., 1999). Work on telomerase-negative
mice (Rudolph et al., 1999) show only minimal effects on cell dysfunction and longevity
(see above) until the sixth generation, but misunderstanding (Kowald and Kirkwood,
1999) such data does not rule out the importance of cell senescence for in vivo aging.
The issue, as discussed above, is not telomere length (and the loss of the telomerase
gene) but the effects of telomere shortening (Tsuji et al., 2002) on gene expression in
critical cells over the organism’s lifespan. Telomere length prior to fertilization does
not alter cell viability, except when it is so critically short that it precludes telomere
maintenance and cell survival, as occurs by the sixth generation.

Mitochondrial damage is central to aging, but whether this is primary (caused by
the failure to degrade defective mitochondria) or secondary (to changes in gene expres-
sion within the nucleus) remains unsettled. Permissive accumulation of defective mito-
chondria may be the outcome of cell senescence. Just as protein turnover slows in
senescent cells, so too does mitochondrial turnover. As slower protein turnover results
in the preferential accumulation of defective proteins (Grune et al., 2001), slower mito-
chondrial turnover results in preferential accumulation of defective mitochondria. This
may occur independently of changes in oxidative tagging, recognition of defective
mitochondria, or rate of damage.

Cell senescence may explain slower mitochondrial turnover and mtDNA changes
(Chung et al., 1994) even in nondividing cells. In a cardiac myocyte, for example, the
vascular supply becomes inadequate (due to endothelial cell senescence). Even as
postmitotic cells with stable telomere lengths (Takubo et al., 2002), myocardial cells
are dependent on dividing, senescing endothelial cells in the coronary arteries. As
atherosclerosis progresses, relative anoxia ensues. Anoxia, like hyperoxia (Carvalho
et al., 1998), causes increased free radical (Serebrovs’ka et al., 1999; Grune et al.,
2000;Seidman et al., 2000) and mitochondrial damage (Johnston et al., 2000b). Lipid
peroxidation as well as protein and DNA damage (Taylor et al., 1999) are due to the oxygen
dependence of our free radical defenses and to a shift toward anaerobic metabolism
(Nordstrom and Arulkumaran, 1998). The lipid damage further interferes with free radi-
cal sequestration. Moreover, hypoxia may result in altered patterns of gene transcrip-
tion, including some pathways of apoptosis (Mishra and Delivoria-Papadopoulos,
1999). This may cause further mitochondrial damage and invocation of apoptosis path-
ways (Pollack and Leeuwenburgh, 2001) more characteristic of senescent than of
nonsenescent cells. Free radical and mitochondrial damage occur preferentially in
hypoxic conditions, whether caused by low environmental oxygen, anemia, or low flow.
The pathology of ischemia is prominent in myocardial, neuronal, and sensory tissues
(Seidman et al., 2000). Mitochondrial damage occurs within nondividing cells as a result
of senescence in dividing cells. Although both mitochondrial theory and cell senescence
are consistent with mitochondrial damages, mitochondrial theory cannot explain the
indefinite deferral or reversal of cell senescence occurring in telomerized cells.
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Other popular but less scientific theories attribute aging to hormonal or organ-level
clocks, e.g., DHEA, growth hormone, or melatonin. Mass attribution, however, is irrele-
vant (Fossel, 2001a): science is not subject to majority vote. Not only are there no data
showing that aging can be altered by such approaches (Kala et al., 1998; Wolfe, 1998),
but each begs a basic question: if hormonal decline causes aging, then what causes the
hormonal decline in the first place? If we run out of hormones, why do cells stop pro-
ducing hormones at different times in different species? What genetic clock sets the
hormonal one? Hormones may have beneficial, even lifespan-increasing effects, but there
is no evidence that their lack causes aging. Adequate diet, good hygiene, immuniza-
tions, seatbelts, regular exercise, and screening exams may all increase lifespan, with-
out any effect on aging. Only three interventions (caloric restriction, breeding, and genetic
alteration) validly affect aging.

Caloric restriction causes a substantial increase in the mean and maximum lifespan
and a substantial postponement of age-related disease processes including (in relevant
species) atherosclerosis and cancer. Although there are growing data on the effects of
caloric restriction on specific organs, e.g., microvascular density and blood flow in the
nervous system (Lynch et al., 1999), we still lack a clear understanding of the process.
Most explanations focus on insulin and glucose metabolism (Kemnitz et al., 1994),
metabolic efficiency, and free radical generation, though without consensus (Roth et al.,
1999). Cell senescence is consistent with caloric restriction (Wolf and Pendergrass, 1999)
and offers a broader explanation for aging and aging diseases. Comparisons of ad libi-
tum and restricted animals demonstrate striking and intriguing differences in patterns
of gene expression (Lee et al., 1999a). The altered pattern of expression in genes regu-
lating energy production, protein synthesis, and DNA repair suggests that any explana-
tion of the effects of caloric restriction on aging might best be understood in terms of
gene expression (Marx, 2000). Caloric restriction may slow cell senescence (and per-
haps replication), rendering cells more efficient and less likely to produce free radicals,
or the cells of smaller, calorically restricted animals (Black et al., 2001) might have
undergone fewer divisions, but there is little evidence for this. A single study did find a
lower percentage of senescent cells in calorically restricted animals (Li et al., 1997),
but a link remains vague and poorly substantiated.

Work on selective breeding (reviewed in Rose and Charlesworth, 1980; Arking,
1987a; Arking and Dudas, 1989; Jazwinski, 1996; Rose, 1998) and genetic alteration,
especially in C. elegans (Larsen, 1993; Larsen et al., 1995; Guarente and Kenyon, 2000),
generally emphasizes genes relevant to energy and free radical metabolism (Lin et al.,
1997). Aging can be slowed by either removing inefficient genes (e.g., in Caenorhabditis),
selecting for more efficient genes (e.g, in Mus or Drosophila), or altering the pattern of
gene expression of existing genes (e.g., through the telomerization of somatic cells).
The outcomes are similar whether accomplished by telomerase (resetting or postpon-
ing senescence associated gene expression), breeding (selecting for specific genes in-
volved in senescence or its postponement), or gene replacement (affecting energy and
free radical metabolism and thereby delaying the damage cascade). Genetics is crucial
to any attempt to understand aging (Johnson, 1997; Miller 1999): genes play the major
role (Rattan, 2000a) and are the stage on which cell senescence occurs (Pereira-Smith,
1997). Purely genetic theories of aging are, however, insufficient. Our genes play the
major roles, but chromosomes (Guarente, 1996) direct the entire tragedy. Aging and
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age-related disease are not a matter of which genes we have, but of how gene expres-
sion changes as critical cells senesce.

Upstream from Cell Division

Cell division occurs not because we age but because we live. Living, we lose cells and
replace them by replication of those remaining. This can be continuous as in the skin
and hematopoetic system or a response to injury as in the liver, or almost nonexistent as
in the brain and heart. Cell replacement is not so much a response to time as to environ-
mental events. We continuously replace keratinocytes in our skin, but only because we
lose so many from dermal trauma. We continuously replace erythrocytes, but more rap-
idly in infection or trauma. This response to events is more obvious in tissues with lower
turnover, such as endothelial cells in the arterial wall. Here, cell turnover is affected by
dozens of factors, some obvious and well known, others subtle, suspected, or unproven.
Suggesting that cell senescence is central to aging is like suggesting that the commentator
is central to the evening news. It appears true only by neglecting unseen, unappreciated,
and essential events occurring offstage. In atherosclerosis, to argue that cell senescence is
central to the pathology makes us prone to two misleading errors. First, it erroneously
suggests that all we know of atherosclerosis is wrong. Second, it erroneously suggests that
cell senescence stands alone, deus ex machina, causing aging independently.

Cell senescence is merely a common denominator between upstream risk factors and
downstream pathology. In atherosclerosis, hypertension increases tension upon the aorta,
stressing the endothelial cells. This is more evident (and atherosclerosis more common)
at bifurcations. Tobacco products, circulating in the blood vessels, act as cell toxins and
they do so first and in their greatest concentrations on the endothelial cells that line those
vessels. Each of the circulating factors that have been implicated in atherosclerosis—lipids,
glucose, dietary toxins, bacteria, viruses—reach the endothelial cells preferentially in their
circulation. Cells are damaged, missing cells are replaced, and cell senescence advances.

Central to pathology, cell senescence is nevertheless the effect of upstream causes
and the cause of downstream effects. In atherosclerosis, such upstream causes include
complex genetic variables (including predilections for exercise, hypertension, tobacco
addiction, diabetes, hyperlipidemia) and environment variables (social impetus for ex-
ercise, available diet, stress, infections, access to tobacco). Cell senescence offers an
opportunity to understand the link between causes and effects. Cell senescence does
not stand alone from nor in contradiction to previous theories of aging and disease but
offers an integral framework to explain how age-related pathology occurs and suggests
unique promise as a therapeutic target.

Cell Turnover and Gene Expression

Taking atherosclerosis as our perennial example, cholesterol does not cause coronary
artery disease simply because there is a lot of it circulating in our arteries. The web of
effects that results in cholesterol plaques is difficult to summarize in one accurate sen-
tence; the notion that cholesterol causes heart disease is an inaccurate summary. None-
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theless, cholesterol does play a role and clinical recommendations to prevent heart
disease include lowering cholesterol levels through diet, medication, exercise, or a
combination. Why, then, is it unreasonable to say that cholesterol causes heart disease?

The simple response cites exceptions. Some patients with abnormally high cho-
lesterol have no atherosclerosis; some patients with abnormally low cholesterol have
severe atherosclerosis. Progeric children (with normal cholesterol) die of severe ath-
erosclerosis before puberty.

The more accurate response notes high serum cholesterol is but one of many risk
factors. High cholesterol can be mitigated by other factors or other risks may be suffi-
cient to overwhelm normal defenses.

The thorough response would be difficult, involving a consistent and detailed ex-
planation of how independent and interacting variables go into the equation for athero-
sclerosis so that the dependent variables (heart attack, death) can be calculated. Readers
may be relieved if I do not attempt such an equation.

What we require is a response that provides an overview of how complex vari-
ables interact and identifies efficient interventions in age-related disease. While we can
intervene in environmental variables, cell senescence may be more effective. It is in
cell turnover where complex variables come together to cause pathology.

Changing patterns of cell division (Warner et al., 1992) and gene expression are
the result of transcriptional changes (Dimri et al., 1996). How gene expression alters as
cells become senescent has been investigated for years (Campisi, 1992a), permitting
the identification of cell phenotype–specific patterns of change (Jazwinski et al., 1995;
Shelton et al., 1999). The details constitute a list of genes that alter their expression as
senescence progresses and, collectively, tell us about altering cell functions.

Some of the changes in gene expression are predictable. The cell cycle (and hence
cell turnover and replacement) slows down; changes in gene expression reflect shifts in
the cell cycle and in modulators of growth regulatory genes. For example, there is re-
pression of the c-fos component of the AP1 transcription factor, the Id1 and Id2 helix-
loop-helix (HLH) proteins that negatively regulate basic HLH transcription factors, and
the E2F-1 component of the E2F transcription factor. All three modulators may be re-
quired for normal cell cycling and their loss might help to explain many of the changes
characterizing senescence. Curiously, E2F-1 has two binding sites proximal to the tran-
scriptional start site of the hTERT promoter and functions as a transcriptional repressor
of hTERT (Crowe et al., 2001). Loss of c-fos alters the balance between cell cycle pro-
moting factors (such as AP-1 components with its effect on c-jun) and inhibiting fac-
tors (such as QM), culminating in growth arrest and senescent gene expression (Dimri
et al., 1996).

Senescent cells (and progeric cells) become less responsive to some stimuli (Chen
et al., 1986), including serum induction of Id-1H and Id-2H mRNAs (Hara et al., 1994).
Although senescent cells demonstrate many genes responsive to mitogens, several E2R
regulated genes that operate in late G1 stage are no longer inducible (Dimri et al., 1994).
Other cell cycle–related components show what might be considered predictable changes
(Dimri et al., 1994; Good et al., 1996). Senescent human, but not necessarily rodent (Wei
et al., 2001b), fibroblasts show increased p14(ARF) expression (Dimri et al., 2000) and
decreased expression of cyclins A and B (as well as dihydrofolate reductase, E2F-1,
E2F-4, and E2F-5, though not p107, E2F-3, DP-1, or DP-2). Furthermore, cells defi-
cient in the ARF transcriptional activator DMP1 are readily immortalized and those
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lacking it do not senesce (Inoue et al., 2000). Expression vectors for E2F-1 and DP-1
were only weakly active in senescent human cells, suggesting that such cells fail to
express late G1 genes at least partly because E2F-1 is repressed and its activity lacking.
Other independent factors play a role, at least in some cells, such as human fibroblasts
(Dimri et al., 1994). The mRNA expression of several growth regulatory genes (c-fos,
c-jun, Id-1, Id-2, E2F-1, and cdc2) are repressed in senescent cells (Dimri et al., 1994;
Hara et al., 1996), and one or more basic helix-loop-helix (bHLH) factors that cooperate
with pRb, or pRb-related proteins, are probably expressed, suppressing proliferation
(Hara et al., 1996). Similarly, there is a general change in the expression of growth- and
differentiation-specific genes as well as transcription factors that parallel the induction
of senescence. These include increased expression of one of three TFIID complexes
and OctBP, while there was a reduction in the expression of AP1, CREBP, and CTF
complexes in senescent cells, and no change in GREBP, NF-k B, and SP1 complexes.
The alteration in the single TFIID complex was dependent on the presence of a func-
tional retinoblastoma protein (Dimri and Campisi, 1994b). Telomerase itself is down-
regulated in most somatic cells, apparently in parallel with differentiation (Fukutomi
et al., 2001). Stem cells express telomerase but show transcriptional repression upon
exiting the cell cycle, probably with proteolysis in terminal differentiation (Holt and
Shay, 1999).

Other changes in gene expression are less predictable from the change in cell cycle
mechanics. The constitutive expression of a ribosomal subunit (the mRNA for L7, a
structural human protein with close homologs in the mouse and rat), for example, de-
clines several-fold in senescent fibroblasts from human lung or foreskin, even though it
is not a cell cycle–related protein. The mRNAs for five other ribosomal proteins (L5,
P1, S3, S6, and S10) showed a similar decline, unrelated to the cell’s growth state or its
rate of overall protein synthesis (Seshadri et al., 1993).

Like the changes in gene expression themselves, the effects may be categorized as
either (1) effects on slowing cell replacement, usually shared by dividing cells, or
(2) effects on cellular function, usually peculiar to a cell phenotype. Predictably, the
former results in fewer cells available within a given tissue, such as the epidermis, the
circulating erythrocyte population, the endothelial lining of an artery, or the recruiting
response of leukocytes during infectious challenge. The latter, more idiosyncratic effects,
however, have been less well investigated. These changes differ between dermal fibro-
blasts, vascular endothelial, or retinal pigment epithelial cells. Such patterns are not only
characteristic of a cell phenotype but correlate with the age-related diseases character-
istic of tissue type for that cell (Shelton et al., 1999). Inflammatory genes are strongly
expressed in dermal fibroblasts, for example, paralleling the clinical characteristics of
senescent skin. Data correlating tissue- and cell-specific patterns of senescent gene
expression are limited; the human diseases they cause are not.

Between Cells: Cells, Tissues, and Pathology

Multicellularity requires interdependence. In pathology, disease is never due to the lack
of function within a single cell, and even disease due to the lack of function of a single
cell phenotype (the loss of the islet of Langerhans cells in type I, insulin-dependent
diabetes) is less common than disease due to aberrant cell function. Pathology is more
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commonly a sin of commission than omission. Pathological cells seldom passively fail
to perform so much as they actively interfere with other nonpathological cells. The “in-
nocent bystander effect” (Fossel, 1996) is typical of age-related diseases, as in myocar-
dial infarction from aberrant endothelial function. Vascular endothelial cells do not
simply fail, but fail in a spectacularly active and novel way. Subendothelial tissues shows
marked inflammatory change and active lipid accumulation, not merely an unassuming
necrosis. Aging and age-related pathology only become evident as pathology between
cells. Some pathological interactions are purely local cell–cell interactions, involving
cell–cell contact or trophic factor transmission. Some are distant cell–cell interactions,
involving gross vascular dysfunction (as in coronary artery disease) or hormonal inter-
actions (as in alterations in serum estrogen, insulin, or erythropoietin levels).

Local cell interactions often result from alterations in secreted products, such as
cytokines, which act over short distances as autocrine or paracrine hormones (Bissell,
1998). These secreted products can cause changes in surrounding cells by their pres-
ence (e.g., secretion of inflammatory factors) and absence (e.g., dependence on trophic
factors). These changes allow senescent cells to compromise function and integrity at
the tissue level (Faragher et al., 1997b) and trigger pathology. While the origin of pa-
thology is an old question, the suggestion that cell senescence plays a role (Campisi,
1996) is novel. Cell senescence occurs; pathology occurs. At issue is the link between
the two—the effects of cell dysfunction on tissue dysfunction—for this is the level at
which pathology becomes evident.

The link between aging and disease is clear demographically (Mueller et al., 1995)
as epitomized by the Gompertz equation. While genes determine the onset and suscep-
tibility (Johnson, 1997) of age-related disease (Rose and Archer, 1996), intervention
requires that we understand the nature of the link (Kipling and Faragher, 1997). Cell
turnover clearly occurs and has effects in aging and disease (Hodes, 1999). Replicative
senescence also occurs, with changes in the rate of division and patterns of gene ex-
pression likely contributing to age-related pathology (Smith and Pereira-Smith, 1996;
Campisi, 1997b). There has been extensive discussion of mechanisms by which cell se-
nescence might cause organ pathology (Fossel, 1996; Faragher and Kipling, 1998) and
there is firm correlational evidence that cell senescence occurs in age-related diseases.

To what extent, however, is there evidence that cell senescence results in pathol-
ogy? Before moving on to an organ-by-organ exploration of this question, we need to
explore a disease in which cells do not senesce.
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C H A P T E R 5

Cancer

Cancer in Its Cellular Context

Cancer is a disease in which cells do not senesce. Our natural defenses against cancer
can be grouped into intra- and extracellular defenses: cell senescence plays a role in
both. Intracellularly, there are passive lines of defense (sequestration of DNA in the
nucleus and production of free radicals in the mitochondria) as well as three active,
sequential lines of defense: DNA repair, the cell cycle braking system, and cell senes-
cence. Extracellularly, there is a passive requirement for angiogenesis in solid tumors
(Barinaga, 2000), inflammation (Hudson et al., 1999), and active immunosurveillance
(Allison et al., 1998). The failure of these mechanisms (Benson et al., 1996) together
contribute to the exponential rise in cancer with age.

Free radical sequestration in the mitochondria is insufficient to prevent DNA dam-
age. Throughout the cell, thermal damage disrupts purine-deoxyribose-N-glycosyl link-
ages five to ten thousand times daily in each cell (Singer and Berg, 1991). Granted the
ubiquity of damage, DNA repair is stunningly effective but imperfect (Grossman and Wei,
1995; Lindahl and Wood, 1999). Damage is often to silenced tumor suppressor genes (Raza,
2000) or to genes that inhibit growth or ensure apoptosis (Chin et al., 1999; Lundberg and
Weinberg, 1999; McCormick, 1999b; Akiyama et al., 2002). Cancers derive from the
genetic errors (if not necessarily generic instability; Zimonjic et al., 2001) of such single
clonal cells (Raza, 2000), although polyclonal cancers (Schwartz et al., 2002) may occur.

Failing repair, the cell limits its DNA replication. The cell cycle breaking system
distinguishes normal from malignant cells (Hartwell and Kastan, 1994; Jacks and Weinberg,
1996). Cells normally recognize and repair DNA damage (Hoeijmakers, 2001), but fail-
ing recognition or pending repair, the cell cycle remains blocked (Carr, 2000). Checkpoints
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occur at several points, each necessary to ensure chromosomal stability (Dhar et al., 2000).
If braked, for example, by a checkpoint kinase (Hirao et al., 2000), the cell (1) up-regulates
DNA damage repair and (2) blocks the cycle and DNA replication.

Damaged DNA binding proteins, by binding, release p53 and up-regulate cell-cycle
inhibitor p21WAF1 as well as invoking changes in p16 (Parkinson et al., 2000), p19
(Carnero et al., 2000b), p73 (Ichimiya et al., 2000), PARP (Tong et al., 2001), D cyclins,
cdks, and ARF (Li et al., 1994; Wynford-Thomas, 1999; Sherr, 2000b). A rapid, alter-
nate Cdc25A-mediated pathway, independent of p53 and p21, results in G1 cell cycle
arrest (Mailand et al., 2000). However accomplished, DNA damage up-regulates brak-
ing and repair functions (Sherr, 2000a). Cells bypassing these inhibiting mechanisms
(Shay et al., 1991b) are biologically, if not yet clinically, malignant.

Until 1989, there was no fundamental cellular distinction in which to drive a thera-
peutic wedge. Aberrant cell cycling (Artandi and DePinho, 2000b), by distinguishing
cancer from normal cells (Yang et al., 2000), might permit oncologists to find a thera-
peutic “magic bullet” (Soria et al., 1998). The most frequently mutated human cancer
gene (Levrero et al., 2000) is a mutant p53 (Shay et al., 1992a; Chen et al., 1993; Zhang
et al., 1994; Gollahon and Shay, 1996). Sixty percent (Rao, 1996; Sherr, 1996) of human
cancers share defective p53 (McCormick, 1999a), whose abnormal binding (Chen et al.,
1993; Zhang et al., 1993a) renders it ineffective (Zhang et al., 1993b). Similar allelic
variation of p53 is found in spontaneously immortalized cells from a high-dose atomic
bomb survivor (Honda et al., 1996).

Patients with germ-line p53 mutations show an increased incidence of all cancer
types; in patients with Li-Fraumeni syndrome (see Rogan et al., 1995), this is especially
evident in their increased incidence of breast cancer (Shay et al., 1995a). Normal p53 is
essential to limiting cell division, as demonstrated when it is switched on and off (Carnero
et al., 2000a). Mutant p53 renders cancer cells more resistant to hypoxia and to angio-
genesis inhibition (Yu et al., 2002). Conversely, mice with an overactive p53 have a
lower tumor incidence (Ferbeyre and Lowe, 2002; Tyner et al., 2002). When p53 is
missing in H1299 human non–small cell lung cancer cells, transfection of a wild-type
(i.e., normal) p53 gene causes loss of telomere signal and apoptosis (Mukhopadhyay
et al., 1998). Activation of p53 leads to growth arrest or apoptosis, but its deletion ef-
fectively prevents this only if done early in oncogenesis, prior to the cascade of “genetic
catastrophe” (Chin et al., 1999). Liposomal delivery of wild-type p53 to radiation-
resistant squamous cell carcinomas results in increased radiation-induced apoptosis and
tumor regression in mice (Xu et al., 1999). An adenovirus, tailored to divide only in
cells with absent or abnormal p53, could infect and kill tumor cells and has shown good
initial results against prostate tumors, hepatic tumors, head and neck tumors, and gastro-
intestinal (GI) tumors, although adjuvant chemotherapy appears to improve the results
(Kirn et al., 1998; McCormick, 2000). The concept of a magic bullet remains quixotic,
but only to a degree.

Cancer and Cell Senescence

Cell senescence is the last intracellular defense against cancer (Campisi, 1992b; Shay,
1997b, 1998a; Weinberg, 1998; Serrano and Blasco, 2001). A “dead man switch,”
senescence slows and ultimately prevents cell division and hence malignant growth
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(Counter et al., 1994a). A common analogy has an accelerator, brake, and gas tank (de
Lange and DePinho, 1999). Absent external signals (accelerator), normal cells (cars)
are quiescent (stopped). Damaged DNA (accelerator stuck down) causes division, but
cells detect the problem and invoke cell cycle braking (apply the brake). If cell braking
fails, then telomere shortening enforces senescence (the car runs out of gas). Cancer
cells express telomerase (Sugihara et al., 1996) and divide (refill the tank) indefinitely.

Mechanisms of cell cycle braking overlap senescence (Vaziri, 1997; Sherr and
DePinho, 2000; Wynford-Thomas, 2000; Ahmed et al., 2001). Despite differences in
regulation (Harrington and Robinson, 2002; Kim et al., 2002b), p53 may inhibit activ-
ity through TEP1 binding (Li et al., 1999a), while telomere shortening appears to ac-
tivate p53 and, conversely, telomere repeats specifically stabilize the p53 protein
(Milyavsky et al., 2001). Cells losing p53 function proliferate a limited number of
times beyond the replicative limit for phenotype. Similarly, lack of functional retino-
blastoma (Rb) protein (or loss of p16INK4 function, abrogating regulation by retino-
blastoma protein) permits only transient extension of proliferation (Duan et al., 2001),
despite contrary claims (Duncan et al., 2000). The transient effect may be epigenetic
(Yaswen and Stampfer, 2001). These two effects are additive, independently control-
ling division, and while sharing mechanisms, they are largely independent of telomere
shortening, which continues in cells lacking p53 or Rb (Reddel, 1998b), though with
exceptions (Garcia-Cao et al., 2002). Absent telomere maintenance, cells lacking p53
or Rb cannot replicate indefinitely (Cerni, 2000). Likewise, DNA repair flaws are more
common in telomerase-deficient cells (Artandi et al., 2000; Wong et al., 2000), perhaps
explaining the higher risk of malignant transformation in senescent cells. While senes-
cence limits replication in individual cells, it increases risk of malignant growth in sur-
rounding cells (Krtolica et al., 2001).

Evading these defenses risks genetic catastrophe and, in extremis, terminates both
divisions and cell survival (Chin et al., 1999; Sohn et al., 2002). McClintock (1941)
pointed out that chromosomes are unstable without telomeres but, curiously, damage
and aberrations are more frequent in telomeres than elsewhere (Bouffler, 1998). This
“delicacy” (Cottliar and Slavutsky, 2001; Lee and Huang, 2001) may be due to their
critical role or the complexity of telomere maintenance.

The risk of such delicacy balances the risk of malignancy. Since cell senescence
and its secondary pathology occur post-reproductively, the evolutionary costs of repli-
cative limits are acceptable (Lithgow and Kirkwood, 1996; Westendorp and Kirkwood,
1998; Kirkwood and Austad, 2000) to the species if not the individual. The general
concept—antagonistic pleiotropy—describes genes that benefit the young but incur less
important post-reproductive costs (Harley, 1988; Rose and Graves, 1989; Rose and Finch,
1993; Weinstein and Ciszek, 2002). The aging body is “disposable” (Kirkwood and
Holliday, 1979; Kirkwood, 1988b): aging is the serotinous cost of reproductive safety
(Kirkwood and Rose, 1991; Wick et al., 2000) and results from necessary evolutionary
choices (Kirkwood, 1992, 2000) that assure species survival (Rose, 1991). Teleologi-
cally, aging is a side effect of mechanisms that are meant to protect against cancer (Wang
et al., 2000c) and consequent reproductive failure (Shay, 1997a). Cell senescence pre-
vents malignant growth by limiting cell division (Campisi, 1997b; Reddel, 2000).
Poetically, this “double-edged sword of cell senescence” (Campisi, 1997a, 1998a) is
the evolutionary trade-off between aging and cancer (Zakian, 1997; Campisi, 2000b;
Dimri et al., 2000).
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The role of telomerase in cancer is neither simple (Shay, 1995; Holt et al., 1996a;
Shay and Gazdar, 1997) nor uncomplicated (Tsao et al., 1998). Rather, it plays multi-
ple (Blasco, 2002c; Stewart et al., 2003), complex (Autexier and Greider, 1996; Lubbe
et al., 1997; Greider, 1998a) roles, even independent of telomere length (Stewart et al.,
2002). While cell senescence limits division (Mera, 1998; Klingelhutz, 1999), it paradoxi-
cally facilitates carcinogenesis by compromising genomic stability (Artandi, 2002).
Senescence increases instability (Golubovskaya et al., 1999; Holt and Shay, 1999; Artandi
and DePinho, 2000a) and decreases immune surveillance (Pawelec, 1999b), favoring
malignancy. The role of the telomere in chromosomal stability (Blagosklonny, 2001;
Campisi et al., 2001; Hackett et al., 2001) argues that telomerase protects against
carcinogenesis (Chang et al., 2001; Gisselsson et al., 2001), especially early in carcino-
genesis when genetic stability is critical (Elmore and Holt, 2000; Kim and Hruszkewycz,
2001; Rudolph et al., 2001), as well as protecting against aneuploidy and secondary
speciation (Pathak et al., 2002). The role of telomerase depends on the stage of malig-
nancy as well as cofactors (Ohmura et al., 2000); expression is late and permissive, not
causal (Seger et al., 2002).

Telomerase expression and especially telomere length may protect against malig-
nant transformation in the rapid cell turnover of myelodysplastic syndrome, for example,
by maintaining genomic stability (Ohyashiki et al., 1999). Transgenic insertion of
exogenous hTERT is likewise protective against malignant transformation (Morales
et al., 1999) and genetic instability (Amit et al., 2000 Elmore et al., 2002b; Zou et al.,
2002). In combination with oncogenes (SV-40 large-T oncoprotein or an allele of
H-ras), however, ectopic hTERT expression can transform human fibroblasts and epi-
thelial cells (Hahn et al., 1999b). As elsewhere, hTERT is necessary but not sufficient
(O’Hare et al., 2001).

Neither hTR (Avilion et al., 1996; Cerni, 2000) nor hTERT expression defines
cancer absolutely, though hTERT is present in most human tumors (Shay and Bacchetti,
1997; Holt and Shay, 1999; Dessain et al., 2000) and effectively creates immortal human
cell lines (Hahn et al., 1999). There are exceptions to the rule that tumors and immor-
talized cells (Mayne et al., 1986; Wright et al., 1989; Wright and Shay, 1992b; Bryan
et al., 1995) demonstrate hTERT activity. Some immortalized human cells lack activ-
ity yet have stable telomeres (Bryan et al., 1997b); some cancer cells with telomerase
activity still demonstrate telomere (TRF) loss down to 5 kb, while other cells lengthen,
shorten, and plateau at initial lengths (Jones et al., 1998). In colon cancer cells (Bolzan
et al., 2000), sarcomas (Yan et al., 2002), and rat bladder cancers (Shimazui et al., 2002)
activity correlates minimally with length. Some maintain long telomeres (Henderson
et al., 1996a; Xia et al., 1996; Gollahon et al., 1998) and even in telomerase-positive
cells, length does not correlate well with malignancy (Kim et al., 1994; Hiyama et al.,
1995b; Broccoli and Godwin, 2002) or clinical staging (Schneider-Stock et al., 1998a).
While long telomeres or high activity may suffice (Matsutani et al., 2001a), exceptionally
long telomeres may be detrimental in rapidly dividing cells (Savre-Train et al., 2000).
Selection pressure may favor stable telomeres, regardless of length (Shay et al., 1995b;
Bryan et al., 1998).

Expression is not activity. There are control points after expression, including
nuclear transport, holoenzyme assembly, recruitment to the telomere, and post-transla-
tional modifications (Aisner et al., 2002; Collins and Mitchell, 2002). Fifty percent of
oligodendroglial tumors express hTERT, but lack activity (Chong et al., 2000). Genistein
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(4,5,7-trihydroxyisoflavone) prevents nuclear translocation: activity is normal, but
telomeres shorten nonetheless (Alhasan et al., 2001). Splice variants inhibit activity in
humans (Colgin et al., 2000; Yi et al., 2000; Krams et al., 2001; Villa et al., 2001) and
other species (Guo et al., 2001). Some helicases (e.g., Pif1p) catalytically inhibit activ-
ity (Schulz and Zakian, 1994; Zhou et al., 2000; Mangahas et al., 2001) and fork repli-
cation (Ivessa et al., 2000), although without clear relationship to the Werner’s helicase.
SGS1 helicase mutation causes premature yeast aging, apparently via Sir3 silencing
(Sinclair et al., 1997). Alteration of hTERT carboxyl terminus maintains activity but
not telomere length (Ouellette et al., 1999). Differentiated cells may inhibit telomerase
via proteolysis (Holt and Shay, 1999; Nozawa et al., 2001). Radiating murine leukemic
cells (but not human fibroblasts or murine marrow cells) increases activity without dem-
onstrated effects on c-myc, tankyrase, mTERT, or mTR levels (Finnon et al., 2000).
Murine oncogenesis begins with rising mTR, increasing further with tumorigenesis;
activity occurs later, not paralleling levels. Early tumors may express telomerase RNA,
yet lack activity (Blasco et al., 1996). Despite these exceptions, hTERT expression gen-
erally implies activity (Wu et al., 1999a).

Given several decades of interest in genetic mechanisms of malignancy, it is not
surprising that tumor suppressor genes and oncogenes (e.g., Steenbergen et al., 1996;
Westerman and Leboulch, 1996; Hwang, 2002) are linked to telomerase expression,
although the relationship is poorly understood (Bacchetti, 1996). Recent evidence shows
that Myc up-regulates hTERT, which interacts closely with HPV E7, a viral product
linked to cell immortalization (Greider, 1999a). But while HPV gene products increase
mutation frequency and permit bypassing the senescence checkpoint, senescence con-
tinues unabated without active hTERT (Kang and Park, 2001). The number of hTERT
gene copies (typically >3, but as high as 11) increases in some cancer cell lines, sug-
gesting one road to up-regulation (Bryce et al., 2000). Some human squamous cell car-
cinomas, though not cholesteatomas (Watabe-Rudolph et al., 2002), show not only
up-regulation but also “overrepresented or amplified” expression, in keeping with the
frequent presence of isochromosome 3q (Parkinson et al., 1997). Rearrangement of
hTERT repressors, e.g., the polymorphic minisatellite in introns 6 or 2 (containing bind-
ing sites for c-Myc, a known hTERT promoter), probably have no role in human car-
cinogenesis (Szutorisz et al., 2001). Neither simple nor linear, the link between c-myc
overexpression (a hallmark of human cancer) and hTERT up-regulation depends on cell
type, senescence, and other factors (Drissi et al., 2001; Tollefsbol and Andrews, 2001).
Finally, certain tumor characteristics (e.g., hypoxia at the core of solid tumors) may affect
telomerase activity (as well as mitogen-activated protein kinase activity, c-fos expres-
sion, and resistance to apoptosis). Increased hTERT activity may ameliorate the cell’s
response to hypoxia, which would otherwise increase genetic damage (Seimiya et al.,
1999). These issues have profound clinical implications, offering diagnostic and thera-
peutic leverage (Meeker and Coffey, 1997; Zippursky, 2000).

Diagnosis

Several aspects of senescence may distinguish normal from cancer cells (Ide and Tahara,
1996; Kim, 1998; Shay, 1998b). Well over a thousand studies document the correlation
between malignancy and telomerase (Matthews and Jones, 2001). While the importance
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of telomere (Gan et al., 2001a; Slijepcevic, 2001) and subtelomere (Sismani et al., 2001)
lengths have been touted, most studies focus on telomerase (Blechner and Mandavilli,
2001). The diagnostic sensitivity of a polymerase chain reaction (PCR)-based assay—
perhaps 1 cancer cell in 104 normal cells (Haber 1995)—entices the clinician. While
PCR inhibitors may interfere, this can be overcome (Gollahon and Holt, 2000). The
therapeutic potential is equally enticing (Buys, 2000; Larsen, 2000). Magic bullet or
not, the data nonetheless endorse optimism (McKenzie et al., 1999; Urquidi et al., 2000).

Telomerase expression has excellent specificity (excepting stem and germ cell
tissues) and approximately 90% sensitivity (Kim et al., 1994; Dhaene et al., 2000b).
Dogs show similar sensitivities (Yazawa et al., 1999); their telomeres shorten with
age (McKevitt et al., 2002) and they have similar overlap between normal and cancer
cell expression (Carioto et al., 2001; Nasir et al., 2001). Figures vary for the percentage
of human clinical cancer cells expressing telomerase, but the range is narrow (Blasco
et al., 1996; Shay and Gazdar, 1997; Urquidi et al., 1998). Clinical sensitivities (assay
errors, inaccurate biopsies, insufficient body fluid samples, and other exigencies of
oncology) are probably worse.

Cancer is not equivalent to telomerase expression. Consider four possible states of
cell type and expression: (1) cancer with telomerase, (2) cancer without telomerase,
(3) normal with telomerase, and (4) normal without telomerase. The first and last are
unremarkable; the second and third offer more insight.

Cancers without telomerase usually exhaust their telomeres and undergo senes-
cence. For example, telomerase status predicts malignant versus benign outcome in
neuroblastomas (Hiyama et al., 1995a, 1997a; Maitra et al., 1999). Although this is the
general rule, some tumors survive indefinitely without telomerase (Bryan et al., 1995,
1997b; Blasco et al., 1997a), implying an alternative mechanism to maintain telomeres.
Without such maintenance (or if insufficient), crisis (Multani et al., 1999a; Maser and
DePinho, 2002), chromosomal fusions (Murnane et al., 1994), genetic instability (Morin,
1996a; Bryan et al., 1998; Dandjinou et al., 1999; Lo et al., 2002), and cell death (Lee
et al., 1998c) occur. Even with oncogene activation (e.g., Myc), loss of the T-cell an-
tigen gene (Rubelj et al., 1997), or loss of tumor suppressor function (e.g., Rb/p53),
telomere maintenance remains critical (de Lange and DePinho, 1999; Vaziri and
Benchimol, 1999; Neidle and Parkinson, 2002). Telomerase is, like Myc (Greenberg
et al., 1998; Wang et al., 1998a), nearly universal in human cancers; inhibition arrests
and ultimately kills malignant cells (Counter et al., 1992; de Lange and DePinho, 1999;
Zhang et al., 1999b).

Cancer cells maintain stable telomeres (Shay, 1999a) using telomerase (Kim et al.,
1994) or alternative lengthening of telomeres (ALT; Bryan et al., 1995; McEachern and
Blackburn, 1996; Blasco et al., 1997a, 1997b; Bryan et al., 1997b; Colgin and Reddel,
1999). There are at least two (Sugimoto, 1998; Le et al., 1999b) and probably several
(Bryan et al., 1997a; Reddel et al., 1997) independent ALT pathways (Huschtscha and
Reddel, 1999; Reddel et al., 2001). Recombination (via proteins Rad52p and Rad50p)
may be more common in yeasts (Lundblad, 2002), while sequence copying from donor
to recipient is more common in humans (Varley et al., 2002). A “rolling circle mecha-
nism” has also been described (Lindstrom et al., 2002; Natarajan and McEachern, 2002).

Prospective components have been identified, including Dna2 helicase-nuclease,
a component of telomeric chromatin (Choe et al., 2002). One possible mechanism
(Shammas and Shmookler Reis, 1999), consistent with detectable extrachromosomal
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telomeric DNA in telomerase-negative but not in telomerase-positive immortal or nor-
mal somatic human cells (Ogino et al., 1998), is gene conversion (Wang and Zakian,
1990b). Nuclear ring structures containing promyelocytic leukemia protein, telomeric
DNA, and telomere binding proteins are associated with (Yeager et al., 1999) and may
play a role in ALT (Aragona et al., 2000c; Grobelny et al., 2000). ALT is apparently
repressed in normal cells, perhaps by binding proteins, including TRF1 and TRF2
(Lindahl et al., 1997; Perrem et al., 2001), that form part of the promyelocytic leuke-
mia nuclear body, becoming unavailable to the telomerase complex. Chromosome 6
has been implicated in repression (Kumata et al., 2002). Length is less actively and strin-
gently controlled in cells using ALT (Perrem et al., 1999; Varley et al., 2002), occasion-
ally resulting in longer than normal telomeres (Henderson et al., 1996a). Complementation
group data (Ishii et al., 1999) suggest that ALT may inhibit a dominant mechanism that
(normally) rapidly deletes excess telomere bases. This mechanism may explain inacti-
vated X-chromosome and X-chromosome aneuploidy, in which telomere shortening
accelerates markedly (Surralles et al., 1999). Despite ALT (Scheel and Poremba, 2002),
most human malignancies express telomerase (Holt et al., 1997b; Shay and Gazdar, 1997)
and even more metastases do so (Multani et al., 1999b; Chang et al., 2003).

The second exception to equating telomerase and cancer is telomerase expression
in normal somatic cells (Holt et al., 1997b; Hiyama et al., 2001). These include germ
(or supporting) cells and stem cells. The latter include basilar skin cells (Harle-Bachor
and Boukamp, 1996), hematopoetic cells (Hiyama et al., 1995d), GI crypt cells (Bach
et al., 2000), hair follicle cells (Ramirez et al., 1997; Ogoshi et al., 1998), and perhaps
others (Ramirez et al., 1997; Shay and Bacchetti, 1997). Noncancerous but diseased cells
may also express telomerase—e.g., telomerase correlates with aggressiveness in immune-
associated lung diseases (Hiyama et al., 1998f). The same occurs in hepatic cirrhosis
(Rudolph et al., 2000), viral hepatitis (Tahara et al., 1995b), hyperplasia (Miura et al.,
1997), normal hepatic regeneration (Leevy, 1998), and perhaps hepatic stem cells
(Burger et al., 1997). Here (Takaishi et al., 2000) as in other tissues, quantitative
telomerase expression might distinguish cancerous from merely abnormal cells.

As a promising cancer marker, telomerase is one among many (Gazdar et al., 1998;
Mori et al., 1999), but has already proven useful (Breslow et al., 1997). There remain
two practical caveats: (1) assays are in flux, and (2) results depend on the target of the
assay.

Current assays are neither completely sensitive nor specific, though accuracy in-
creases incrementally (Hirose et al., 1997, 1998; Schmidt et al., 2002). Real-time hTERT
assays are now practical in human tissues (Buchler et al., 2001) and blood (Dasi et al.,
2001), as is flow cytometry in mixed-cell samples (Ali et al., 2000). Cell-level hTERT
activity measurement, first demonstrated in an in situ telomeric repeat amplification
protocol (TRAP) assay (Wright et al., 1995; Ohyashiki et al., 1996, 1997c), is likely to
achieve clinical use (Hirose, 1998; Dalla Torre et al., 2002).

Assay parameters vary: hTERT versus hTR (not well correlated with malignancy;
Avilion et al., 1996), expression versus activity, or telomere length versus TRF. De-
spite concerns for reliability and validity (Dahse and Mey, 2001), telomerase activity is
the most clinically intriguing parameter and measurement is improving (Gan et al.,
2001b). To the extent that cell biologists use globally accepted oncologic cladistics (con-
ventional tumor definitions and staging) and accurate laboratory assays, data will be
comparable.
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Dermal Cancer

The most feared dermal cancer is melanoma. Melanomas have been called a “modern
black plague and genetic black box” (Chin et al., 1998). Although this might apply to
every cancer, growing incidence and characteristic resistance make melanoma a cancer
among cancers. Melanomas show a propensity for genetic abnormalities correlated with
high metastatic potential. Among the chromosomal aberrations and gene mutations
(Slominski et al., 2001), deletions are common, particularly near the D1Z2 locus in the
subtelomeric region of 1p36 (Poetsch et al., 1999). The transition from normal to ma-
lignant melanocyte is characterized by the loss of cell senescence (Haddad et al., 1999;
Bandyopadhyay et al., 2001; Bennett and Medrano, 2002) and correlates with telomerase
activity (Yang and Becker, 2000). Spontaneous regression of Sinclair swine cutaneous
melanoma is associated with absence of activity as well as loss of telomere length, ab-
normal telomeric configurations, and abnormal associations. Contrarily, in the non-
regressing fetal variant, activity remains and telomeres are maintained (Pathak et al.,
2000). Human melanomas parallel these findings (Miracco et al., 2002).

hTR levels are moderate to high in melanomas and basal cell carcinomas, but vari-
able in the peripheral cells of squamous cell carcinomas (Avilion et al., 1996). hTR is
not predictive of hTERT activity in most human skin tumors; while present in tumors
with hTERT activity, it is also present in those lacking activity. hTERT levels are more
reliable, as they do not correlate with age, sex, clinical history, proliferative state, or
histologic subtype (Ogoshi et al., 1998). Proliferating melanocytes show evidence of
neither activity nor hTERT mRNA (Bandyopadhyay et al., 2001), arguing against hTERT
as characteristic of normal cell proliferation. Expression is not merely up-regulated in
telomerase competent precursor cells, but reactivated during the transition to melanoma
(Dhaene et al., 2000a).

Melanomas are generally hTERT positive and hTERT activity shows some corre-
lation with malignant transition. Of eight malignant melanoma cell lines, all were hTERT
positive (Glaessl et al., 1999). In comparison, hTERT activity was found in 9/10 (90%)
of uveal melanomas but in no control samples (Rohrbach et al., 2000). Likewise, hTERT
activity was found in 28/31 (90%) of primary melanomas, 12/13 (92%) of metastatic
melanomas, and 4/5 (80%) of atypical nevi. Although weak, hTERT activity was found
in 10/36 (28%) common melanocytic nevi and 4/34 (12%) normal human skin samples,
but none of the normal fibroblasts (Glaessl et al., 1999). This suggests that activity cor-
relates with transition from benign through atypical nevi, to malignant melanoma and
metastasis. More importantly, hTERT activity (TRAP assay) and hTR correlate with
clinical staging (Ramirez et al., 1999). Metastases, whether subcutaneous or lymphatic,
have high activity; melanoma in situ has lower levels that increase with tumor penetra-
tion. hTR expression was all but exclusively found in tumor cells rather than in infil-
trating lymphocytes.

hTERT activity is similar in many dermal cancers (Taylor et al., 1996), including
basal cell carcinomas (73/77 or 95% of samples) and nonmetastatic cutaneous squa-
mous cell carcinomas (15/18 or 83% of samples), as well as melanomas (6/7 or 86% of
samples). Merkel’s tumors, a rare tumor type found predominantly in elderly patients
and probably deriving from basal keratinocytes, likewise express telomerase (Stoppler
et al., 2001). Newborn epidermis, sun-damaged skin, psoriatic lesions, and skin from
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poison ivy dermatitis show increased activity (although less than tumors) compared to
sun-protected normal adult skin.

Normal skin demonstrates limited telomerase activity (Yasumoto et al., 1996).
Activity was found in 2/16 (12.5%) of normal samples, 1/16 (6%) of benign prolifera-
tive lesions (including viral and seborrhoeic warts), and 11/26 (42%) of premalignant
actinic keratoses and Bowen’s disease (Parris et al., 1999). The same study found ac-
tivity in dermal malignancies, including 10/13 (77%) of basal carcinomas and 22/32
(69%) of melanomas, but only 3/12 (25%) of squamous carcinomas. Normal dermal
telomerase expression is probably limited to the basal (stem cell) layer of the epidermis
(Harle-Bachor and Boukamp, 1996; Dellambra et al., 2000), whereas other cell types,
including differentiated epidermal cells, lack expression (Lee et al., 2000a).

One might suppose that telomeres shorten progressively until hTERT activity causes
relengthening, implying little correlation between activity and length. No simple rela-
tionship is found (Parris et al., 1999). Predictably, given faster cell turnover, telomeres
are (mean 2.5 kb) shorter in epidermal than dermal cells, whether from normal or tumor
samples (Wainwright et al., 1995), but telomere lengths of tumor cells within the two
skin layers are less predictable. Basal cell carcinomas had (mean 3.1 kb) longer telo-
meres than did matched epidermal cells in 13/20 (65%) of cases but shorter telomeres
in the other 7/20 (35%). Curiously, facial wrinkling with age appears to correlate in-
versely with the risk of basal cell carcinoma (Brooke et al., 2001).

Kaposi’s sarcoma is usually found in patients with acquired immune deficiency
syndrome (AIDS), whose malignant nature has been disputed. In one study, 100% (22/
22) of Kaposi’s sarcoma samples were positive for telomerase and had relatively long
telomeres, perhaps consistent with malignancy (Chen et al., 2001d). In other sarcomas,
telomerase activity and level of expression both correlated with clinical aggressiveness
(Tomoda et al., 2002).

Cutaneous lymphomas, dermal in location if not derivation, show telomerase ac-
tivity in peripheral blood mononucleocytes (8/10 or 80%) and skin-homing T cells (16/
18 or 89%), whereas normal samples have weak levels. These skin-homing T cells and
peripheral blood mononucleocytes have high activity and short telomere lengths. Ac-
tivity may correlate with transition from “early stages of cutaneous T-cell lymphoma
such as parapsoriasis” (Wu et al., 1999b; Wu and Hansen, 2001).

Hematopoetic Cancer

Most hematopoetic cells circulate; phlebotomy permits easy access and diagnosis in
hematopoetic cancer. Unfortunately, while malignant cells may express telomerase,
normal leukocytes (whether in peripheral circulation, cord blood, or bone marrow) ex-
press baseline telomerase (Counter et al., 1995), at least in stem cells. Hematopoetic
stem cells routinely respond to proliferative signals by expressing active telomerase
(Hiyama et al., 1995d). This is true of each leukocytic subset, including granulocytes,
T cells (Allsopp et al., 2002), and monocytes/B cells (Broccoli et al., 1995; Iwama et al.,
1998). Activity may therefore offer less diagnostic leverage than in other malignancies.

Teleologically, baseline (or rapidly inducible) telomerase activity is required to meet
the formidable demand for hematopoetic cell turnover. Telomerase may be required for
sustained growth in solid tumors (Shay et al., 1996); it is a quotidian requirement in



84 THE AGING CELL

normal hematopoesis. Required or not, its presence raises the specter of of carcinogenesis.
Indeed, activity increases measurably in most hematologic malignancies (Leber and
Bacchetti, 1996; Ohyashiki et al., 2002). Curiously, however, the leukocytes in patients
with chronic lymphocytic leukemia (CLL) show lower than normal activity early and
fairly normal levels again late in their course (Counter et al., 1995). Telomere length
may also play a role in CLL (Ishibe et al., 2002). In myelodysplastic syndrome (MDS),
activity increases (compared to that in normal marrow) and this correlation is even more
evident in patients with acute myeloid leukemia (AML), although the increase is not
necessarily associated with telomere maintenance (Liu et al., 2001b; Ohyashiki et al.,
2001), perhaps explaining an occasional lack of protection against leukemic instability
(Serakinci et al., 2002).

Telomeres shorten progressively in almost all hematologic malignancies (Leber
and Bacchetti, 1996; Ohyashiki et al., 2002). Telomere lengths are not maintained in
early CLL (and to a lesser degree, MDS), but are maintained later in the disease (Counter
et al., 1995). This is assumed to represent the critical point for telomere maintenance in
leukemic cells, having already undergone extensive premalignant division (Engelhardt
et al., 1997).

Telomerase activity has diagnostic, prognostic, and hence potential therapeutic value
in leukemias (Shay et al., 1996). Activity was found in 16/16 (100%) of acute leuke-
mias and distinguished normals from leukemics when bone marrow or circulating mono-
nuclear cells were used (Engelhardt et al., 1997); higher activity is typical of leukemic
cells (Ma et al., 2002a). Moreover, remission correlated with decreased activity, sug-
gesting prognostic value in predicting success or failure, relapses, and general clinical
response (Engelhardt et al., 1998). Compared with telomerase, telomeric-repeat bind-
ing factor proteins (TRF1 and TRF2) change reciprocally. As telomerase rises in acute
leukemia, TRF1 and TRF2 fall; the reverse occurs if differentiation is induced. Normal
cells maintain higher TRF levels than acute leukemic cells, human malignant hemato-
poietic cell lines (Yamada et al., 2000), or breast cancer cells (Kishi et al., 2001). Ab-
sence of such telomere-regulating proteins may become useful markers (Aragona et al.,
2000c, 2001; Lazaris et al., 2002).

Chronic myeloid leukemia is a clonal expansion of stem cells (Jorgensen and
Holyoake, 2001; Holyoake et al., 2002) with specific cytogenetic changes due to the
Philadelphia (Ph) translocation (Kalidas et al., 2001). There is disagreement regarding
telomere lengths and their diagnostic implications, if any. Recently (Brummendorf et al.,
2000), chronic-phase telomere lengths predicted disease progression and were shorter
during blast phase. An earlier study (Ohyashiki et al., 1997b) found no such correla-
tion. The TRAP assay shows that CML patients have age-independent activity eleva-
tion (not simply expression) and high telomerase correlates with further cytogenetic
changes. Activity increases even further during blast phase (Ohyashiki et al., 1997b).
Half of blast-phase patients show at least 10 times the normal activity and the remain-
ing patients show significant elevations. Chronic myeloid leukemia patients treated with
interferon-alpha (IFN-a) had fewer blast crises and better prognosis, correlating with
telomere length maintenance (TRFs) and absence of activity (Iwama et al., 1997). Telo-
mere lengths reflect patient response to imatinib (Brummendorf et al., 2003).

Results are similar in acute leukemias. Increased activity may correlate with leu-
kemic type or phase. Acute myeloid leukemias, as well as accelerated and blastic phases
of CML, have 10- to 50-fold elevated telomerase activity. Chronic-phase CML, chronic
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lymphocytic leukemias, polycythemia veras, and MDS, as well as normal hematopoetic
cells during the first week of ex vivo culture, have only two- to five-fold elevations
(Engelhardt et al., 2000); myeloproliferative disease correlates with accelerated granu-
locyte telomere loss (Terasaki et al., 2002). Not all patients show an increase, although
different assays may be responsible. Activity was elevated in the peripheral cells of 45/
55 (82%) patients with AML and 16/23 (70%) patients with acute lymphoid leukemia
(ALL). Activity did not correlate with telomere length but with leukocyte count, ex-
tramedullary involvement, disease type (French-American-British subtype), cytogenetic
damage, prognosis, relapse, and remission (Ohyashiki et al., 1997a). In patients with
AML, telomerase was not only present, but associated with poor chemotherapeutic re-
sponse and prognosis. In vitro, human T-cell leukemia virus type II (HTLV-II) induces
activity and up-regulates Bcl-2 (Re et al., 2000).

Plasma cell dyscrasias have been considered. Although telomerase activity is not
elevated in monoclonal gammopathy of undetermined significance (MGUS), it appeared
during the malignant transformation to multiple myeloma in which 21/27 (78%) pa-
tients had elevated activity. Activity was elevated in 4/4 (100%) of patients with plasma
cell leukemia (Xu et al., 2001b).

Pulmonary Cancer

Lung cancer, the most common fatal malignancy of both sexes in the United States,
carries a mean 5-year survival rate of, at best, 15%. Early diagnosis, increasing survival
to almost 60%, might save more than 100,000 patients per year in the United States alone
(Landis et al., 1999). There is no widely accepted early screening exam. Most strate-
gies (Petty, 2000) are unlikely to yield clinical benefits in the near future (Frame, 2000).
The computed tomography helical (CT) scan has considerable potential (Henschke et al.,
1999; Medical Letter, 2001c; Mahadevia et al., 2003), but long-term studies are pend-
ing. Effective molecular screening would have immeasurable clinical and human value
(Montuenga and Mulshine, 2000; Zochbauer-Muller and Minna, 2000). Not surprisingly,
some (Hiyama et al., 1995d; 1998c; Hiyama and Hiyama, 2002) suggest telomerase
activity as a diagnostic test.

Telomere lengths are, predictably, not predictive. Long telomere lengths may be
associated with poor prognosis, but the relationship is nonlinear (Shirotani et al., 1994)
and may be bimodal, with long or short lengths associated with shorter survival than
intermediate lengths (Ohmura et al., 2000). Altered telomere lengths were seen in 16/
60 (27%) of primary lung cancers: most (14/16) were shorter, 2/16 were longer. There
was simultaneous loss of p53 and Rb genes in 10/16 cases; the other 6 retained normal
alleles of both genes (Hiyama et al., 1995f). This finding offers marginal support for
the suggestion that p53 and Rb inactivation is responsible for the increased cell divi-
sions and consequently shorter telomeres in some adenocarcinomas.

To a degree, hTERT activity correlates with hTR expression. There may be a spec-
trum of telomerase dysregulation as cells move down the path from normal to bronchogenic
carcinoma, with “intense focal localized hTR expression” indicative of tissue invasion
(Yashima et al., 1997a), but data supporting this suggestion are so far unimpressive.

The presence (and activity) of hTERT, however, is another matter. In a series of
92 lung cancers and 32 normal lung tissue samples, hTR was present in 92/92 (100%)
of the lung cancers and 94% of normal tissues. In the same samples, however, hTERT
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was expressed in 82/92 (89%) of the lung cancers and 1/32 (3%) of the normal samples,
making it a far better diagnostic marker for lung cancer. TEP1 was, predictably, more
reliably present in normal samples (32/32; 100%) than in cancer tissues (86/92; 93%),
but differences were neither significant nor diagnostically promising. Although this study
found good concordance (77%) between hTERT expression and activity (Arinaga et al.,
2000), activity remains the more valid and useful parameter.

Telomerase activity, and the difference between that found in lung cancer and
normal lung tissue, varies widely in published studies. In one study, activity was seen
in 109/136 (80%) of primary lung cancers but in 30/68 (44%) of adjacent, normal pul-
monary tissues (Zhang et al., 2000). Paralleling these results, more recent work reported
activity in 31/38 (82%) of lung cancer samples and in only 7/35 (20%) of adjacent non-
neoplastic lung tissue samples, but activity was found in 3/7 (43%) of benign parenchy-
matous lesions (Wang et al., 2001e). Most disagreements are over the frequency of
activity in normal lung tissue. While some of this may hinge on small sample sizes, much
may be due to small but significant differences in sensitivities of different laboratories
in measuring activity.

In contrast to the studies cited above, and for whatever reason, many studies have
found a low incidence of activity in normal pulmonary tissue. For example, 16/23
(70%) of lung cancer patients, but only 1/13 (8%) of normal lung samples, had activ-
ity (Xinarianos et al., 2000). A separate study found 25/38 (66%) of lung cancer samples
to be positive for activity; the only normal positive sample was from a single tubercular
patient (Freitag et al., 2000). In perhaps the lowest percentage of activity in lung cancer
samples published to date, activity was found in only 34/68 (50%) of samples from
patients with non–small cell lung cancer (Komiya et al., 2000). In a study looking at
p53, herpes papilloma virus, and telomerase, activity was found in only 19/22 (86%)
lung cancer samples while it was present in 22% of normal lung samples (Niyaz et al.,
2000). In most studies, normal tissue is rarely positive for activity and, when present,
may be due to leukocytes (Dejmek et al., 2000), inflammation (Sen et al., 2001), and
chronic infectious disease (Freitag et al., 2000).

At least two questions arise if we consider telomerase activity useful in diagnosing
lung cancer: (1) is there a valid distinction between normal and cancerous cells, and
(2) can we measure it reliably? Data suggest that there is such a distinction, but that it is
neither absolute nor (at least between laboratories) reliable. Overall, most studies find a
correlation between activity and lung cancer, with little or no background activity in
normal tissue (Dejmek et al., 2000). To a degree, activity has become the default stan-
dard in assessing tumorigenicity (Lau et al., 2000). Activity may be a useful adjunct to
histology (Xinarianos et al., 2000), but the wide variance in published data gives the lie
to optimistic hopes that it deserves our clinical reliance in the near future as the pathog-
nomonic test for lung cancer.

Although technique may explain some of the differences in published activity fig-
ures for lung cancer, many studies give no clear data on the grade or type of lung cancer
involved. If telomerase activation is a late event or if it varies with tumor type, then
data that merely consider activity only as a mean value may be not only unimpressive
but superfluous. Activity may be more defining when cancer type and progression are
factored into the data (Ohmura et al., 2000). A study looking at hTERT activity and
type of lung cancer found activity in 107/115 (93%) lung carcinomas, but no activity in
adjacent noncancerous, normal lung tissue. Moreover, hTERT activity was higher in
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small-cell carcinoma than in other histologic types and higher in poorly differentiated
than in well-differentiated squamous cell carcinomas or in adenocarcinomas (Kumaki
et al., 2001). This latter finding, that telomerase expression—and its variance—depends
on tumor type, is supported in other studies. Within adenocarcinoma, expression corre-
lates inversely with differentiation (Fujiwara et al., 2000).

Surgically resected, primary, small-cell lung cancers show telomerase activity in
11/11 (100%) of samples. In 125 patients with non–small cell lung cancers, however,
activity ranged unpredictably from undetectable to high activity. Non–small cell lung
cancers apparently comprise (predominantly) mortal cancer cells and a smaller percent-
age of immortal cells with high activity (Hiyama et al., 1995e). Animal studies support
the suggestion that telomerase correlates with tumor aggressiveness (Volm et al., 2000).
Unless future advances in measurement techniques prove otherwise, activity might
become diagnostic if used within specific types and stages of lung tumors, but it is un-
likely to become diagnostic for lung cancers generically.

Lung cancer is suspected from history or chest radiograph and confirmed by biopsy
(via needle, surgical, or bronchoscopic specimen) or sputum. In this context, telomerase
probably adds little to the diagnostic value of the current histological approach. Be-
sides direct needle or surgical biopsy, other diagnostic approaches have been consid-
ered. Pleural fluids (effusions), for example, were positive in 3/3 (100%) of patients
with adenocarcinoma (Hiyama et al., 1995e), although unselected effusion samples
(Braunschweig et al., 2001b) have a much less impressive sensitivity—19/27 (70%)—
and may be a poor diagnostic approach (Braunschweig et al., 2001a), although more
recent results have supported its efficacy, particularly when coupled with conventional
cytology (Hess and Highsmith, 2002). Bronchial washings have been considered (de
Kok et al., 2000). In one study, bronchial washings detected 18/22 (82%) of known lung
cancers using the combined results of two TRAP assays. Standard cytologic examina-
tion (using Papanicolaou staining) detected cancer in only 9/22 (41%) of the same pa-
tients (p = 0.0061). The TRAP assay was not affected by (central versus peripheral lung)
tumor location (Yahata et al., 1998). Sputum samples have been looked at and showed
good diagnostic sensitivity (82%), specificity (100%), and diagnostic accuracy (87%),
with the bronchial washings in this same study showing fairly good sensitivity (68%),
specificity (100%), and diagnostic accuracy (77%). This study found good correla-
tions (p < 0.01) between staging and sputum, bronchial washings, and biopsy samples
(Sen et al., 2001). A preliminary but more intriguing and potentially useful approach
employed simple blood specimens to detect circulating carcinoma cells. In this tech-
nique, circulating epithelial cells were segregated from other blood cells by means of
immunomagnetic separation, followed by telomerase assay. Activity was absent in
30/30 (100%) of normal donors, but present in 11/15 (73%) patients with stage IIIB or
IV non–small cell lung cancer (Gauthier et al., 2001). These findings suggest the utility
of activity as an adjunctive but not pathognomonic marker for malignant lung disease,
using any number of standard and potential diagnostic approaches.

Breast Cancer

Breast cancer is a major cancer medically, humanly, and politically. Globally, breast
cancer kills half a million people annually (Johnston and Stebbing, 2000). Most of those
diagnosed will die. Prognosis is related to age, extent, and estrogen receptor expres-
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sion. The mammary gland is distinct in its pattern of growth during the reproductive
lifetime and this distinct pattern may have implications for mammary gland cancer
(Wiseman and Werb, 2002). Although enlargement during lactation is normal among
mammals, the relative size of the post-pubertal human breast, independent of lactation,
is anomalous. Its unmatched size per body mass variance compared to other adult organs
suggests that evolutionary stability has not occurred. These factors may explain a por-
tion of its predilection for cancer. Malignant progression is typical, beginning with ductal
hyperplasia and progressing from in situ, through local invasion, to metastasis (Russo
and Russo, 2001).

Clinical diagnosis is supplemented by imaging techniques (e.g., mammography),
pathology (e.g., needle or surgical biopsy), and genetic characterization (e.g., estrogen
receptor status and HER2/neu overexpression). New markers are being tested (e.g., Zhou
et al., 2001), but none have proven diagnostically satisfactory. With an untreated median
survival of 12 months (Cold et al., 1993), diagnosis or treatment advances promise sub-
stantial impact on morbidity and mortality. Telomerase and telomere maintenance are
central to indefinite cell division and unregulated growth of human mammary epithe-
lial cells (Elenbaas et al., 2001; Nonet et al., 2001; Yang et al., 2001a; Kim et al., 2002a).
The role of telomerase in breast cancer (Mokbel, 2000) has therefore become a target
for clinical as well as basic research (Lebkowski, 1997).

Telomere length appears unrelated to disease state or tumor type overall. No sig-
nificant length difference is found between papillotubular, solid tubular, and scirrhous
breast tumors (Takubo et al., 1998), nor between telomeric DNA and size, grade, or stage.
Similar results are found in canine mammary tumors (Yazawa et al., 2001). Nonethe-
less, human breast tumors containing the lowest amounts of telomeric DNA are far more
likely aneuploid (p < 0.002) and metastatic (p < 0.05) than those with higher amounts
of telomeric DNA (Griffith et al., 1999b). The latter two associations, themselves cor-
related to prognosis in invasive breast carcinoma, may imply that measurement of
telomeric DNA content may have prognostic value. Telomere lengths may also decrease
with age, although not significantly (Takubo et al., 1998).

Independent of activity, hTERT expression correlates with the clinical behavior
of breast cancers. hTERT gene amplification occurs in roughly a quarter of breast
cancer specimens (Zhang et al., 2000), perhaps explaining increased expression. Most
breast tumors, in one study in 101/134 (75%), are hTERT positive and this correlates
negatively and significantly (p = 0.017) with relapse-free survival (Bieche et al., 2000).
Beyond mere presence, hTERT levels correlate with receptor status, including estro-
gen (p = 0.002) or progesterone (p = 0.048) receptor negativity, aggressiveness, and
Myc overexpression (p = 0.007). In estrogen receptor–positive breast cancer cells,
estrogen (specifically, 17 b-estradiol) increases hTERT expression and activity. Al-
though recommendations remain in dispute (Kyo et al., 1999c), long-term hormone
replacement in postmenopausal women correlates with increased risks (Nelson, 2002;
Nelson et al., 2002), particularly breast tumors (Chen et al., 2002a), although meta-analy-
sis suggests a protective effect in colorectal cancer (Grodstein et al., 1999).

Expression also correlates with progression, appearing early in preinvasive stages
of tumorigenesis and increasing in amount of telomerase expressed per cell and per-
centage of cells expressing telomerase per tumor (Kolquist et al., 1998). To a lesser
degree, tissue staging correlates (p < 0.05) with hTR expression. Even cells from nor-
mal epithelium and nonproliferative fibrocystic tissue have a low incidence of hTR
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expression, though this is not true of stromal cells even from fibroadenomatous tissue.
Expression of hTR is elevated in some metaplastic apocrine and atypical hyperplastic
cells and even more prominently in cancer cells, whether from in situ or invasive samples,
suggesting at least a weak predictive value as a marker for tumor development and in-
vasion (Yashima et al., 1998d). Recent work employing PCR has yielded impressive
results. In this case, hTR and hTERT were detected in peripheral blood samples from
patients with breast cancer. In patients with breast cancer, 17/18 (94%) of the tumors
and 5/18 (28%) of the corresponding serum samples were positive for hTR, while 17/
18 (94%) of the tumors and 4/16 (25%) of the corresponding serum samples were posi-
tive for hTERT. Neither hTR nor hTERT was detectable in tissues or sera from 21 nor-
mal subjects (Chen et al., 2000d).

As in other tumors, activity was expected to be more reliable than length or ex-
pression. To a degree, this is borne out (Herbert et al., 2001b; Simickova et al., 2001;
Saito et al., 2002). The TRAP assays find a good correlation with disease type (e.g.,
benign versus malignant) and histopathologic severity (in malignant disease). High
activity is absent in benign breast disease: only 1/7 (14%) samples showed even low
activity. Fibrocystic disease showed activity in 0/17 (0%) of samples (Hiyama et al.,
1996a). In fibroadenomas, activity is more common, found in anywhere from 9/20 (45%)
of the samples (Hiyama et al., 1996a) to 4/6 (67%) of the samples tested (Yashima et al.,
1998d). In breast cancer cells, activity was easily found in 11/12 (92%) of samples from
carcinoma in situ and in 16/17 (94%) of the samples from invasive breast cancers (Yashima
et al., 1998d), while another study found activity in 25/38 (66%) breast cancers and none
in 16 noncancerous samples (Saito et al., 2002). Staging correlates with activity. PCR assays
found activity in 68% of stage I primary breast cancers, 73% of cancers smaller than 20
mm, and 81% of axillary lymph node–negative cancers. Telomerase detection was par-
ticularly high (95%) in advanced-stage breast cancer, but misses 19%–32% of less ad-
vanced breast tumors and was found in only 2/55 (4%) of adjacent noncancerous tissue
(Hiyama et al., 1996a). Comparing cancerous to noncancerous breast tumors, quantita-
tive PCR-ELISA (TeloTAGGG Telomerase PCR ELISA(PLUS)) has a sensitivity of 73%
and a specificity of 93% under optimal conditions (Simickova et al., 2001). Fine-needle
biopsy results may be sensitive, finding telomerase in 14/14 (100%) of samples in one
study (Hiyama et al., 1996a), all of which were surgically confirmed as having malignancy.
Other studies, while supporting the diagnostic value of activity, showed a sensitivity rate
of only 78/83 (94%), even when combined with cytologic detection (Jin et al., 1999).

Telomerase activity in needle biopsies matches the findings from gross tissue
biopsy in 95% of cases and is probably “sensitive and accurate” (Pearson et al., 1998).
Using TRAP assay, fine-needle biopsy found that 17/19 (90%) of cancers were posi-
tive for activity, whereas gross tissue biopsy found activity in 15/18 (83%) of samples.
Using the same approach, fine-needle biopsy found activity in 9/16 (56%) of samples,
whereas gross tissue biopsy found activity in 8/15 (53%) of samples. Most surgically
resected breast cancers are positive for activity, in one study in 130/140 (93%) (Hiyama
et al., 1996a). The same group has continued to extend this work in breast (and other)
cancer. They find the diagnostic accuracy of activity of a fine-needle aspirate slightly
higher than that of cytology (86% vs. 70%). They suggest that activity can serve as a
protection against false-negative or indeterminate cytology results (Hiyama et al.,
2000a). Other studies have found similar results (Jin et al., 2000), supporting these
conclusions.
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As in other solid tumors, margin definition is important to surgical excision. Largely
for ensuring survival, it is also important for the cosmetic and emotional implications.
Histology alone has not been perfect in this regard, resulting in both recurrence and
overexcision. Telomerase is sensitive, but not perfect. Serial sections from surgical
margins showed that 31/34 (91.2%) of breast cancer samples had activity. Although
telomerase was found as much as a centimeter beyond the histologically determined
margins of excised tumor, these cells may not represent false positives, but malignant
cells that escaped histologic criteria. Surgical use of telomerase assay may increase the
accuracy of excision margins (and survival), while conserving breast tissue (Hara et al.,
2001b).

Male Genital Cancer

Of the most common male genital malignancies, prostate and testicular cancers (Epperly
and Moore, 2000), testicular cancer is more apparent on routine examination (Moore
and Topping, 1999), thus lowering its mortality (Foster and Nichols, 1999; Lawton and
Mead, 1999; Toklu et al., 1999). Prostate cancers are difficult to detect. The relative
efficacy of current screening strategies is unknown (Ross et al., 2000).

Prostate cancer is the most common nondermatologic cancer and the second most
common cause of male cancer death in the United States (Middleton et al., 1995). Risk
factors, including age, androgens, and free radical damage, have been identified (Ripple
et al., 1999), but their diagnostic or therapeutic worth is unclear (Zietman et al., 2001).
Annual prostate-specific antigen (PSA) tests depend on relative rise, not absolute value;
their worth is unproven. Although prostate cancer death rates have declined in the United
States since 1992, this is most prominent in regions with the lowest rates of PSA testing
(Wingo et al., 1998). Globally, there is no consistent relationship between up-to-date
diagnostic tests for prostate cancer and mortality (Wilt and Brawer, 2000). Reliable
markers (Rubin et al., 2002) are desired.

Initial data on telomere lengths suggest a correlation with mortality, recurrence,
and malignant transformation. If confirmed, it might differentiate patients with indo-
lent prostate malignancy, in whom watchful waiting is warranted, from those with rap-
idly progressive malignancy, who require an aggressive approach. Indeed, in 18 men
with prostate cancer, mortality and recurrence were highly correlated (p < 0.0001) with
reduced telomeric DNA content in prostate cells (Donaldson et al., 1999). In 25 men
with prostate cancers, telomere lengths were shorter in tumors than in normal or adja-
cent BPH tissue and appeared to be a useful marker for prostate malignancy (Sommerfeld
et al., 1996). This may be especially true in the earliest stages of prostate malignancy
(Meeker et al., 2002b). While various measures of telomere length (e.g., telomeric sig-
nal intensity and telomere restriction fragment lengths) may yet distinguish cancer from
normal, adjacent prostate cells (Ozen et al., 1998), the correlation needs replication in
large samples and severe malignancy.

Telomerase (Uemura et al., 2000) is the central question. Expression correlates with
oncogenesis, though not necessarily with stage, perhaps because activity requires, but
is not equivalent to, expression. Prostate cancer’s slow progression has been dissected
into a number of genetic and cellular abnormalities, including genetic loss (8p, 10q, 16q,
and 18q), gain (7q31 and 8q), or amplification (c-Myc), and changes in chromatin tex-
ture, cell cycle status, and proliferative indices, as well as telomerase activity (Ozen and
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Pathak, 2000; Sakr and Partin, 2001). These changes probably interact with telomerase
and each other. A putative interaction between steroids (e.g., 17b-estradiol and dihydro-
testosterone) or antagonists (e.g., tamoxifen and bicalutamide) and telomerase activity
has been examined (Aldous, 1998; Bouchal et al., 2002). Additionally, hsp90-related
chaperones have shown a potential role in regulating nontranscriptional activity in pros-
tate cancers (Akalin et al., 2001) and may regulate telomerase activity through regula-
tion of assembly. Among prostate cancer patients, 19/33 (58%) overexpressed Myc and
22/33 (67%) expressed hTERT. Although Myc and hTERT expression were correlate
(p = 0.0024), neither correlated significantly with tumor stage (Latil et al., 2000).

Studies using PCR assays find the same relationship between prostate cancer and
activity as for its expression. Most noncancerous samples do not have activity, although
(based on rat data) this might be expected to vary with specific location and cell type in
the prostate (Banerjee et al., 1998a) and seminal vesicle (Banerjee et al., 1998b). In
human prostates, TRAP assay found no activity in 46 patients with benign hypertrophy
(Caldarera et al., 2000). Strong activity was, however, found in 21/25 (84%) of cancers
(and in metastatic lymph nodes), weak activity was found in 3/25 (12%) samples from
adjacent hypertrophic (benign hypertrophy) tissues, and no expression was found in the
corresponding normal samples. This suggests that activity may be a useful marker “for
distinguishing prostate cancer from normal and benign prostate tissues” (Sommerfeld et al.,
1996); other studies disagree (Straub et al., 2002). TRAP assays of biopsy specimens
have produced similar results, with 25/30 (83%) of cancer specimens being positive for
activity, while only 1/9 (11%) of the normal samples was (Wang et al., 2000g). In a
later study, the same group found that 32/35 (91%) cancer patients were positive for
activity, but only 1/8 (13%) of normal tissues was (Wang et al., 2001f). Other laborato-
ries have produced less impressive figures. In one study, activity was seen in only 14/24
(58%) of cancer samples and in 0/12 (0%) of the normal samples (Meid et al., 2001). If
telomerase activity is linked to androgen stimulation, at least in androgen-sensitive tu-
mors (Soda et al., 2000), this might help explain why some tumors lack activity.

Poorly differentiated and metastatic tumors (Wymenga et al., 2000) and those with
greater mass have higher telomerase activity (Wang et al., 2001f). Among poorly dif-
ferentiated tumors 8/9 (89%) expressed activity, while only 6/15 (40%) of the moder-
ately or well differentiated cancers did so (Meid et al., 2001). These figures (89% vs.
40%) show that sensitivity is highest in those tumors with the greatest clinical hazard.
Activity can be detected in voided urine or washings after prostatic massage (Meid et al.,
2001), although some reviewers doubt sufficient sensitivity for reliable diagnosis (Konety
and Getzenberg, 2001). Ejaculate from patients with prostate cancer is usually negative
for telomerase and cannot be regarded as a good source for diagnostic specimens (Suh
et al., 2000). When obtained from prostatic fluid, however, activity does correlate with
PSA and might offer additional accuracy to this standard clinical test (Wang et al.,
2000g), which has come under some criticism as a prognostic indicator (Stamey et al.,
2002; Vastag, 2002). Overall, and with some caveats (Zhang and Klotz, 2000) regard-
ing specimens, telomerase may offer additional diagnostic value.

Testicular cancer stands apart. Although the diagnosis is usually made earlier than
is the case for ovarian cancer (the corresponding female gonadal malignancy), testicu-
lar cancer is more aggressive than prostate cancer. Testicular cancer may not show a
reliable correlation between telomerase activity and prognosis or chemosensitivity to
agents such as cisplatin (Cressey et al., 2002).
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Finally, though far less common than prostate cancer, penile cancer has been found
to have activity in 3/3 (100%) patients with verrucous carcinoma, 41/48 (85%) of inva-
sive carcinomas, 9/11 (82%) of adjacent noncancerous skin, and 8/10 (80%) of adja-
cent noncancerous corpus cavernosum tissue. Although there is a high frequency of
telomerase expression in adjacent tissue from those with penile cancers, all of the skin
and corpus cavernosum samples from patients with prostatic carcinoma were negative
for activity (Alves et al., 2001).

Female Genital Cancer

Female genital cancers encompass a variety of tumors, including cancers of the cervix,
uterine endometrium, and ovary. Cervical cancer is the most common fatal malignancy
of women in developing countries and ranks fifth in the United States (Shroyer, 1998).
Mortality is directly attributable to the difficulty in diagnosing an aggressive malignancy,
effectively hidden from discovery during routine examination. Although cytology-based
(using the standard Papanicolaou smear) screening programs have proven to be of value
for diagnosing cervical cancer, even here, technical requirements and costs limit their
use (Goldie et al., 2001; Wright et al., 2002). To have any impact on mortality, a more
sensitive test for these malignancies is required (Keating et al., 2001).

Telomere lengths (TRFs) show increasing variance with malignant progression,
but offer little diagnostic or prognostic value in cervical cancer. There is no significant
correlation between telomere length and clinical staging, histologic type, history of
human papilloma virus infection, tumor recurrence, tumor size, or invasiveness (Zhang
et al., 1999a).

Although numbers and percentages vary by technique and tissue source, hTERT
expression is seen in about 90% of cervical biopsies from known malignancies (Yashima
et al., 1998a), with some studies suggesting far higher percentages. Normal cervical cells,
by contrast, express telomerase between 0% (Gorham et al., 1997; Zheng et al., 1997a;
Takakura et al., 1998; Wisman et al., 2001) and 25% (Yashima et al 1998a). Combin-
ing the results from seven cervical cancer studies (Kyo et al., 1996; Anderson et al., 1997;
Gorham et al., 1997; Pao et al., 1997; Zheng et al., 1997a; Takakura et al., 1998) repre-
senting 104 malignant biopsy samples and 40 normal biopsy samples, telomerase was
expressed in 94/104 (88%) of the malignant cervical biopsy samples and 5/40 (13%) of
the normal cervical biopsy samples. In a similar summary of studies (Shroyer, 1998),
expression was found in 21/21 (100%) of cervical carcinoma samples and only 8/38
(21%) of normal cervical mucosal cells.

The results of cervical smears parallel those of biopsies. Known cervical carcinomas
demonstrate telomerase expression in 50% (Gorham et al., 1997) to 100% (Zheng et al.,
1997b) of smear samples. This range is slightly broader, but with the same mean as biopsy
specimens. Summing the results from five studies (Gorham et al., 1997; Kyo et al.,
1997b; Zheng et al., 1997b; Iwasaka et al., 1998; Yashima et al., 1998a), expression was
found in 65/69 (94%) of cervical smears from patients with known carcinoma, but in
only 24/265 (9%) of normal tissues.

Intermediate grades of cervical cancer have intermediate results. In three early
studies of cervical intraepithelial neoplasia tissue biopsies (Pao et al., 1997; Zheng et al.,
1997a; Yashima et al., 1998a), telomerase expression was found in 4/12 (33%) of the
low-grade intraepithelial neoplasia samples and 12/25 (48%) of the high-grade samples.
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In summing data from five studies looking at intraepithelial cervical smears (Gorham
et al., 1997; Kyo et al., 1997b; Zheng et al., 1997b; Iwasaka et al., 1998; Yashima et al.,
1998a), expression was found in 21/87 (24%) of low-grade intraepithelial neoplasia
samples and 46/87 (53%) of high-grade samples. The correlation with cervical dyspla-
sia is similarly suggestive, but not impressive statistically (Reesink-Peters et al., 2003).
In one study, expression was seen in 13/22 (59%) samples of mild dysplasia, 10/10
(100%) samples of moderate dysplasia, and 12/13 (92%) samples of severe dysplasia
(Shroyer et al., 1998). Broken down by cervical intraepithelial neoplasia grade (CIN I–
III), results are better. Telomerase was found in 3/16 (19%) of normal cells, 8/25 (32%)
of CIN I samples, 3/6 (50%) of CIN II samples, 18/30 (60%) of CIN III samples, and
21/23 (91%) of invasive cervical cancers (Nagai et al., 1999). Overall, most authors find
that telomerase presence correlates with tumor grade (Nair et al., 2000a) and invasive-
ness (Kyo et al., 1996).

Findings are technique-dependent. For example, the spectrum from normal tissue,
through cervical intraepithelial neoplasia (CIN I–III), to cervical cancer is correlated
with the homogenous presence of hTERT mRNA (p < 0.01) and with hTR as measured
by in situ hybridization (p < 0.001), but not with hTR as measured by PCR (Wisman
et al., 2000), presumably because hTR is expressed more or less constitutively even in
normal cervical tissue and a more sensitive assay reflects this presence (Wisman et al.,
2001). Overall, up-regulation of hTERT (if not hTR) mRNA expression occurs early in
cervical oncogenesis, apparently (and predictably) prior to detectable telomerase activ-
ity, which is in turn triggered by other unknown factors (Nakano et al., 1998).

Activity follows a pattern similar to expression (McDougall and Klingelhutz, 1998).
The results from five studies of activity in cervical cancer (Kyo et al., 1997b; Zheng
et al., 1997a, 1997b; Yashima et al., 1998a; Wisman et al., 2001) were that 120/144
(83%) cervical cancers demonstrated activity, whereas only 24/220 (11%) normal tis-
sue samples did. Cervical smears are less sensitive, having shown activity in 4/13 (31%)
of cervical cancers and 1/9 (11%) of smears from normal cervices (Wisman et al., 1998).
Intraepithelial samples typically demonstrate activity in about 10/25 (40%) of cases
(Zheng et al., 1997b), although when distinguishing between the low- and high-grade
cervical intraepithelial neoplasias (Kyo et al., 1997b; Yashima et al., 1998a), activity
was found in only 12/29 (41%) of low-grade samples but in 27/45 (60%) of the high-
grade samples. Other data are less sensitive, with activity in only 3/26 (12%) of cases
with CIN I, 8/35 (22%) of cases with CIN II, and 18/62 (29%) of cases with CIN III
(Wisman et al., 1998). Almost all studies concur that cervical intraepithelial neoplasia
grade and cervical cancer grade correlate with activity, regardless of the assay sensitivity.
While not all data support the generalization (Wisman et al., 2001), activity may correlate
with staging, histologic type, and invasiveness (Zheng et al., 1997b; Kyo et al., 1998a)
and is generally not found in benign proliferative lesions, such as leiomyoma, condyloma
acuminata, or simple endometrial hyperplasia (Zheng et al., 1997a). Attempts to quantify
activity suggest a significant rise overall, but not significantly or predictively within in-
termediate stages (Nagai et al., 1999). Overall, evidence suggests an increase in activity
paralleling that of cervical cancer (Sakamoto et al., 2000; Wang et al., 2001b). There are
reservations, however, about sensitivity and specificity in clinical use, where activity may
lack reliable diagnostic or prognostic value in early stages (Wisman et al., 1998, 2001).

Herpes papilloma virus (HPV) infection, particularly types 16 and 18, is implicated
in cervical oncogenesis (Southern and Herrington, 1998, 2000; Keating et al., 2001;
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Schlecht et al., 2001) and can apparently activate telomerase cell phenotype–specifically
(Klingelhutz et al., 1996; Pillai and Nair, 2000; Cerimele et al., 2001). This might be
via deletion of an hTERT transcription repressor on chromosome 6 (Steenbergen, et al.,
2001), although this is at variance with results in HeLa cells in which chromosome 6
may not repress hTERT (Backsch et al., 2001) and in which expression alone is not
sufficient to prevent experimentally induced senescence (Goodwin and DiMaio, 2001).
Papilloma virus infection prompts constitutive expression of E6 and E7 proteins, which
may (however indirectly) induce hTERT expression. Experimental inhibition of E6 and
E7 expression suppresses cell proliferation (while activating p53 and Rb and down-
regulating Cdc25A), but effects on hTERT expression are unclear (Moon et al., 2001).
Nonetheless, inactivation of the p53 tumor suppressor protein by the E6 protein is asso-
ciated with altered expression of the apoptotic regulatory genes bcl-2 and bax and with
telomerase activation and proliferation (Pillai and Nair, 2000). Other data likewise sug-
gest an antiapoptotic pathway through which telomerase is up-regulated in response to
DNA damage (Sato et al., 2000b). In some studies, presence of papilloma virus corre-
lates with activity (Kawai et al., 1998; Snijders et al., 1998; Wisman et al., 2000), while
others (Yashima et al., 1998a) find no correlation. Expression has been discussed as a
potential (but insufficiently specific) diagnostic marker for papilloma infection (Keating
et al., 2001). The presence of papilloma virus may be critical in this context (Nair et al.,
2000a) but depends on a cofactor, although teasing out and proving such cofactors is
frustrating (Rapp and Chen, 1998; Anttila et al., 2001; Zenilman, 2001). Many argue that
the activation of telomerase remains an independent (and late) event in the transition from
papilloma-infected to malignant cervical (Walboomers et al., 2000) or epithelial cell (Shen
et al., 2001). True or not, experimentally induced expression of the E2 protein not only
represses expression of E6 and E7 oncogenes and induces senescence but is accompanied
by a predictable decrease in expression (Goodwin et al., 2000). How papilloma infection
relates to c-Myc expression is unknown, but there is good correlation between the expres-
sion of c-Myc and hTERT in cervical cancer (Sagawa et al., 2001), probably independent
of E6 function (Gewin and Galloway, 2001). Increased mutagenesis may play a role in
telomerase dysregulation, as amplification of the hTERT gene is reported in roughly a
third of cervical cancer biopsies (Zhang et al., 2000).

Herpes papilloma virus has been used as a screening marker for cervical cancer,
but telomerase activity is more diagnostically accurate (Reddy et al., 2001). Evidence
from human cell lines (Kang and Park, 2001) suggests that this may be because HPV
merely permits the cell to bypass the senescence checkpoint (and enhance the mutation
rate), whereas telomerase permits continued cell division and hence indefinite survival
of malignant cells. In this study, biopsy material, Papanicolaou smears, herpes papil-
loma, and activity were looked at in 88 patients. Activity was detected in 97% of cervi-
cal tumors and 69% of premalignant cervical scrapings, but not in controls. Telomerase
assays had a diagnostic accuracy of 95.8% in tissue samples, 79.1% in scrapings, and
91.2% overall. In contrast, herpes papilloma (subtypes 16 and 18) testing had a diag-
nostic accuracy of 89.5% in tissue samples, 70.5% in scrapings, and 82.1% overall.
Activity might be a good screening test in early cervical cancer. Nonetheless, there are
data suggesting that senescence induced by HPV repression is not necessarily associ-
ated with short telomeres or low activity (Goodwin and DiMaio, 2001).

Overall, the literature suggests that while quantitative measurement of telomerase
activity may be useful diagnostically, mere expression of telomerase components is not.
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The issue is not expression, but activation, perhaps by regulatory factors (Harada et al.,
2001). Herpes papilloma virus might be such an activating factor in some cervical cells
(Southern and Herrington, 2000; Nowak, 2000). Data suggest that telomerase activa-
tion occurs via phosphorylation (Yu et al., 2001) and nuclear translocation; hTERT levels
may be uninformative (Liu et al., 2001a). This jibes with clinical data suggesting that
mere hTERT presence may have no diagnostic value, while the onset of hTERT activ-
ity may be defining. This may explain data showing that hTERT expression may not
immortalize some cells, which require expression of other genes (O’Hare et al., 2001)
that might play roles in activation. In any case, telomerase activation and inactive com-
ponents remain tantalizing and relevant to the understanding of oncogenesis. The bulk
of the evidence suggests that using activation, especially adjunctively with routine patho-
logical markers (Kyo et al., 1997b) including other genetic markers (Ma et al., 2000),
will enhance diagnostic sensitivity, if not necessarily specificity.

Level of telomerase activity in endometrial (as opposed to cervical) tissues varies
with menstrual phase (Kyo et al., 1997c, 1999a; Tanaka et al., 1998b). Telomerase RNA
(hTR) and telomerase associated protein (TEP1) mRNA are constitutively expressed in
normal and malignant endometrium. hTERT mRNA is found in most endometrial can-
cers, but in normal endometrium only during specific phases of the menstrual cycle.
Activity was present in 12/13 (92%) of endometrial cancers (Kyo et al., 1996), but ac-
tivity (and hTERT expression) occurred in normal endometrium only during the prolif-
erative phase. In late proliferative phase, hTERT expression in normal tissue matches
that of endometrial cancer. Activity localizes to epithelial glandular (rather than stro-
mal) cells and is found in 20/21 (95%) of endometrial samples (Kyo et al., 1997c).
hTERT is not elevated in the secretory phase and only 8/19 (42%) secretory samples
demonstrated activity (Kyo et al., 1997c). No endometrial cyclicity occurs for TEP or
hTR. Activity decreases in postmenopausal endometrium; in 8/19 (56%) samples ac-
tivity was demonstrated and with antiestrogen drug therapy (Kyo et al., 1997c). Using
postmenopausal endometrium as a control, results were similar for hTERT expression
and activity in endometrial cancer. hTERT expression was found in 35/36 (97%) of
endometrial cancer tissues, but only 1/9 (11%) of normal postmenopausal samples was
positive and mean level of expression was fivefold higher in malignant tissues. hTERT
activity was found in 34/36 (94.4%) of endometrial cancer samples, but only 3/9 (33%)
of normal postmenopausal samples were positive and mean level of activity was as much
as 150-fold higher (Oshita et al., 2000).

These results fit nicely with data showing that estrogen directly binds to the hTERT
promoter region (Kyo et al., 1999c; Misiti et al., 2000), although cultured epithelial cells
may not show estrogen effects on telomerase activity (Tanaka et al., 1998b). In some
colon cancer cell lines, estrogen receptor-b agonists promote expression and can over-
come the inhibition caused by tamoxifen (Nakayama et al., 2000). Progesterone may
have a more complex effect, varying with duration of exposure and blocking estrogen
effects on hTERT expression (Wang et al., 2000f). In summary, constitutive expres-
sion in endometrial cancer, coupled with phase-dependent expression in normal en-
dometrium, limits the value of hTERT expression as a diagnostic marker in endometrial
cancer. Nonetheless, growing data suggest the value of hTERT activity as a diagnostic
and prognostic indicator of endometrial cancer. Activity is higher in primary tumors
with lymph node metastases (Sakamoto et al., 2000) and a significant (p < 0.0002) in-
dependent indicator of tumor progression and recurrence (Bonatz et al., 2001).
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Ovarian tumors are the most deadly gynecological tumors (Rosenthal and Jacobs,
1998; Sekine and Tanaka, 2000). Lethality derives jointly from inherent malignancy
and concealed location. Prolonged growth often occurs without detection or suspicion.
Although the 5-year survival rate of stage I disease is 90%, three-quarters of patients
are past stage I at diagnosis (Thigpen, 1999). Comparable testicular tumors are readily
examined and fatality rates reflect the inequity. In developed nations, more than 50%
of ovarian (but less than 5% of testicular) cancer patients die. Despite advances (Petricoin
et al., 2002), particularly in imaging, genetic markers (Menon and Jacobs, 2000; Yaziji
and Gown, 2001), and other potential biomarkers (Kim et al., 2002e), ovarian cancer is
badly in need of a diagnostic breakthrough (Lea and Miller, 2001). There is no effec-
tive screening test (Markman, 2000).

Ovarian cancer was the first clinical cancer in which telomeres were the focus
(Counter et al., 1994b). Telomere lengths were short but maintained in metastatic cells
and tumors, but not in matched, nonmalignant tissue expressing telomerase. Other studies
have usually (Idei et al., 2002), though not uniformly (Wang et al., 2002), confirmed
that ovarian cancer cells have shorter telomeres than those of normal ovarian cells. In
addition, cancer cells express hTR and most (10/11 specimens) have higher (mean 3.2-
fold) telomerase activity (Kiyozuka et al., 2000b).

Telomerase expression is a more sensitive indicator of ovarian cancer than peri-
toneal fluid cytology. Fully 37/42 (88%) of ovarian carcinomas expressed telomerase,
but only 27/42 (64%) were diagnosable by cytologic markers (Duggan et al., 1998).
Telomerasewas detected in 2/43 normal control specimens, both cytologically nega-
tive for cancer. Five patients with known ovarian carcinoma were falsely negative
cytologically and by expression. hTR and TEP mRNA are expressed in more than 80%
of ovarian cancers (Kyo et al., 1999b), but these components are also found in low-
potential malignancies, ovarian cysts, and normal ovarian tissue. hTERT, however,
showed expression only (and activity almost only) in ovarian cancers. Expression, not
activity, best distinguished normal fibroblasts from ovarian cancer cell lines; hTR and
TEP blur this distinction. In ovarian cancers (as elsewhere) p53 appears to regulate
expression and correlates with malignancy (Akeshima et al., 2001).

Telomerase activity has been investigated even in the earliest studies (Counter et al.,
1994b). Approximately 90% were telomerase positive; refinements are in keeping with
this and with other human cancers. Perhaps 43/49 (88%) gynecologic tumors in general
and 18/21 (86%) ovarian cancers demonstrate activity (Kyo et al., 1996), as well as 2/2
(100%) tubal cancers and 1/1 (100%) vulvar cancers. Benign ovarian cysts and pre-
malignant lesions are less likely to express telomerase (the latter weakly) and there is
no clear relationship between expression and tumor characteristics except invasiveness.
That ovarian tumors demonstrate activity has been substantiated by other studies that find
activity in 80% to 90% of ovarian malignancies (Zheng et al., 1997a; Kyo et al., 1999b).
Histologic subtype may be relevant: clear cell adenocarcinomas show lower activity than
other subtypes, especially endometrioid adenocarcinoma (Sakamoto et al., 2000). There
is no significant correlation between activity and age at diagnosis or menopause.

Telomerase activity in ovarian cancer is at least three times that of nonmalignant
tissue and correlates with clinical staging (Kyo et al., 1998b). Using a normalized scale
(maximum = 100), activity was measured in 36 ovarian cancers (mean activity = 51),
5 low-potential lesions (mean = 7), 10 ovarian cysts (mean = 10), and 12 normal ova-
ries (mean = 10). Without exception, only ovarian cancer tissues had activity above 30.
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Later work (Kyo et al., 1999b) also found hTERT activity predominantly in ovarian can-
cers with rare activity in normal tissue, cysts, and low potential lesions.

Peritoneal washing cytology is reasonably sensitive and specific; telomerase ac-
tivity may have equal accuracy. In 50 patients with cervical cancer and 47 with benign
uterine leiomyomas, conventional cytology had 96% sensitivity and 100% specificity;
telomerase had 100% sensitivity and 90% specificity. False negatives were 4.7% for
cytology and 6.9% for telomerase (Tseng et al., 2001). Looking at the prognostic value
of telomerase in 29 patients with sex-cord stromal ovarian tumors, there was a trend
toward earlier death, shorter disease-free interval, and more surgeries with telomerase-
positive tumors, but not significance (Dowdy et al., 2001).

Renal and Urinary Tract Cancer

The urinary tract and kidneys are as hidden as the ovaries, but have the advantage of
regularly providing us with diagnostic samples. Bladder cancers are diagnosed by uri-
nary cytology and molecular markers, followed by fiberoptic biopsy. Cytology remains
the gold standard, with long history, easy availability, and familiarity (Brown, 2000),
but other urinary markers (Alvarez Kindelan et al., 2000; Konety and Getzenberg,
2001; Smith et al., 2001) may help in diagnosis of urothelial neoplasia. New approaches
have uncertain reliability and validity (Ozen and Hall, 2000; Ross and Cohen, 2000).
Telomerase compared favorably in two recent reviews of available tests for bladder
cancer. One (Ross and Cohen, 2001) gave a 77% sensitivity and 85% specificity; the
second (Lokeshwar and Soloway, 2001) a range from 70% to 86% for sensitivity and
60% to 90% for specificity. Looking at tumors throughout the upper urothelial system,
some investigators (Wu et al., 2000a) have claimed sensitivities as high as 100% and lower
sensitivities for other studies, including urine cytology (15%) and washing fluid cytology
(53%); most differences are probably attributable to tumor type and technique. Poor stan-
dardization may limit utility, but clinical enthusiasm remains (Liu and Loughlin, 2000).

Bladder tumors (but not adjacent normal tissues) demonstrate high telomerase
activity (Kyo et al., 1997a; Gelmini et al., 2000; Lancelin et al., 2000), but correlations
between hTERT expression and staging, pathologic grade, recurrence, or multiplicity
of tumors are disputable. hTERT was expressed in 2/12 (17%) normal samples and 33/
37 (90%) urothelial cancers; activity also occurred in 2/12 (17%) normal samples, but
in all 37/37 (100%) urothelial cancers (Ito et al., 1998a). hTR and TEPs were expressed
in all samples. If urine rather than biopsy is used for screening (as practical screening
must), telomerase must be present and stable in urine. Several studies have found that
urine and bladder washings offer diagnostic information. In situ hybridization can use hTR
to distinguish bladder cancer from normal specimens with exfoliated cells. Of the malig-
nant specimens, 11/12 (93%) had high hTR; 5/6 (83%) of the normal specimens had low
hTR (Maitra et al., 2001). hTERT activity correlates with urine (r = 0.650, p < 0.001) and
bladder washings (r = 0.410, p < 0.05). Although this suggests that urine was useful or
even “preferred as a diagnostic marker” (Gelmini et al., 2000), direct samples should
better this moderate correlation. Nonetheless, other studies find TRAP assay of urine
superior to cytology. Urine (73.6%) and specificity (92.7%) were better than those (53.2%
and 81.8%, respectively) of cytology (Arias et al., 2000).

Other data disagree. In 50 patients, urinary telomerase activity had a sensitivity
of only 57% and poor predictive sensitivity for recurrence (Wu et al., 2000b). Low
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sensitivity has been echoed in other studies that find it “insufficiently sensitive and re-
liable” for diagnosis (Arai et al., 2000). Although urinary hTERT activity can be accu-
rately quantified (de Kok et al., 2000), urinary hTR is more labile (Muller et al., 1998).

Lability and technique may explain studies (Bialkowska-Hobrzanska et al., 2000)
suggesting that hTERT expression is more sensitive (and less specific?) than activity in
diagnosing bladder cancer. The normal versus malignant cutoff chosen in semiquantitative
studies of activity determines sensitivity and specificity. In one study (Cheng et al.,
2000a), a low cutoff value resulted in a diagnostic accuracy of 88%, sensitivity of 82%,
and specificity of 91%. Cutoffs should optimize accuracy while factoring in the risk of
false negatives and positives, as well as the impact of parallel tests (cytology, biochemical
markers, etc).

At least in urine samples, TRAP assays for telomerase activity may be less sensitive,
detecting only 2/30 (7%) cancers, than PCR-based assays, which detected 25/30 (83%)
cancers. This parallels other studies, in which hTERT mRNA (by PCR assay) was found
in 26/33 (79%) of patients with known bladder cancer but only 1/26 (4%) of patients without
cancer (Ito et al., 1998b). Some patients with known bladder cancer and negative urine
cytology were positive for hTERT, which suggests at least an adjunctive diagnostic role
for this assay. In many developing countries, Schistosoma haematobium (bilharziasis)
infections are a significant cause of bladder cancer. Expression correlates with tumor stage
and is increased in bladder cancer cells, although apparently not to as great a degree as in
non-bilharziasis bladder cancers (Abdel-Salam et al., 2001). Whether this is due to differ-
ent pathology, sampling size, or technique is unknown.

Renal cell carcinomas, less common than prostate or bladder cancers, have a higher
mortality rate—above 35% (Van Poppel et al., 2000). Renal cell carcinomas commonly
have a deletion on chromosome 3; reintroduction restores cell senescence in these im-
mortal, cell lines (Ohmura et al., 1995). Chromosome 3p contains one or more genes
inhibiting telomerase expression in these and other cells (Newbold, 1997). Renal cell
carcinomas typically display a number of anomalies, including trisomy of chromosomes
7 and 17, sex chromosome loss, and deletion of von Hippel–Lindau suppressor gene
(Van Poppel et al., 2000). The latter is responsible for hemangioblastomas, which are
low-grade, capillary-rich tumors, typically in the central nervous system (CNS), but that
contribute to preclinical renal lesions. They differ from renal cell carcinoma in hTR
expression: 5/5 (100%) renal cell carcinomas expressed hTR, but 0/10 (0%) of the he-
mangioblastomas did (Brown et al., 1997a). This is peculiar in that hTR and TEPs are
constitutively expressed in tumor and normal tissues. hTERT was expressed in 29/36
(80%) renal cell carcinomas but not in normal tissues (Kanaya et al., 1998).

Compared to expression, hTERT activity is both more important in permitting and
more useful in diagnosing malignancy. hTR is constitutively present in both cancerous
and normal renal tissue, although at higher mean levels in normal tissue. hTERT is not
much better: 18/20 (90%) of cancer samples expressed hTERT, as did 15/20 (75%) of
normalsamples, and neither predicted activity. hTERT and hTR expression notwithstand-
ing, all normal and some cancerous renal tissues lack hTERT activity. This implies that
activity is regulated not by expression or threshold availability but by post-transcriptional
modification, inhibitor inactivation, or other activating factors (Rohde et al., 2000; Harada
et al., 2001).

Activity may also correlate with staging, but studies disagree. In 23 renal cell car-
cinomas (and four normal kidneys), activity (but not expression) correlated with stage
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and degree of nuclear grade of the tumor (Hara et al., 2001a). In a larger study, activity
was found in 40/56 (71%) renal cell carcinomas, but in 0/56 (0%) normal kidneys. Telo-
mere restriction fragments were shorter in most (but not all) of the 16 renal carcinomas
that were telomerase negative. There was, however, no significant correlation between
activity and histological grade, tumor staging, DNA ploidy, or clinical outcome (Mehle
et al., 1996).

Wilms tumors are congenital malignancies that are usually diagnosed in early child-
hood. In these tumors and normal embryonic renal tissue hTR expression was found,
especially in immature epithelium, but not in mature tubules, glomeruli, or renal stroma,
nor in differentiated tissue taken from the kidneys of post-therapy Wilms patients
(Yashima et al., 1998c). Angiomyolipomas, a benign tumor of the kidney, apparently
lack telomerase, but stable cell lines have been derived (by sequential introduction of
SV40 large T antigen and hTERT) for research use (Arbiser et al., 2001).

Gastrointestinal Cancer

Diagnostic use of telomerase has proceeded faster for gastrointestinal cancer (Dlugosz
and Ciechanowicz, 1998) than elsewhere, although the reasons for this are unclear.
Undergoing unseen initial growth and invasion, these tumors have relatively low sur-
vival rates because of inherent delays in diagnosis.

Esophageal cancer, predominantly adenocarcinoma (Blot and McLaughlin, 1999),
has a rising incidence in developed countries (Heath et al., 2000; Pera, 2000) and is
difficult to diagnose early (Chen et al., 1999). Little is known of telomerase in esopha-
geal adenocarcinoma, but it is one of several newer diagnostic approaches (Moreto,
2001). While some studies have concentrated on telomerase and telomere dynamics in
esophageal cancer cell lines (Hu et al., 2000; Kiyozuka et al., 2000a), an increasing
number of studies (de Kok et al., 2000; Koyanagi et al., 2000; Lord et al., 2000) are
focusing on hTR, hTERT, and activity as diagnostic markers. Results are promising.
One study found that “100% of esophageal adenocarcinomas and high-grade dyspla-
sias were strongly positive” for hTR, and expression correlated with transition from low-
to high-grade dysplasia (Morales et al., 1998b). hTERT expression has likewise been
linked to malignant progression and proposed as a marker in esophageal cells (Shen
et al., 2002). Activity, however, is more disappointing. Normal esophageal mucosa have
high baseline activity. While 27/31 (87%) esophageal carcinomas had detectable activ-
ity, so did 21/92 (23%) normal esophageal mucosa. No correlation was found between
activity and stage or outcome (Takubo et al., 1997). Recent work is more sanguine, find-
ing activity in 37/45 (82.2%) esophageal tumors and only 2/40 (5%) normal epithelia
(Li et al., 2002).

Gastric cancers, though in decline, remain a major cause of death. They are linked
to genetic changes (Yokozaki et al., 2001), diet, and infectious agents, predominantly
Helicobacter pylori (Graham, 2000), although there is evidence for viral (e.g., Epstein-
Barr virus) etiology in some patients (Lo et al., 2001). Early detection has improved
survival, but more than 80% of patients still have advanced cancer at diagnosis (Roukos,
2000); Only Japan has been able to improve this statistic through early diagnosis (Palli,
2000). Linked to at least one etiology of gastric cancer (Fang et al., 2001), telomerase
is a target for early diagnosis (Kuniyasu et al., 2000; Yasui et al., 2000 ), but limited
data are available. hTR (Hur et al., 2000) and hTERT (Suzuki et al., 2000; Tahara, 2000)
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are expressed in gastric cancer. Expression of TEP1, hTR, or hTERT probably offer far
less diagnostic leverage than does activity (Kameshima et al., 2000, 2001). Studies
largely agree on the high percentage of activity in gastric carcinomas: 18/21 (86%) in
one study (Furugori et al., 2000), 35/39 (90%) in another (Kakeji et al., 2001), and
56/66 (85%) in a third (Hiyama et al., 1995c). Of tumors in the latter, 8/66 (12%) were
early stage, hence more important in defining diagnostic value of telomerase. Unfortu-
nately, 10/66 (15%) of gastric tumors were undetectable by activity, but gastric lavage
cytology is even less sensitive. Even with gastric wall invasion, cytology was positive
in 9/20 (45%) patients and activity in 10/20 (50%)—not a significant improvement (Mori
et al., 2000).

Activity is frequently but not always present and expression may occur too late to
improve survival as a diagnostic marker. Nonetheless, correlation between activity and
metastasis (and aneuploidy) may help define staging and prognosis. There is a trend for
patients with higher activity to have lower survival (Okusa et al., 1998). These studies
suggest that evidence of activity offers additional prognostic information (Kakeji et al.,
2001) and help in preoperative assessment or staging (Okusa et al., 2000).

Hepatic cancers are common globally (Ulmer, 2000), especially in the Far East.
Hepatocellular carcinoma is linked to viral hepatitis of all types (Matsuzaki et al., 1999),
although mechanisms go beyond simple infection (Zhao et al., 2000b). Rising incidence
in the United States may be attributed to increasing viral hepatitis. That hepatic cancer
is a leading cause of death in Japan (Kakizoe, 2000) may explain the plurality of litera-
ture on telomerase and hepatic cancer from Japanese laboratories.

The most common liver cancers are hepatocellular carcinoma, cholangiocellular
carcinoma, and metastatic colorectal cancer. Current therapy (Ulmer, 2000) for hepato-
cellular carcinoma (surgical resection, limited resection, transplantation, transarterial
catheter embolization, ethanol injection, and microwave coagulation) has limited suc-
cess with high recurrence, costs, and risks. Therapy for cholangiocellular carcinoma is
limited by frequent and extensive lymphatic involvement. Therapy for cancers with liver
metastasesis likewise suboptimal (Kamohara and Kanematsu, 2000). There is con-
siderable impetus for earlier diagnosis and more effective therapies, plausibly gene
therapies, in the near future. Understandably, early results suggesting that telomerase
expression might improve staging and diagnostic reliability (Ide et al., 1996) or pro-
vide an effective therapeutic target have prompted considerable further work.

Overall, literature suggests that hTERT expression is not pathognomonic of liver
cancer but a useful diagnostic adjunct (Erlitzki and Minuk, 1999). Hepatocellular car-
cinomas usually express telomerase (Ide et al., 1996; Golubovskaya et al., 1997; Miura
et al., 1997; Nishimoto et al., 1998; Thorgeirsson and Grisham, 2002). Published ex-
pression figures, based on a variety of approaches, range from a low of 38% (Nouso
et al., 1996) to a high of 100% (Nakashio et al., 1997; Sheu, 1997; Kishimoto et al.,
1998). Regarding hTERT activity, combined data from these and other (Tahara et al.,
1995b; Ohta et al., 1996; Kojima et al., 1997; Huang et al., 1998; Park et al., 1998; Nagao
et al., 1999; Kanamaru et al., 1999; Hsieh et al., 2000) published studies show activity
in approximately 84% of hepatocellular carcinomas. These data are, to a degree, not
comparable: some count only “high” activity, others nodules only <3 cm.

Some authors use semiquantitative hTERT activity measurements in high-grade
hepatic lesions (Kanamaru et al., 1999), which (though employing idiosyncratic scales)
are intriguing. Tumors ≤ 2 cm have approximately half the activity of larger tumors.
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Attempts at using Edmondson-Steiner staging criteria suggest an increase between stages
I and II (out of four stages) but founder on enormous standard errors (Kojima et al.,
1999). Quantitative measures of activity should allow better comparisons and improve
diagnostic (Suda et al., 1998) and prognostic (Ohta et al., 1997) accuracy. Pending re-
liable quantitative measurement, much (Nouso et al., 1996; Urabe et al., 1996; Kanamaru
et al., 1998) but not all of the hepatic cancer data (Tahara et al., 1995a; Ide et al., 1996;
Ohta et al., 1996; Huang et al., 1998; Park et al., 1998) suggest that activity correlates
with staging. Semiquantitative activity increases with tumor stage, from well differen-
tiated to poorly differentiated (Nakashio et al., 1997, 1998; Kishimoto et al., 1998). The
same association occurs between activity and histological grade, portal vascular inva-
sion, and intrahepatic metastasis (Kanamaru et al., 1999), although perhaps not with size
of hepatocellular nodules (Tahara et al., 1995b; Ide et al., 1996).

Fair sensitivity and poor quantitation are not the only diagnostic issues. Specific-
ity is blurred by viral hepatitis and cirrhosis, both associated with hepatic cancer. Nor-
mal liver essentially lacks hTERT activity (Tahara et al., 1995b; Ide et al., 1996; Nouso
et al., 1996; Nakashio et al., 1997, 1998; Park et al., 1998), except from infiltrating lym-
phocytes. Yet hTERT activity occurs in normal liver tissue just beyond tumor margins
(Ide et al., 1996; Ohta et al., 1996; Kojima et al., 1997; Sheu, 1997; Huang et al., 1998;
Kanamaru et al., 1998, 1999; Nagao et al., 1999), with an overall incidence approxi-
mating 18%. This is attributed to currently unappreciated tumor cells, gross portal in-
vasion, or infiltration of the fibrous capsule. Telomerase activity occurs in various hepatic
diseases (Nouso et al., 1996; Nakashio et al., 1997; Ogami et al., 1999). Hepatitis alone
causes activity (Ogami et al., 1999) in 50% of cases (Tahara et al., 1995b). Cirrhosis
likewise causes false-positive activity (Ogami et al., 1999) in one (Park et al., 1998) to
three-quarters (Tahara et al., 1995b) of samples. Activity is occasionally attributed to
adenomatous hyperplasia (Miura et al., 1997), although it is higher in carcinoma (Kojima
et al., 1999). Finally, precancerous nodules have been found positive for hTERT activ-
ity (Kitamoto and Ide, 1999).

The diagnostic value of hTR or hTERT expression or telomere length (TRF) has
also been examined. hTR increases during hepatocarcinogenesis (Ogami et al., 1999),
but potential diagnostic value in vivo is uncertain. hTERT expression might be useful
(Wada et al., 1998). In tissue studies it distinguishes tumor from normal tissue, but clinical
data are needed (Hisatomi et al., 1999). There is no diagnostic value in telomere length:
TRFs change, but not in a way that predicts presence of hepatocellular cancer. TRF
lengths fall in some studies (Urabe et al., 1996; Miura et al., 1997; Nishimoto et al., 1998).
Other studies find that some TRFs lengthen, others shorten (Kojima et al., 1997; Huang
et al., 1998). As cancer progresses, TRFs become predictably and markedly more vari-
able (Nakashio et al., 1998). Increasing variance may reflect a gradual progression from
normal cells, through hepatitis or cirrhosis, to cancer (Urabe et al., 1996; Miura et al.,
1997; Hytiroglou et al., 1998), similar to colorectal cancer progression (Narayan et al.,
2001).

What practical diagnostic benefit do telomerase-related measures offer? The spec-
ter of catching only 85% of hepatocellular carcinomas (and missing one patient in eight)
is alarming, but consider the context: current techniques are worse. Alpha fetal protein
(sensitivity 21%) or angiography (sensitivity 13%), for example (Nakashio et al., 1997),
are no better and are easily surpassed by quantitative telomerase assay (Higashi et al.,
1998). hTERT activity is imperfect, but useful nonetheless.
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Needle biopsy and peritoneal tap (for ascitic fluid) are alternatives to surgical biopsy.
In measuring telomerase activity, needle biopsy may be comparable to surgical biopsy
(Nouso et al., 1996; Miura et al., 1997), especially if contaminating leukocytes are re-
moved (Kishimoto et al., 1998). In one small study, peritoneal ascitic fluid had 76%
sensitivity and 95.7% specificity compared to cytology with 40% sensitivity and 100%
specificity (Tangkijvanich et al., 1999). It correctly identified 13/16 (81%) peritoneal
carcinomatosis, compared to 9/16 (56%) by cytology. It identified 6/9 (67%) hepato-
cellular carcinomas, compared to 1/9 (11%) by cytology. When the issue is malignant
versus nonmalignant ascites, hTERT activity may more sensitive than cytology.

Prognosis is important to patients and oncotherapy planning. Telomerase activity
correlates negatively with disease-free survival rate (p < 0.01; Kanamaru et al., 1999)
and overall patient survival (p < 0.039; Kishimoto et al., 1998).

The other major primary hepatic cancer is cholangiocarcinoma. In cholangiocar-
cinomas induced by carcinogens in animals, telomerase activity parallels carcinogenesis
(Iki et al., 1998). Human data are scant and consider only hTR and TEP; approximately
17/20 (85%) patients with cholangiocarcinoma were positive (Ozaki et al., 1999), with
no correlation with histologic subtype. Telomerase associated protein and hTR, not found
in normal livers, occur in biliary dysplasia, suggesting progression from normal to biliary
dysplasia to cholangiocarcinoma.

Pancreatic cancer, the fifth leading cause of cancer death in the United States, is
linked to tobacco, diabetes, obesity, and lack of physical activity, perhaps via hyper-
insulinemia and insulin resistance (Michaud et al., 2001). Pancreatic cancer has a poor
survival rate, largely due to delayed diagnosis and unresectability; less than 5% of pa-
tients survive more than 5 years (Gapstur and Gann, 2001). Molecular markers (such as
hTERT) in the blood, urine, stool may improve survival by improving diagnosis but
have not been well evaluated (Tascilar et al., 1999). Telomere length may be a valuable
marker (van Heek et al., 2002). In pancreatic cancer cell lines, activity correlates with
other markers for malignancy, such as K-ras (Omata and Tada, 2000), and to clinical
behavior, including angiogenesis and metastasis (Sato et al., 2000a).

Using tissue, 6/8 (75%) pancreatic malignancies were diagnosed by hTERT ex-
pression; 5/8 (63%) were diagnosed by cytology (Morales et al., 1998a). Together, no
malignancy was missed, but false positives occurred with each technique. Real-time
pancreatic fluid assays provide “accurate quantitative measurement of hTERT expres-
sion” and may have diagnostic potential (de Kok et al., 2000); quantitative compari-
sons of hTERT and TEP1 (Yajima et al., 2000) might be better. In contrast to many
other tissues, some workers (Buchler et al., 2001) suggest that hTERT expression is more
sensitive than activity in pancreatic cancer tissues. Expression occurred in 10/20 (50%)
normal tissues, 31/36 (86%) chronic pancreatitis tissues, and 26/29 (90%) pancreatic
cancer tissues; activity occurred in 0/21 normal, 1/36 (3%) chronic pancreatitis, and
10/29 (35%) pancreatic cancer tissues. Expression may have greater sensitivity (90%)
than hTERT activity (35%), but also less specificity (50%) than hTERT activity (100%).
Nonetheless, quantification improved sensitivity of hTERT expression and may offer
additional diagnostic value. Another approach has been to use activity in conjunction
with another marker, such as K-ras. hTERT activity occurred in 11/12 (92%) and K-ras
mutation in 9/12 (75%) of pancreatic cancers. Not found in normal samples, activity
and K-ras mutation were found in chronic pancreatitis. Combining the two methods
resulted in 100% specificity (Myung et al., 2000).
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Telomerase activity in fine-needle aspirate biopsies appears useful in diagnosing
pancreatic cancer (Pearson et al., 2000). Activity in pancreatic juice (endoscopic retro-
grade pancreatography) identified 9/12 (75%) ductal carcinomas, using a retrospectively
chosen threshold (Suehara et al., 1997). Another study identified 13/15 (87%) pancre-
atic cancers by activity (Iwao et al., 1998). A larger study found activity in 41/43 (95%)
pancreatic cancers, 0/11 benign pancreatic tumors, but also in 1/3 pancreatitis samples
(Hiyama et al., 1997b). Activity occurred in 5/3 (14%) putatively normal pancreatic
tissues, but from patients with pancreatic cancer, which may reflect occult microinva-
sion. Ex vivo brushing samples showed activity in 8/8 (100%) pancreatic cancers; but
in 0/4 benign lesions (cystadenoma and pancreatitis). Activity might be useful in diag-
nosing pancreatic cancer, particularly preoperatively (Iwao et al., 1997; Inoue et al.,
2001), but experience is early.

Rarer pancreatic endocrine tumors, including insulinomas (Lam et al., 2000), have
activity in 3/10 (30%), but small sample size offers little to extrapolate from. Relatively
indolent pancreatic endocrine tumors demonstrated activity in only 3/30 (10%) cases;
more aggressive acinar cell carcinomas are more frequently positive (Tang et al., 2002).

Biliary tract cancers had activity in 4/10 (40%) bile samples assayed by fluorescence-
based TRAP, but in 6/10 (60%) in situ tissue samples (Itoi et al., 1999). Cytology and
in situ TRAP assay may be effective, but other diagnostic markers, for example p53,
may be more accurate. Activity occurred in 13/16 (81%) malignant biopsies (percuta-
neous transhepatic cholangioscopy), but achieved 100% sensitivity combined with p53
overexpression. Specificity was 100% for either method in this small sample (Itoi et al.,
2000).

Colon cancer is the second leading cause of cancer mortality in the United States
(American Cancer Society, 1998). Heritable single gene mutations of MSH2, MLH1,
PMS2, or MSH6 (Lynch and De La Chapelle, 1999; Kolodner, 2000; Lamers et al., 2000)
that result in hereditary non-polyposis colorectal carcinoma (HNPCC) allow us to screen
for predilection, but occurrence (in this or other colon cancers) is another matter. Screen-
ing is limited not merely by sensitivity but by patient noncompliance for recurrent ex-
aminations (Frazier et al., 2000). There is a strong correlation between sensitivity—fecal
blood testing, double-contrast barium enema, and colonoscopy—and patient anxiety for
the particular examination. In addition, the most sensitive exam, colonoscopy, is most
expensive.

Early work (preceding even ovarian cancer studies) found telomeres to be shorter
in colon cancer cells than in normal cells from the same patient (Hastie et al., 1990).
Subsequent work showed, as expected in tissues undergoing regular cell division, that
telomeres shorten with age in normal and cancerous colon cells (Zhang et al., 2001a;
Kim et al., 2002c). Nonetheless, cancer cell telomeres shorten faster, losing 50 bp per
year, compared with normal losses of 44 bp per year (Nakamura et al., 2000). Lengths
in familial adenomatous polyposis-associated desmoids do not correlate significantly
with cytology (Middleton et al., 2000), not surprisingly, given the above discussion, and
narrow stage desmoids may represent. In vitro drug-resistant colorectal cells have ac-
tivity and longer telomeres (Kuranaga et al., 2001). In vivo, expression appears early,
even preinvasively, and increases pari passu with tumor progression, in amount of hTERT
per cell and percentage of expressing cells (Kolquist et al., 1998).

Early studies found telomerase activity in colorectal carcinoma, though not in
adenomatous polyps (Chadeneau et al., 1995a), representing an early stage in loss of
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growth control and not in normal mucosa (Yoshimi et al., 1996). This finding suggested
that expression began after adenomatous polyps but prior to frank carcinogenesis, con-
sistent with telomerase being necessary for prolonged divisions but not for initial trans-
formation. Not all studies concur: activity may occur in 33/50 (67%) colorectal biopsies
and correlate with bcl-2 expression but not with staging (Iida et al., 2000). In other stud-
ies, depth of invasion correlates with telomerase index (logarithm of relative activity)
but not with other clinical indices, including age, gender, histologic type, location, lymph
node metastasis, lymphatic infiltration, or Dukes stage (Shoji et al., 2000). Studies
employing competitive reverse transcription polymerase chain reaction (RT-PCR) sug-
gest gradual progression of expression and activity during transformation from normal,
to adenomatous, to malignant cell (Niiyama et al., 2001). Others would stage patients
on the telomerase ratio between normal and colorectal cells (Gertler et al., 2002). One
intriguing approach separates circulating colon carcinoma cells from blood, followed
by telomerase assay. Activity was absent in 30/30 (100%) normal donors, but present
in 8/11 (72%) stage C or D (Dukes classification) colon cancer (Gauthier et al., 2001).
Stool studies have not been published, but might offer better sensitivity.

Telomerase activity has been found in all cell lines of gastric and colorectal can-
cers, as well as in 17/20 (85%) primary gastric carcinomas and 19/20 (95%) primary
colorectal carcinomas, regardless of staging or type. Nodal and peritoneal metastases
and recurrent gastric cancers were likewise positive. Of precancerous lesions, 10/10
(100%) colorectal tubular adenomas were telomerase positive, as were 3/13 (23%) gas-
tric intestinal metaplasias and 1/ 2 (50%) gastric adenomas. Corresponding normal gas-
tric and colorectal mucosa were negative (Tahara et al., 1995a). Moreover, and contrasting
with the lack of activity found in early studies of adenomatous polyps, these and other
results (Mizumoto et al., 2001) suggest that telomerase activation occurs early in gas-
tric and colon carcinogenesis. Some workers suggest that activity may be so crucial to
tumor progression that agents suppressing tumors, such as indomethicin in mice, may
act by suppressing activity (Ogino et al., 1999a, 1999b). Whatever the mechanisms,
activity correlates with clinical colorectal outcome, if not with staging (Tatsumoto et al.,
2000), offering independent prognostic information.

Central Nervous System Cancer

Central nervous system tumors are suspected clinically and diagnosed radiologically,
although other modalities play increasing diagnostic roles. Like other fluids that can be
aspirated (Cunningham et al., 1998), cerebrospinal fluid (CSF) obtained via lumbar
puncture offers diagnostic information. Telomerase expression, and hence malignancy,
can be found on the basis of as few as 10 cells and despite high protein levels or the
presence of leukocytes (Kleinschmidt-DeMasters et al., 1998a) that might themselves
express telomerase. A variety of central nervous system tumors express telomerase,
including medulloblastomas, lymphomas, oligodendrogliomas, and glioblastomas
(Kleinschmidt-DeMasters et al., 1998b). Significant expression is likewise seen in
metastatic tumors, albeit with wide variance and little apparent prognostic implication
(Kleinschmidt-DeMasters, 1998c).

The central nervous system comprises numerous cell phenotypes but, to the sur-
prise of many, glial cells predominate, followed distantly by neuronal cells. Of glial cell
tumors, the most invasive, refractory, and deadly are malignant gliomas (Rich et al.,
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2001). Gliomas escape growth constraints early, especially those imposed by epider-
mal and other growth factors, bestowing a selective growth advantage (Nagane et al.,
2001). Not surprisingly in rapidly dividing cells, telomerase activity was (initially)
demonstrated in 19/19 (100%) oligodendrogliomas and 38/51 (75%) glioblastoma
multiformes, though in only 2/20 (10%) anaplastic astrocytomas (Langford et al.,
1995). Other studies, however, find activity more common, with 9/19 (47.4%) found in
the latter (Chen et al., 2001b). This is borne out by studies finding expression in 5/11
(45%) anaplastic astrocytomas (WHO grade III) and 3/9 (33%) low-grade astrocy-
tomas (WHO grade II). Activity was present in 75% of oligodendrogliomas, but in fully
36/41 (89%) glioblastoma multiformes (WHO grade IV). Normal cell samples showed
no (0/4) activity. Percentage of cells with activity correlates with malignancy stage (Le
et al., 1998) and type (Kleinschmidt-DeMasters et al., 1998b). Recent work suggests
that the degree of activity may predict the course of astrocytomas (Fukushima et al.,
2002). Finally, TRF1 expression is heterogeneously expressed in meningiomas (12/14
samples at varying levels) but is absent (0/6 samples) in anaplastic astrocytomas (De
Divitiis and La Torre, 2001).

Neuroblastomas, in young (median age 2 years) children, are of neural origin but
typically grow in the abdomen or pelvis (Alexander, 2000). The outcome is surprisingly
unpredictable (Shah and Ravindranath, 1998; Maitra et al., 1999): some regress spon-
taneously, some disseminate and are fatal. Gradual improvement in survival over past
decades is partially attributable to distinguishing malignant from benign neuroblasto-
mas (Berthold and Hero, 2000), fitting therapy to disease. Oncologists prefer treating
malignant cases aggressively, avoiding invasive therapies (and inherent complications)
in benign cases.

While malignancy correlates with classical markers, such as ploidy (Kaneko and
Knudson, 2000), telomerase activity appears to effectively distinguish benign from ma-
lignant cells, particularly in work by Hiyama and colleagues. Initial work measured
telomere lengths and, not surprisingly, found variability (1.1 kb to more than 23 kb). None-
theless, shorter telomeres correlate with advanced malignancy, poor prognosis, and in-
creased percentages of dividing cells. The most interesting diagnostic implication was
presence of a subset of advanced tumors with short telomeres and low divisional capacity
that regressed spontaneously (Hiyama et al., 1992). While there was no hTERT activity
in normal adrenal tissues or benign ganglioneuromas, there was activity in 94/100 (94%)
neuroblastomas. Moreover, those with high activity had more unfavorable outcomes than
those with low activity, while three neuroblastomas lacking activity regressed (Hiyama
et al., 1995a). They also found that of 105 untreated neuroblastomas, 23 (22%) had high
activity, 78 (74%) had low activity, and only 4 (4%) had no activity. Genetic alterations
(MYCN amplification or 1p32 loss of heterozygosity [LOH]) correlated with high activ-
ity. Low-activity tumors were generally aneuploid, with trk-A and Ha-ras expression.
Consistent with previous results, three of four tumors without activity regressed sponta-
neously. Hiyama and colleagues proposed that the correlation between aggressiveness and
expression (along with genetic alterations) could be useful to predict prognosis (Hiyama
et al., 1997a). Similar results prompted speculation that telomerase, independent of genetic
alterations, might be a “non-morphologic marker” for neuroblastoma (Joshi and Tsongalis,
1997), particularly in prognosis, allowing therapy to be tailored to the tumor.

Although work focuses on activity, there is a strong interest in genetic correlates
of telomerase. The assumption is that the genetic switches controlling hTERT expres-
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sion may be of as much interest as (and a prime determinant of) activity. One example
is the correlative presence of hTERT splice variants (Krams et al., 2001). In cancer, the
implications of genetic markers correlating with telomerase may strike both directions,
implicating both the causes of expression and independent risk factors for malignant
transformation. Whatever the implication, patients with routine neuroblastomas and
amplification of MYCN gene (detected by differential PCR) and high hTERT activity
have a poor prognosis (Hiyama et al., 1999). Amplification of the hTERT gene, by
contrast, appears rare, occurring in roughly one in eight lung cancers (Zhang et al., 2000).
Mere expression correlates with high activity and poor prognosis. Nonradioisotopic PCR-
based protocols “are rapid and reliable and are likely to be useful” to clinicians in pre-
dicting neuroblastoma outcome (Hiyama et al., 1999). Multifocal neuroblastomas,
however, have more “favorable biological features” and none (0/8) had c-myc gene
amplification or high activity (Hiyama et al., 2000a).

Overall, hTERT activity is probably a useful predictor of outcome in most neuro-
blastic tumors, including neuroblastomas, ganglioneuroblastomas, and ganglioneuromas.
High expression correlates with aggressive behavior; low expression correlates with
tumors of “limited capacity for progression and a favorable prognosis” (Maitra et al.,
1999). Clinicians may lower morbidity and mortality by reserving effective, though
hazardous, interventions for patients in whom aggressive therapy is the lower risk.

An olla podrida of nervous system tumors has been examined for telomerase. In
relatively benign tumors, such as well-differentiated oligodendrogliomas, 5/5 (100%)
were telomerase negative. More malignant tumors have a higher likelihood of expres-
sion: 100% of glioblastoma multiformes, 2/3 (67%) anaplastic oligodendrogliomas, and
10/14 (71%) high-grade astrocytomas (although the latter were heterogeneous across
multiple regions). Of anaplastic astrocytomas, 2/3 (67%) had at least one positive region.
Within oligodendrogliomas, expression correlated with tumor grade. Overall, in adult
glial tumors, expression correlated with grade, age, and vascular endothelial prolifera-
tion, each of which may have implications for using antitelomerase agents in these can-
cers (Kleinschmidt-DeMasters et al., 1998b).

Until now, accurate meningioma prognosis was perplexing “because no clear-cut
correlation exists between aggressive clinical behavior and histological features or karyo-
typic abnormalities” (Langford et al., 1997). The TRAP assay detected telomerase ac-
tivity in 26/52 (50%) meningiomas, but detection rose to 95% in cases classified as
malignant, atypical, or with poor outcome. Of morphologically benign tumors, 3/5 (60%)
telomerase-positive tumors regrew rapidly after initial resection. Moreover, there was a
significant correlation (p = 0.0002) between activity and prognosis. In another study of
meningiomas, activity occurred in 4/13 (31%) malignant meningiomas but in only 1/49
(2%) benign meningiomas (p = 0.006). Telomere lengths were similar: longer telo-
meres (TRFs) were seen in 6/13 (46%) malignant tumors but in only 1/48 (2%) benign
tumors (p = 0.0002). Nevertheless, malignant meningiomas tend to have long telo-
meres while lacking activity (all those with long telomeres lacked activity) or signifi-
cant activity with short telomeres (75% with activity had short telomeres). Malignant
meningiomas apparently require either long telomeres or activity, yet rarely have both
(Chen et al., 2000b, 2001b). Although chromosomal abnormalities (deletion of chro-
mosome 22, 1p, 14q, or 10q, or ring and dicentric chromosomes) are classical menin-
giomas findings, these may be due to telomeric or centromeric instability, precipitating
“progression of chromosome aberrations” (Sawyer et al., 2000).
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While morphology suffices for prognosis of some (particularly the benign) ependy-
momas, others evade current criteria altogether. Initial work suggests that grade III
ependymomas are more likely (p = 0.0.0015) to express hTR than lower-grade tumors
(Rushing et al., 1997). In a single study, telomere length but not activity appears to pre-
dict the course of schwannomas (Chen et al., 2002b).

Other Cancer

Remaining organs are few, data modest. These studies include investigations of osseous,
sarcomatous, adipose, and retinal tissue. There is almost no information on telomerase
as a genetic marker in osteoblastic tumors and that little lacks stochastic significance
(Radig et al., 1998).

Most human cancers are epithelial; published studies reflect this. Tumors with
nonepithelial, connective tissue origins, such as sarcomas, are difficult to categorize and
are given short shrift. Nevertheless, data suggest that telomerase may have diagnostic
value: 30/37 (81%) primary sarcomas samples (and 0/12 controls) had positive activity
(Aogi et al., 2000).

Of 36 malignant and 7 benign liposarcomas in 34 patients, 25/36 (69%) malig-
nant tumors had telomerase activity. None of the seven (0%) benign tumors expressed
telomerase and there was no correlation with age. Poorly differentiated liposarcomas
expressed telomerase; myxoid and round cell liposarcomas had higher activity than
classic low-grade analogs. Tumors expressing telomerase had higher proliferation and
8/8 (100%) recurrent tumors expressed telomerase (Schneider-Stock et al., 1998b, 1999).
Activity and increased c-Myc expression may be “helpful molecular markers for char-
acterizing tumor progression in myxoid liposarcoma” (Jaeger et al., 1999).

Retinoblastoma protein (Rb) is a well-known tumor marker. The eponymous tumor
is a childhood eye cancer easily seen clinically with an ophthalmoscope, even when small.
Cells expressing Rb protein often express telomerase, a correlation that may be less
common in other cancer cell lines. Despite long telomeres, only 17/34 (50%) cell lines
express telomerase, and telomeres were (p = 0.0008) longer in telomerase-negative tu-
mors. This is presumably due to initially long telomeres (these are embryonic tumors),
as well as presence of (marginally) sufficient telomerase activity to maintain but not
lengthen the telomere (Gupta et al., 1996). If telomerase is a relatively late acquisition,
it may have little clinical value.

Head and neck tumors have increased hTERT expression (Soder et al., 1997;
Gisselsson et al., 2002) and probably activity as well (Koscielny et al., 2000a; Zhang
et al., 2001c; Patel et al., 2002). Activity occurred in 10/11 (91%) head and neck tumors
and may correlate with malignant transformation (Henderson et al., 2000b). Squamous
cell carcinomas in this region are probably typical in progressing from genetic damage,
to loss of cell cycle control, to expression and cellular immortality (Scully et al., 2000).
In one series, 25/27 (92%) squamous cell carcinomas had high activity (p = 0.009)
and progression correlated with increased activity (Soria et al., 2001). Other studies
are more equivocal, finding activity in only two-thirds of squamous cell carcinomas
of pharynx and larynx, but suggesting that recurrence correlates with expression
(Koscielny et al., 2000b). An interesting animal model (Chang et al., 2000b) indicates
that expression increases with progression. Most workers postulate that telomerase
has adjunctive (rather than diagnostic or prognostic) value (Curran et al., 2000).
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Investigation of oral tumors and metastases suggests that activity is a good diagnostic
tool (Yao et al., 1999; Sumida et al., 2000; Shimamoto, 2001; Sumida and Hamakawa,
2001).

In nasopharyngeal tumors, expression and level of activity correlate well with car-
cinoma: 25/29 (86%) of nasopharyngeal carcinomas had activity. Telomerase, in a
majority of nasopharyngeal cancers and a smaller percentage of metaplastic samples,
may be a useful diagnostic adjunct (Chang et al., 2000a).

Thyroid neoplasia data are scant, but there is a fair correlation between expression
and malignancy. Using fine-needle aspiration, hTERT was present in 2/7 (29%) hyper-
plastic nodules, 1/1 (100%) Hashimoto thyroiditis sample, 3/8 (38%) follicular adenomas,
3/8 (38%) Hurthle cell adenomas, ¾ (75%) follicular carcinomas, 2/2 (100%) Hurthle
cell carcinomas, and 11/18 (61%) papillary carcinomas (Siddiqui et al., 2001). Noncan-
cerous thyroid cells probably lack activity, except through lymphocytic infiltration. While
many malignant thyroid cells, follicular and papillary, were telomerase positive, vari-
ance was high and some cancer cells lacked activity, even with sensitive assay. More-
over, telomere lengths were often long in telomerase-negative malignant thyroid cells,
indicating that these cells may employ an alternative pathway to telomere maintenance
(Matthews et al., 2001). Some investigators go further, suggesting that nontelomeric
mechanisms, such as RAS-oncogene, play a central role in thyroid malignancy (Jones
et al., 1998). Such results may undercut the reliability of telomerase in thyroid malig-
nancy diagnosis but overall suggest a role in conjunction with other markers, if not in-
dependently (Suzuki et al., 2002).

Initial data on parathyroid tumors (Kammori et al., 2002a) suggest an excellent
correlation between malignancy and telomerase activity and a fair correlation with telo-
mere length as well.

Prognosis

Diagnosis is a tool, not a product. Its value lies in furthering prognosis and interven-
tion; it is difficult to know course and treatment without identification. Prognosis in
cancer derives from a substantial observational database. We greatly narrow prognos-
tic variance using demographic, clinical, and histological data. Certain data, such as
lymph node status and metastasis (Sumida et al., 2000), account for much of the vari-
ance. Does telomerase (whether expression or activity) account for substantial prog-
nostic variance? The answer depends on how telomerase correlates with outcome in either
of two senses. It might be an independent factor or a more easily measured stand-in
marker for another predictive but difficult-to-assess factor. In the latter case it might,
for example, allow us to infer metastatic status without surgical exploration or expen-
sive scanning techniques (Sumida et al., 2000). Except experimentally, only a modi-
cum of data justifies either prospect (Mokbel et al., 2000).

As an independent prognostic marker, there are some grounds for optimism (Urquidi
et al., 1998). Telomerase expression (or level of expression) may not only enable us to
distinguish between benign and malignant tumors (as in neuroblastomas), but it will
help to assess finer gradations of malignancy. This might permit accurate assessment of
risks and benefits of specific surgical approaches (e.g., total versus subtotal mastectomy),
as well as specific radiation and chemotherapy protocols.
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In lung cancer, survival inversely correlates with activity (Kumaki et al., 2001),
but despite claims that it is independent (Komiya et al., 2000), the correlation might be
attributable to comparing poorly differentiated lung cancers (with low survival rates and
high activity) to well-differentiated lung cancers (with higher survival rates). Other stud-
ies confirm the correlation between activity and tumor type (Fujiwara et al., 2000) with
similar prognostic implications. However, within sample of patients with a single type
of lung cancer (e.g., stage I–III non–small cell), activity may not offer additional prog-
nostic information (Hirashima et al., 2000). Despite this, activity may have prognostic
significance in some malignant tissues, such as breast cancers (Simickova et al., 2001).
Other markers may be more direct, but telomerase may be more easily assessed and
practical.

In AML, data suggest that telomerase may serve as both a pre-therapy prognostic
marker and post-therapy efficacy marker (Li et al., 2000c; Preisler et al., 2000), espe-
cially for differentiating chemotherapeutic agents (Zhang et al., 1996). Activity increases
as preleukemic marrow cells increase in proliferative potential (Li et al., 2000b) and
level of activity correlates with prognosis. In one study of 78 patients, the 5 with high
telomerase levels had a poor prognosis (p < 0.05) and activity declined in those with
complete remission, most to normal levels. Two patients who maintained low to mod-
erate activity relapsed. Relapsed patients generally had increased telomerase. Of the
relapsed patients, 2/13 (15%) retained high activity, and 11/13 (85%) had normal to
moderate activity (Ohyashiki et al., 1997a).

This pattern may hold for other telomerase-positive human tumors. Survival rates
for gastric tumors with telomerase activity are lower than those without activity (Hiyama
et al., 1995c). Prostate tumor activity correlates with differentiation and metastasis and
may distinguish the “relatively good from the ugly” prognosis (Wymenga et al., 2000).
In prostate cancers grown on immunodeficient mice, down-regulation of activity (along
with c-Myc and Bcl-2 expression) predicts 9-nitrocamptothecin (9NC)-induced regres-
sion (Chatterjee et al., 2000) and might reasonably be effective in humans. Telomerase
may be a good prognostic indicator in neuroblastomas (Hiyama et al., 1997a). Telo-
mere length is probably less reliable than expression or activity, but in a wide sample of
cancers, short telomeres imply poor prognosis (Hiyama et al., 1998a).

Prognosis includes assessment of interventional efficacy (Terashima et al., 2000).
In vitro, chemotherapeutic efficacy correlates with declining telomerase activity. After
therapy, residual activity may reflect residual tumor cells. Tumor cells resistant to chemo-
therapeutic agents, such as temozolomide or doxorubicin, show no decline in activity
(Faraoni et al., 1997). If this result is typical, activity may predict chemotherapeutic
efficacy and disease status.

Besides being an independent marker, telomerase might serve as a dependent in-
dicator of standard prognostic markers, including metastasis. In AML, activity not only
correlates with known prognostic markers (French-American-British subtypes, cytoge-
netics, leukocytosis) but also with extramedullary involvement (Ohyashiki et al., 1997a).
Metastasis is an issue commonly raised in solid tumors. Theoretical considerations sug-
gest that telomerase might predict chromosomal instability, metastatic potential, and
invasiveness (Pandita et al., 1996). This is supported by in vitro data correlating telo-
mere amplification with invasive and metastatic potential in human and murine cells
(Multani et al., 1999b) and in pancreatic cancer lines (Sato et al., 2001). Clinical corre-
lations have been found in gastric and in colorectal carcinomas: all measured nodal and
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peritoneal metastases were positive for telomerase (Tahara et al., 1995a). A more de-
tailed look at data (e.g., Rudolph et al., 2001) indicates that expression supports chro-
mosomal stability in normal cells (Cui et al., 2002b) as well as early in carcinogenesis
(protecting against malignant transformation), but indefinite cell proliferation late in
carcinogenesis (permitting malignant survival).

Expression in a small series of metastatic nodes and lymphomas has excellent cor-
relation (p = 0.0002) with malignancy. All histologically malignant nodes (17 metastases,
nine lymphomas) expressed telomerase. Metastatic cancer cells had high expression;
germinal centers of secondary follicles had lower telomerase levels, ascribed to acti-
vated lymphocytes (Yashima et al., 1997b). Longer telomere lengths, found in some
lymphomas, raised concern regarding use of telomerase in therapy (Remes et al., 2000),
and the use of expression as an indicator of prognosis. In most cases, B-cell non-Hodgkin
lymphomas express telomerase; activity correlates (p < 0.001) with proliferative index.
Moreover, activity correlates with aggressiveness within each subcategory of lymphoma
(Ely et al., 2000), suggesting utility for prognosis. In Hodgkin disease, activity is fre-
quently increased and cells typically have longer telomeres (Ohshima et al., 2001), al-
though prognostic reliability is unclear.

The utility of telomerase as a marker for prognosis (or therapeutic response) remains
unsettled. Initial data are suggestive but scant and unimpressive. It is likely that expres-
sion and activity will have prognostic value in a substantial number of malignancies.

Therapy

The goal is not diagnosis, but prevention or termination of malignancy. This is much
the same goal—albeit with species, not individual survival in mind—that evolution faces
in selecting mechanisms outlined above. The path to malignancy is barred by a series of
defenses, each of which a malignant cell must overcome, but each defense is also an
opportunity for intervention. Therapeutic research can aim at any of these processes
(Aragona et al., 2000b; Livingston and Shivdasani, 2001), including intracellular tar-
gets such as DNA damage, cell cycle control, growth control mechanisms (Pietras et al.,
1998; Wilson et al., 1999; Pegram et al., 2000), signal transduction pathways, apoptosis,
and telomere stability (Mergny et al., 2001), as well as extracellular targets such as
angiogenesis (Barinaga, 2000; St. Croix et al., 2000; Fyfe, 2000; Hood et al., 2003),
immune function (Pawelec et al., 1999d; Hurwitz et al., 2000), metastasis (Kwon et al.,
1999), and interactions within the extracellular matrix (Boral et al., 1998).

If cancer cells are distinguished by aberrant p53, for example, then perhaps it can
be distinguished therapeutically as well (McCormick, 1999a, 2000). Antibodies attack-
ing cells with aberrant p53 and ignoring normal cells offer enormous therapeutic impli-
cation: apocryphal magic bullets becomes real technological bullets. There are many
features distinguishing cancer from normal cells, each a potential point of therapeutic
intervention. Which of these points are the most effective, safe, and achievable (McCune
et al., 2001)? Cell senescence has several theoretical advantages.

Two points deserve emphasis. The first is that telomerase does not cause cancer.
Telomerase is “not an oncogene” (Harley, 2002). If telomerase permits cells to progress
to clinical malignancy, it is late and permissive, not early and causal. Telomerase is
required for telomere maintenance and continuing cancer cell viability (Hahn et al.,
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1999b; Oulton and Harrington, 2000). This raises the second point: telomerase has two
conflicting roles in carcinogenesis (Hackett and Greider, 2002). Expression (and activ-
ity) not only does not cause cancer, but telomerase is protective under certain circum-
stances, particularly early in the course toward malignancy when genetic stabilization
is critical (Kim and Hruszkewycz, 2001). The genetic instability resulting from critical
telomere shortening permits cancer cells to acquire the multiple genetic aberrations
characteristic of malignant progression (Fouladi et al., 2000), including telomerase
expression (Delhommeau et al., 2002). Early telomerase activity protects the cell against
genetic instability and subsequent clonal expansion (Elmore and Holt, 2000). Caveats
notwithstanding, the potential of telomerase for protecting against these intracellular
mechanisms of oncogenesis stands out. In this, telomerase inhibition may allow unprec-
edented specificity and efficacy (Harley et al., 1994; Morin, 1995; Seachrist, 1995).

Alternative pathways to telomere maintenance (Reddel et al., 2001) may play a role
in normal cell maintenance in yeast (Teng and Zakian, 1999), mice (Blasco et al., 1997a,
1997b), and probably many eukaryotes (Stewart and Weinberg, 2000). One such path-
way may explain why dominant negative telomerase inhibition is spontaneously over-
come in murine cell lines (Sachsinger et al., 2001). Generically, these alternative
lengthening of telomeres (ALT) pathways may include recombination (Harley et al.,
1982; Bryan and Reddel, 1997; Kass-Eisler and Greider, 2000; Cerone et al., 2001) and
copy switching (Dunham et al., 2000), retrotransposition (Reddel, 1998b), or other
mechanisms (Bryan et al., 1997a; Reddel et al., 1997; Hoare et al., 2001). Defects in
mismatch repair, such as those demonstrated in hereditary non-polyposis colorectal
cancer, may enhance survival in cancer cells using such alternate pathways (Rizki and
Lundblad, 2001), such as colorectal (Takagi et al., 2000) or gastric cancers (Kim et al.,
2002d). This may permit malignant progression in the absence of telomerase (Kucherlapati
and DePinho, 2001; Gan et al., 2002). While recombination may maintain telomere length
(Wang and Zakian, 1990b; Chambers et al., 1998; Slijepcevic and Bryant, 1998) by
removing the weakest-link problem, i.e., which chromosome has the shortest telomere
(Tan, 1999; Hemann et al., 2001), the expression level of telomere recombination genes
is unaffected by telomere shortening (Teng et al., 2002) and its result is a greater het-
erogeneity in telomere lengths. If exogenous telomerase expression occurs in cells using
the ALT mechanism, then telomeres are lengthened, but heterogeneity and rapidly fluc-
tuating telomere lengths remain characteristic. The ALT mechanism remains functional
even with demonstrated telomerase activity (Grobelny et al., 2001; Henson et al., 2002).
However, when ALT-positive cells are fused with cells expressing telomerase, the ALT
mechanism is abolished, although apparently not by any direct effect of telomerase
(Perrem et al., 2001). It is difficult to understand how ALT might function in the long
run (when, fluctuations notwithstanding, all chromosomes share equally short telo-
meres), except in conjunction with telomerase (Pluta and Zakian, 1989). One possi-
bility is that excessive recombination may offer a selection advantage, permitting some
cells to extend their replicative lifespan, allowing further recombination to bypass other
barriers to cell division (Shammas and Shmookler Reis, 1999; Klein and Kreuzer,
2002).

While senescence might be signaled by shortest telomere (Hemann et al., 2001)
or mean telomere length (Martens et al., 2000b), the mechanism is likely more com-
plex than either (Ouellette et al., 2000a). Moreover, telomere lengths may be more
heterogeneous in rapidly dividing, telomerase-positive cells, and mechanisms may be
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independent of those responsible for length increase (Londono-Vallejo et al., 2001). The
degree to which recombination is significant in human cells (Newbold, 1999; Dunham
et al., 2000), and particularly cancer cells, remains uncertain and adds uncertainty to
therapies aimed at inhibiting telomere maintenance (Henson et al., 2002). While some
human cancer cells lack activity, the mechanisms maintaining telomere length are un-
known (Reddel, 1998b) and it is arguable whether they can divide indefinitely by such
mechanisms. Barring serendipity, optimal therapeutic efficacy requires thorough under-
standing of telomere function and the protection telomerase affords dividing cells
(Blackburn, 2000a).

Whether the siren promise of telomerase inhibitors will ever be fulfilled (Senior,
2000), its appeal is sans pareil (Dhaene et al., 2000b) as a potential generic oncotherapy
(Hiyama et al., 1997d; Lees and Weinberg, 1999). Its importance in extracellular de-
fenses, notably immune surveillance, is less apparent. Many tumors have characteristic
antigen markers (Pawelec et al., 1999b), but others are immunologically “invisible”
(Pawelec, 1999c; van Elsas et al., 1999; Allison, 2000). Markers notwithstanding, ef-
fective surveillance requires immune competence, which declines with age and cell
senescence (Effros and Valenzuela, 1998). Theoretically, telomerase induction (Liu,
1999) might improve T-cell performance in identifying and destroying cryptic malig-
nant cells. Telomerase inhibition, by contrast, is efficacious for reasons given above
(Cowell, 1999). Inhibition has been approached in creative ways (Kelland, 2001; Helder
et al., 2002; Maser and DePinho, 2002), inhibiting expression, activity, or promoters,
or by telomerase cleavage.

Expression is regulated predominantly as a transcriptional event. Understanding
of telomerase regulation may be crucial to development therapies (Zhao et al., 2000a;
Chatziantoniou, 2001; Tollefsbol et al., 2001). In a series of papers, Kyo’s laboratory
suggested that regulation might be assigned to a 400 bp silencer of the hTERT promoter
(lying between –776 and –378 upstream of the proximal core promoter). Predictably,
inhibition increases as cells differentiate. Mutating the sites increases transcription. A
myeloid-specific zinc finger protein 2 (MZF-2) binds to and down-regulates hTERT
transcription and therefore activity (Fujimoto et al., 2000). A number of metals, zinc
and perhaps cadmium and copper, modulate activity in some human renal cell carci-
noma (NRC-12) and prostatic cancer (DU145) cell lines (Nemoto et al., 2000).

Lack of normal growth factor response, typical of malignant cells, correlates with
telomerase activity. Predictably, at least one growth factor, autocrine transforming growth
factor beta, directly targets hTERT promoter, inhibiting activity and reinstituting se-
nescence in colon and breast cancer cells (Yang et al., 2001a), perhaps by forcing dif-
ferentiation. In an opposite example, glioblastoma cell lines (in 50%, epidermal growth
factor receptor is overexpressed, amplified, or both) transfected with an antisense epi-
dermal growth factor receptor show down-regulated activity, shorter telomeres, and
inhibited tumorigenicity (Tian et al., 2002).

Chemotherapeutic agents affecting transcription might inhibit hTERT transcrip-
tion. Histone deacetylase inhibitors, such as sodium butyrate, induce differentiation and
lower hTERT activity. The effect is probably not mediated directly (Nakamura et al.,
2001a) but by reciprocal effects on c-Myc and Mad1, which may be responsible for
activation (in proliferating cells) and repression (in differentiated cells) of hTERT gene
(Xu et al., 2001a). Differentiating agents, e.g., amifostine and interleukin 4, cause de-
creasing activity, correlating with clinical response (Preisler et al., 2000). Another
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example is all-trans retinoic acid (RA) and granulocyte-macrophage colony-stimulat-
ing factor that together suppress hTERT expression in myeloblastic leukemia cells (Mano
et al., 2000). Retinoic acid (and analogs all-trans RA, 9-cis RA, and 13-cis RA) can
likewise inhibit growth in some human breast cancer lines, probably mediated by down-
regulation of hTERT expression and activity; there is no effect on hTR or hTEP1 (Choi
et al., 2000). Likewise, other chemotherapeutic agents, such as tamoxifen, inhibit ex-
pression (Aldous, 1998; Nakayama et al., 2000; Christov et al., 2003).

Predictably,p53, which is perennially involved in cell senescence (Vaziri et al.,
1997; Milas et al., 1998 Velicescu and Dubeau, 2002), may regulate telomerase expres-
sion. Penclomedine (a synthetic pyridine) may kill telomerase-positive as well as p53-
defective tumors in vitro (Pandita et al., 1997) and the latter effect is implicated in the
former. Promiscuity of p53 in cellular events may mitigate any specific importance for
expression, yet recombinant transfection of wild-type p53 (not control vectors) down-
regulated hTERT mRNA expression and repressed its promoter, followed by decreased
activity (Kanaya et al., 2000). That growth inhibition and apoptosis followed hTERT
repression (rather than the reverse) does not prove causation. Unwitnessed and unmea-
sured intracellular events are the rule: hTERT repression may occur after (and because)
the cell commits to growth inhibition and apoptosis, but before growth inhibition and
apoptosis become apparent.

Although events modulating telomerase expression are largely unknown, some
evidence implicates a growth hormone releasing factor antagonist (MZ-5-156) down-
regulating expression. The compound had no effect on hTR or TP1 in a glioblastoma
cell line (U-87MG) and may offer no clinical leverage in over telomerase (Kiaris et al.,
1999).

There is literature (e.g., Falchetti et al., 1999; Horikawa et al., 1999) on inter-
actionsbetween telomerase and various proto-oncogenes, specifically c-myc, a known
promoter (Cerni, 2000) and one that, at least in some tumors (Sagawa et al., 2001) and
tumor cell lines (Wang et al., 2000b), correlates with hTERT expression. Using 15-mer
antisense c-myc oligonucleotides in three human leukemic lines (HL60, U937, and
K562), antisense c-myc decreased activity in experimental but not control lines, treated
with c-myc sense oligomers (Fujimoto and Takahashi, 1997). Controlling expression
requires exploration and is likely a promising avenue for intervention (Kyo et al., 2000a).

Once expressed, there are two approaches to intervention: increasing turnover (e.g.,
cleavage) or activity inhibition (Hahn and Meyerson, 2001). Hammerhead ribozyme,
“teloRZ,” specifically cleaves synthesized hTR. When tested on cell extracts from HepG2
or Huh-7 (human hepatocellular carcinoma lines), teloRZ inhibited activity, suggesting
its potential (Kanazawa et al., 1996). Hammerhead ribozyme transfection decreased
activity in breast tumors in vitro, as did ribozyme-expressing adenovirus; both increased
sensitivity to topoisomerase inhibitors (Ludwig et al., 2001). Direct application and trans-
fection were effective in vitro against melanoma cells, causing loss of activity and (in
transfected cells) delayed doubling (Folini et al., 2000). Although telomeres lengths may
be unaffected, these and other results (Yokoyama et al., 2000; Qu et al., 2002) support
hammerhead ribozyme inhibition.

One hesitates to portray telomerase inhibition as the usual approach at such an early
stage (Mu and Wei, 2002), yet despite criticisms (Bearss et al., 2000; Ohyashiki et al.,
2002), it is a major avenue of investigation (Kelland, 2000; Herbert et al., 2001b; Kyo
and Inoue, 2001). Research focuses on screening techniques to identify inhibitors
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(Gourdeau et al., 2002; Naasani et al., 2002) as well as assays for expression (Keith et al.,
2002; Salonga et al., 2002) and activity to measure inhibition (Double and Thompson,
2002), by fluorescent (Aldous et al., 2002), TRAP (Burger, 2002; Ohyashiki and
Ohyashiki, 2002), PCR (Emrich et al., 2002; Emrich and Karl, 2002; Nakayama and
Ishikawa, 2002), and other methods (Sun, 2002). Early publications found that telomerase
inhibition limited division of malignant ovarian cells without affecting normal ovarian
epithelial cells (Feng et al., 1995). Some inhibitors, e.g., heavy metals including arsenic
(Chou et al., 2001), platinum (Blasiak et al., 2002), and lead (Cui et al., 2002a), are
nonspecific and induce damage to chromosomal ends. This highlights the current foci,
which are not efficacy but specificity, stability, and safety. Succinctly, the hurdle is going
from in vitro to in vivo performance. In vitro (van Steensel et al., 1998; Wang et al.,
1998a; Karlseder et al., 1999) performance is impressive and expected given the role of
telomerase in tumor viability (Herbert et al., 1999; Zhang et al., 1999a).

Transfection of a competitive mutant employs an ineffective, mutant telomerase
gene that kills tumor cells (Hahn et al., 1999b), for example, hepatoma cells (Zhang
et al., 2002b). Human cancer cell work shows efficacy at stemming cell proliferation
and tumor growth despite simultaneous wild-type activity and stable telomere lengths
(Hodes, 2001; Kim et al., 2001c). A dominant negative mutant of telomerase suppressed
(p < 0.025) spontaneous immortalization of breast epithelial cells from women with Li-
Fraumeni syndrome (Herbert et al., 2001a).

Direct inhibition, in which a specific telomerase inhibitor is added to the cell me-
dium, is more common (Herbert et al., 1999). Telomerase inhibitors cover a wide gamut
including peptide nucleic acids, 2'-O-MeRNA oligomers (Corey, 1998), antisense telo-
meric RNA (Cowell, 1998), and serendipitous inhibitors (antibiotics, chemotherapeutic
agents, etc.).

One such inhibitor, antisense phosphorothioate oligonucleotide (PTO) used on
human prostate cancer cells (Schindler et al., 2001), reduced cancer cell viability but
required 2 weeks of continual in vitro cell exposure. Oligonucleotide N3'→P5' phos-
phoramidates have been used against human breast cancer cells and showed slow but
significant inhibition (Brittney-Shea et al., 2002). Similarly, 2'-O-alkyl (e.g.,
2-methoxyethyl) oligonucleotides (Chen et al., 2002d), complementary to the hTERT
RNA template region, have shown long-term (7-day) inhibition in cell extracts and may
be tried clinically (Elayadi et al., 2001; Corey, 2002). In a slightly different approach,
antisense oligonucleotide to hTR induces apoptosis of prostate tumor cells, but not normal
fibroblasts. In mice, this induced apoptosis and suppressed tumor growth (Kondo et al.,
2000), with parallel results for in vivo tumors (Cowell, 1999). Antisense hTR oligo-
nucleotides were also effective in ovarian cancer cells (Yatabe et al., 2002), gastric
carcinomas (Yang et al., 2002a), and nasopharyngeal carcinomas (Zhang et al., 2002e).
Similarly, a 19-mer antisense hTR reduced viability in seven human bladder cancer lines
without affecting normal human fibroblast growth. The compound induced (caspase-
dependent) apoptosis in human bladder cancer cells grown subcutaneously in mice (Koga
et al., 2001b). The stability and efficacy of oligonucleotides support their oncotherapeutic
potential (Dapic et al., 2002).

Peptide nucleic acids (PNAs) take telomerase out of circulation by mimicking telo-
meres, binding hTR, and inhibiting the activity of telomerase molecules that would other-
wise bind normal telomeres. Depending on the sequence, they can inhibit activity in the
picomolar to nanomolar range. They are 10- to 50-fold more efficient than analogous
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phosphorothioate oligomers. Not surprisingly, some sequences are ineffective (Villa
et al., 2000a). Despite early work on mice, oligonucleotides (Brand and Iversen, 1996)
may be less effective than PNAs. As a class, PNAs have higher affinity and better speci-
ficity than oligomers (Norton et al., 1996; Hamilton et al., 1997) and are effective
(Autexier, 1999). Tumor suppression is controllable, indeed reversible, confirming ef-
ficacy. Moreover, when the template is block by complementary PNA oligomers, im-
mortal cells revert to senescent growth arrest (Shammas et al., 1999).

Antisense nucleic acids and oligonucleotides (Delihas, 2001) have been used with
the same rationale, though with limited results. In vitro, this approach effectively
(p < 0.001) suppressed spontaneous immortalization in breast epithelial cells from
women with Li-Fraumeni syndrome (Herbert et al., 2001a). Using a retrovirus con-
taining UUAGGG (complementary to the hTR template), immortalized murine fibro-
blasts, human HeLa cells, and human kidney carcinoma cells showed at least 75%
inhibition, but in only half the cell lines. Although correlating with characteristics of
cell senescence (morphology, proliferation capacity, growth rate and telomere content),
unreliability precludes clinical use (Bisoffi et al., 1998). However, a 2', 5'-oligoadenylate
antisense oligonucleotide against hTERT RNA inhibited in vitro ovarian cancer cells
without affecting normal ovarian epithelial cells (Kushner et al., 2000). This was effec-
tive against human glioma cells in vitro, especially paired with conventional cisplatin
therapy (Kondo et al., 2001). Cisplatin itself shortens telomeres but may have little direct
effect on telomerase (hTERT, hTR, or TEP1) components, at least in human hepatomas
(Zhang et al., 2002d). Normal-sense telomere oligonucleotides alter the telomeric struc-
ture and may also have a therapeutic role (Pandit and Bhattacharyya, 2001). These
telomere-mimicking oligonucleotides inhibit tumor growth in telomerase-positive tumor
cell lines; efficacy correlates with oligonucleotide length (Saeki et al., 1999).

Current chemotherapeutic agents work through a plethora of mechanisms. As
some restrict cell proliferation, they may predictably disrupt telomere maintenance
or affect inhibition (Huang et al., 2001). The two effects are separable: genistein (4,5,7-
trihydroxyisoflavone) appears to have no effect on activity, but enforces telomere
shortening in cancer cells by preventing hTERT access to the nucleus (Alhasan et al.,
2001). In some, though not all (Kubota et al., 2000b; Vietor et al., 2000), cases, these
may prove to be the primary mechanism of action. Certain pro-apoptotic agents (stauro-
sporine, thapsigargin, anti-Fas antibody, and some cancer chemotherapeutic agents
including ara-C) cause telomere cleavage and aggregation, arrest cells in G2/M phase,
fragment DNA, and induce apoptosis (Multani et al., 2000). Some agents may dis-
rupt telomere maintenance, but many differentiation-inducing and antineoplastic
agents inhibit activity (Pathak et al., 1998; Li et al., 2000b; Preisler et al., 2000).
Widely used chemotherapeutic platinum compounds, for example, probably inhibit
telomerase (Blasiak et al., 2002); other heavy metals have inhibitory (lead) or protec-
tive (selenium) effects on activity and telomere maintenance (Cui et al., 2002a). De-
clining telomerase activity often predicts response to standard oncotherapeutic agents
(Faraoni et al., 1999; Preisler et al., 2000). In ovarian cancer cells, hTR expression
correlates with sensitivity to chemotherapeutic agents, including cisplatin, etoposide,
CPT-11, and cyclophosphamide/ifomide (Kiyozuka et al., 2000b; Kikuchi, 2001).
There is no correlation between chemotherapy response and prior activity or mean
telomere lengths. Of ovarian cancers failing, however, 7/11 (58%) showed increased
hTERT expression (Takahashi et al., 2000).
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At least one demethylating agent, 5-azacytidine, transcriptionally represses a pro-
moter (Kitagawa et al., 2000). Bromodeoxyuridine represses telomerase (without al-
tering telomere lengths) and induces multiple markers of cell senescence, including
b-galactosidase, fibronectin, collagenase I, p21(wafl/sdi-1), and mortalin (Michishita
et al., 1999). Other currently used agents inhibiting telomerase include 6-mercaptopurine,
6-thioguanine, and abacavir (Tendian and Parker, 2000). Telomerase inhibition may be
more prevalent than we appreciate. Antineoplastic compounds may include natural
telomerase inhibitors, such as the epigallocatechin gallate in tea (Naasani et al., 1998),
or verbascoside, a phenylpropanoid glucoside extracted from Pedicularis striata Pall
(Zhang et al., 2002a). Such compounds and their synthetic derivatives (Seimiya et al.,
2002) are not standard chemotherapeutic agents but are known to have antineoplastic
effects and concomitantly inhibit telomerase.

Azidothymidine and carbovir, which are reverse transcriptase inhibitors, can block
telomerase function (Kazimirchuk et al., 2001). Indeed, these drugs (especially azido-
thymidine) induce cell senescence in some cultures and immortal murine fibroblasts
and macrophages, though not immortal 3T3 Swiss cells (Kazimirchuk et al., 2001).
Although these drugs cause telomere shortening in certain human tumor lines (U-937
and MeWo), they do not result in cell senescence. Cells undergo initial crisis, become
resistant, and replication resumes. High activity correlates with resistance to reverse
transcriptase inhibitors (Yegorov et al., 1999).

Cisplatin and TMPyP4 (a porphyrin-derived compound) may interfere with telo-
merase activity (Grand et al., 2002). Prior to treatment, MCF7 breast cancer cells had
one-third the activity of a reference HeLa cell line. Telomere lengths showed enormous
variance but did not correlate with telomerase levels. Perhaps implicating an alterna-
tive pathway for telomere maintenance, it might imply only significant variance (with
declining lengths) in malignant cells not expressing telomerase and equal variance (with
maintained lengths) in malignant cells that do. Whatever the implication, attempts to
assess the efficacy of telomerase inhibition in terms of simple telomere lengths (Remes
et al., 2000) are misguided; efficacy must be practical, e.g., retardation of cancer cell
growth. Cisplatin and TMPyP4 down-regulate activity in these cancer cells and appear
to prevent cell proliferation (Raymond et al., 1999). TMPyP4 effects appear unrelated
to known antiangiogenic properties of porphyrins (Izbicka et al., 2000). Despite clinical
utility, cisplatin has no apparent effect on telomere length in nasopharyngeal tumors (Wang
et al., 2001d) but causes direct telomere loss in Saccharomyces cerevisiae (Ishii et al., 2000).
In combining cisplatin with telomerase induction to target human glioma cells in vitro,
the two approaches may be complementary and may target semi-independent mecha-
nisms, perhaps including apoptosis (Kondo et al., 2001).

Radiation therapy can have similar effects on telomerase activity in some cancers
in vivo. In rectal cancer, activity fell in 8/10 (80%) patients, remained constant in one,
and went from no to weak activity in one patient (Kim et al., 2000). The mechanism is
unknown, but some data suggest a strong negative correlation between telomere length
or stability and radiation sensitivity in breast cancer and normal patients (McIlrath et al.,
2001). This is reminiscent of the effects of telomerase in preventing chemotherapeutic
efficacy in agents inducing double-stranded DNA breaks (Lee et al., 2001c).

Some antibiotics (currently “lead compounds” rather than therapeutically useful)
inhibit telomerase. These antibiotics include rubromycins and analogues, especially b-
andg-rubromycin and purpuromycin (Ueno et al., 2000), distamycin (Zaffaroni et al.,
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2002), doxorubicin (Zhang et al., 2002c), and adriamycin, which induces senescence
by inhibiting both telomere function (Elmore et al., 2002a) and telomerase (Kunifuji
et al., 2002).

Many feel that “the stage is now set for the chemist” (Cech, 2000), and computer
modeling of telomerase inhibitors is in progress (Jenkins, 2000; Ren et al., 2002). One
target is the G-quartet, unique structural features of quadruplex telomeric DNA (Han
and Hurley, 2000; Read and Neidle, 2000; Koeppel et al., 2001; Mergny et al., 2001)
which bind telomere-associated proteins (Parkinson et al., 2002) and block telomerase
action. Not surprisingly, given the importance of structural shape (Shafer and Smirnov,
2001), binding depends on stearic factors (Kettani et al., 2000; Izbicka et al., 2001;
Tuntiwechapikul and Salazar, 2001). This may render telomerase inhibition based on
stabilizing the quadruplex structure sensitive to oxidative changes (Szalai et al., 2002).
Quadruplex-stabilization compounds have good in vitro efficacy, including 3,6,
9-trisubstituted (Read et al., 2001) and other (Alberti et al., 2001) acridines. Numer-
ous small molecules (Newbold, 2002) ranging from anthraquinones to porphyrins,
acridines, and complex polycyclic, aromatic chromophores (Neidle and Read, 2000–
2001), and quinolines (Riou et al., 2002) inhibit activity, even at submicromolar con-
centrations, by stabilizing this guanine-rich structure (Neidle et al., 2000; Gowan et al.,
2001, 2002) and their inhibition is detectable by TRAP assay (Gomez et al., 2002). In
some cases, inhibition occurs through suppression of c-myc (Simonsson and Henriksson,
2002). Some (Kerwin, 2000) suggest that direct binding to quadruplex telomeric DNA
(e.g., perylene diimides that may be noncytotoxic, G-quadruplex–selective, telomerase
inhibitors) might result in quicker antiproliferative effects and faster clinical response.
Response time has been raised repeatedly and data support an advantage for quadruplex-
binding telomerase inhibitors (Raymond et al., 2000; Rezler et al., 2002).

Identification of telomerase-positive cells allows not merely inhibition but tar-
geted killing based on this defining feature. This supposes that exceptions (telomerase-
positive normal cells and telomerase-negative malignant cells) will not be clinically
significant, an expedient supposition, but one requiring evaluation. If we reintroduce
susceptibility to apoptosis, e.g., if hTERT gene promoter is used as such a marker for a
caspase-8 expression vector, then the results would demonstrate in vivo (in mice) and
in vitro (without measurable effects on normal fibroblast cells) tumor inhibition via
induced apoptosis of cancer cells (Koga et al., 2000). The same laboratory employed a
similar technique with caspase-6 (Komata et al., 2001b) and with Fas-associated pro-
tein with death domain (FADD; Koga et al., 2001a). In a parallel approach, hTERT
promoter induced expression of transfected Bax gene, causing tumor-specific apoptosis
in vitro (Gu et al., 2000). Similarly, hTERT promoter induced expression of FADD in
malignant human glioma cells transfected with hTERT/FADD construct. Overexpression
normally induces apoptosis, regardless of surface expression of Fas. Experimentally, it
kills hTERT-positive malignant glioma cells, sparing normal, hTERT-negative cells
(Komata et al., 2001a).

A second approach, targeting telomerase-positive cells for cytotoxic immunity,
assumes that telomerase approximates a “universal” tumor antigen (Greener, 2000;
Rousseau and Soria, 2000; Schultze et al., 2001). Precursor cytotoxic T lymphocytes
are antigenically stimulated with telomerase (Heiser et al., 2000; Morse and Lyerly, 2000;
Vieweg, 2000) or hTERT-derived peptides (Arai et al., 2001). Monoclonal antibodies
can also be produced in mice immunized with telomerase from breast tumor cells (Kaur
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et al., 2001). Immunologic approaches have been proposed for plasma cell dyscrasias,
including multiple myeloma and Waldenstrom macroglobulinemia (Treon et al., 2000).
Precursor cytotoxic T lymphocytes, stimulated with telomerase peptides from prostate
cancer cells, lyse human cancer cells in vitro. In vivo, hTERT-specific cytotoxic T lym-
phocytes have been generated in transgenic mice (Minev et al., 2000). hTERT-specific
lymphocytes are found in prostate cancer and normal patients, but in vivo efficacy of
univalent antigen therapy is unproven. Polyvalent antigens may lyse more effectively
than univalent antigens, e.g., in prostate cancer (Heiser et al., 2001b). Superior efficacy
of multiple antigens for dendritic cell stimulation has been shown in renal cell carcinomas
(Nair et al., 2000b; Heiser et al., 2001a). hTERT-specific cytotoxic T lymphocytes,
however, are active against multiple unrelated tumors. Murine cytotoxic T lymphocytes
lyse melanoma and thymoma tumor cells, as well as inhibiting many other tumors; human
cytotoxic T lymphocytes not only lyse cells transformed by Epstein Barr virus (EBV),
but also renal and prostate cancer cells (Nair et al., 2000b). Even here, however, polyvalent
antigens were more effective than hTERT alone. Claims of a universal cancer vaccine are
premature and exaggerated, but deserves the research it will doubtless inspire.

A third approach makes hTERT expression lethal. An expression vector for diph-
theria toxin was linked to hTR and hTERT transcriptional regulatory sequences in bladder
and hepatocellular cancer cells. Protein synthesis correlated inversely with hTR or
hTERT transcription (Abdul-Ghani et al., 2000). Similarly, herpes simplex virus thy-
midine kinase gene controlled by hTERT promoter (a hTERTp/TK cassette) sensitizes
human osteosarcoma cells to ganciclovir. Osteosarcoma cells expressing this cassette
were eradicated from mice by ganciclovir (Majumdar et al., 2001).

Current interventions are tantalizingly, yet only partially, effective. Specific
telomerase inhibitors are likely candidates for cancer intervention. Remaining obstacles
fall into two categories: technical and clinical. It is technically difficult to identify ef-
fective agents that can be reliably delivered to malignant cells. Clinical use requires not
only efficacy but relative safety in living patients. Clinical efficacy has been demon-
strated in oncotherapeutic agents that, serendipitously, inhibit telomerase. Varying widely
in efficacy and safety, their clinical profiles are known, but whether their efficacy de-
pends significantly on telomerase inhibition is not. Current use grants them retroactive
cachet in regard to clinical efficacy. Cachet does not, however, extend to new telomerase
inhibitors. Telomerase inhibitors may be strikingly effective in vitro (Hahn et al., 1999b;
Sasaki et al., 2001) without being stable, safe, and effective in vivo.

Drug kinetics depend on several variables, notably absorption, distribution, deg-
radation (or excretion), and (in some compounds) metabolism from inactive to active
moiety. Useful agents must be deliverable, survive for a sufficiently long period in the
face of enzymatic degradation, liver metabolism, and/or renal excretion, not interfere
with other cellular and intercellular activity, and enter the cell wall and nuclear mem-
brane with good solubility. Binding coefficients, mode of action (irreversible or merely
competitive), and hTERT turnover rates all affect pharmacokinetics, and while these
may be smaller problems than we fear (Neidle and Kelland, 1999; Damm et al., 2001),
only data, particularly in vivo, can address these concerns.

Pure pharmacokinetics is not the central timing issue, however. Effective inhibi-
tion might require high intracellular concentrations for weeks or months, as telomeres
erode sufficiently to induce crisis. Bluntly stated, even given optimal pharmacokinetics,
will the compound kill the cancer before cancer kills the patient? The rapidity with which



CANCER 119

a candidate telomerase inhibitor can kill tumor cells is crucial. Given the little we know,
time courses are likely to be weeks to months rather than days to hours. Cancer cells
must senesce sufficiently to undergo cell crisis. This is not likely to occur rapidly (Sidorov
et al., 2002), compared to the pace of current chemotherapy. Onset of many chemo-
therapeutic regimens correlates with time to initial cell division, rather than time to se-
nescence. The dependence of telomere shortening on cell division suggests that inhibitors
may be more effective on faster-growing, more malignant tumors (Sidorov et al., 2002).
The question is not speed of drug action or rate of cell division, but the ratio between
the two, a match we know next to nothing about. Ironically, some data suggest loss of
telomere capping, rather than telomere shortening, might be the critical effect. Human
ovarian cancer cells, transfected with a ribozyme against hTERT, die rapidly prior to
significant division or telomere loss, perhaps by apoptosis. This fast-track mechanism
may have clinical relevance (Saretzki et al., 2001); its effect on the ratio of malignant
death to malignant growth will remain unknown pending clinical trials (Lavelle et al.,
2000). None of the above establishes inhibitors as a magic bullet (Soria et al., 1998), or
more prosaically, tells us their therapeutic ratio.

Nor do we know the incidence of side effects on germ line cells, stem cells (Rubin,
2002a), and other cells (such as lymphocytes) that, as telomerase-positive normal cells
(Burger et al., 1997), are hypothetically at risk (Fossel, 1996, 1998c; Sasgary et al., 2001).
In advanced-cancer patients, immune changes inhibit lymphokine-activated killer cells,
as well as telomerase activity and population doublings (Minami et al., 2001). Such
curious findings aside, theoretical considerations suggest that risk may be minimal (Holt
et al., 1996b): normal somatic cells probably have longer telomeres than cancer cells
and normal stem cells express telomerase transiently (not constitutively) upon stimula-
tion (Englelhardt et al., 1997). Telomerase inhibitors used against telomerase-positive
cancer cells (Zhang et al., 1999b) might be administered over limited spans (hours to
weeks?), limiting the impact on telomerase-positive somatic cells (Holt et al., 1996b).
Somatic cell telomeres might shorten more than usual, but cancer cells have shorter
lengths than normal, bordering cells (Shay and Gazdar, 1997). Cancer cells are on the
edge of senescence. Telomerase inhibition should (even with equal division rates) pref-
erentially kill cancer cells.

Unfortunately, not all cancer cells have shorter telomeres, nor is there a simple or
necessary correlation between length and stage of malignancy (Pandita et al., 1996).
Some lymphomas (Remes et al., 2000) and prostate cancers (Ozen et al., 1998) have
longer telomeres (TRFs) than normal fibroblasts. Prostate cancer cells demonstrate
hTERT activity, stronger telomere signals, and lower apoptotic indices than normal
surrounding cells. (Ozen et al., 1998). Longer telomere lengths raise the issue of whether
telomere inhibition will be effective in such cells (Remes et al., 2000).

Even the lack of telomerase in most somatic cells does not mean telomerase in-
hibitors may not harm them. Penicillin, which inhibits bacterial b-lactam cell wall pro-
duction, causes seizures in contact with mammalian cortex. The effect is unrelated to
the primary action and intent of penicillin. Equally, telomerase inhibitors may have
unpredictable side effects on somatic cells, unrelated to their effect as telomerase in-
hibitors. Initial data (Rha et al., 2000) confirm unexpected effects from a G-quadruplex
interactive porphyrin (TMPyP4).

Collectively, these issues raise the question of coordinate therapies: surgery, ra-
diation, and standard chemotherapy. Telomerase inhibition might function without
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adjunct, but is more likely to be employed adjunctively, e.g., “mopping up” after surgi-
cal excision or debulking, or increasing efficacy of other chemotherapeutic regimens
(Helder et al., 1999; Villa et al., 2000b; Ohyashiki et al., 2002). This is a characteristic
shared with other potential therapies, e.g., growth factors (Slamon, 2000) or p53
(McCormick, 2000). In vitro, chemotherapeutic agents are more effective when com-
bined with telomerase inhibitors (Misawa et al., 2002).

Nonetheless, telomerase inhibition has remarkable potential and, while conserva-
tive prediction is appropriate, may become the most effective oncotherapy. Even ful-
filling its promise, success would be balanced against costs (Newbold, 1999). Current
oncotherapeutic regimens incur substantial clinical costs. We must watch for the risks
and trade-offs of telomerase inhibitors (Faraoni and Graziani, 2000; Sasgary et al., 2001),
despite theoretical considerations suggesting risks are minimal. Context is important:
not simply risks and benefits, but risks and benefits relative to current—significant and
daunting—oncotherapies. We cannot scoff at the risks, but there is considerable room
for improvement.

The opposite intervention, telomerase induction, deserves comment here. This
issue is raised by the remainder of this text, which considers the potential use of this
intervention in other age-related diseases. Senescence is normally dominant (Loughran
et al., 1997) and immortalization requires subversion of dominantly acting genes (Parkinson
et al., 1997). If shortening telomeres can arrest cancer cell division, what is the risk of
lengthening telomeres therapeutically? If we extend telomeres to prevent cell senescence
and associated age-related diseases, do we increase the risk of malignancy? To an ex-
tent, concern over telomerase induction arises through a misperception. Perhaps required
for malignant cell survival, telomerase does not cause malignancy. This is most clearly
seen in studies of hTERT immortalized human keratinocytes (Matsui et al., 2000), fibro-
blasts, and retinal pigmented epithelial cells that still retain normal growth controls (Jiang
et al., 1999; Dickson et al., 2000; Franco et al., 2001) and exhibit no characteristics of
malignant cells (Bodnar et al., 1998; Beeche et al., 1999). hTERT expression has no
effect on growth potential or the cell cycle checkpoints (Cerni, 2000), nor on normal
cellular responses to viral infection (McSharry et al., 2001).

The initial landmark paper (Bodnar et al., 1998) showed that telomerase trans-
fection effectively extended human cell lifespan without malignant transformation,
evidenced by karyotype, contact inhibition, growth in low-serum, and other gross
phenotypic or morphologic changes. This same point has been addressed repeatedly
since that time (e.g., Harley, 1998a; Jiang et al., 1999; Franco et al., 2001). Results re-
main uniformly negative, other than extended cellular lifespan. Malignancy is often as-
sociated with genomic instability (O’Hagan et al., 2002), but hTERT immortalized
human fibroblasts maintain normal genomic stability, as evidenced by DNA mismatch
mechanisms (Roques et al., 2001). The same effect is seen in renal carcinoma cells, in
which hTERT activity correlates with genomic stability, DNA ploidy, and telomere
lengths (Izumi et al., 2002). Malignant transformation requires additional viral or chemi-
cal mutagens (Hahn et al., 1999a; Gonzalez-Suarez et al., 2001). Telomerase may be
necessary, but is not sufficient for malignant transformation.

In fact, telomere shortening and senescence may increase risk of carcinogenesis
(Campisi, 1997a), independent of immune aging. Predictably, telomerase expression with
cell immortalization should lower intracellular risk of malignant transformation by
stabilizing the genome (Counter et al., 1992). Experimentally, hTERT immortalization
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confers and is correlated with genetic stability (Amit et al., 2000). The opposite, greater
genetic instability, occurs when human bronchial cells are transformed by human
papillomavirus type E6 and E7 genes (Coursen et al., 1997), although this technique
immortalizes human retinal (and other) cell lines without affecting stability (Roque et al.,
1997). hTERT immortalized cells, however, have a predictable increase in genomic
stability (Counter et al., 1992; Golubovskaya, 1999). Suggestions to the contrary not-
withstanding, telomerase increases genetic stability, arguably lowering risk of clinical
malignancy.

Our knowledge of cell senescence offers two final benefits to cancer patients, via
monoclonal antibody production and marrow transplantation. First, multiple inherently
unstable cell lines produce commercial monoclonal antibodies for cancer (as well as
other) therapy. Telomerase promoters would extend cell line survival of normal B cells,
avoiding instability and unpredictability problems in hybrid-cell sources (Krupp et al.,
2000a, 2000b). Epstein-Barr virus transformation of B cells may occasionally result in
immortalization and drastically increased telomerase expression, but also yields chro-
mosomal instability (Okubo et al., 2001). Second, bone marrow transplant is employed
for severe aplastic anemia (Molee et al., 2001) or in radiation or chemotherapy. Marrow
cells (or circulating stem cells) are harvested, then returned after radiation or chemo-
therapy to reconstitute immune and/or hematopoetic function. Reconstitution requires
cell division, hence accelerates cell senescence (Shay, 1998b), typically the equivalent
of 40 years of additional aging of marrow cells (Moore, 1997; Wynn et al., 1998), al-
though with considerable variance (Schroder et al., 2001). Stem cell proliferative po-
tential may not be significantly compromised (Mathioudakis et al., 2001). Initially
accelerated telomere loss, with wide fluctuations during the first year (Thornley et al.,
2002b), returns to normal within two decades (de Pauw et al., 2002). Telomerase might
increase the take of marrow transplantation or permit serial marrow transplantation, and
the use of selected stem cell populations for this procedure appears to prevent telomere
attrition, presumably through cytokine-induced telomerase expression and subsequent
telomere maintenance (Roelofs et al., 2003).

Despite understandable eagerness to employ telomerase inhibition in human can-
cers, there is much we do not understand (Robinson, 2000; Bibby, 2002). These gaps
include mechanism (Saretzki et al., 2001) and clinical outcome. Efficacy, even if un-
arguable in vitro and then proven unambiguously in vivo, is only one facet in determin-
ing a drug’s clinical value (Double, 2002). We have substantial theoretic reasons to
suspect that telomerase inhibition will be clinically effective (Meyerson, 2000; Perry
et al., 2001; Granger et al., 2002), but we lack clinical proof or clinical assessment of
safety (Newbold, 1999; Steenbergen, et al., 2001). This is not a cause for suspicion, but
further investigation. Measured enthusiasm is warranted; celebration is not.
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C H A P T E R 6

Parasitic Disease

Pathology and Incidence

Save cancer, most diseases discussed in this text are those in which senescing cells result
in human age-related pathology. Parasitic disease, however, results from cells that
maintain telomeres and avoid senescence. Here, alone among all others discussed, the
cells involved are not human, but invaders. The parallel with cancer remains valid, the
more so in sharing a potential intervention: telomerase inhibition.

The shortness of the chapter is no reflection of the significance of parasitic dis-
ease—global in scope, high in incidence—but of the paucity of interventional data on
cell senescence in parasitic disease. Much may be inferred, little is known. The notion
that cell senescence has a role derives not from parasites undergoing senescence but
from unicellular parasites not doing so. With two caveats, we might treat parasitic in-
fection by enforcing cell senescence in unicellular parasites (Fossel, 1996; Cano et al.,
1999).

The first caveat is that bacteria, technically unicellular parasites, are irrelevant to
this discussion. Their ring (not linear) chromosomes do not have, let alone lose, telo-
meres and the cells do not senesce. Unfortunately, considering the morbidity and ubiq-
uity of bacterial infections, this removes them from this discussion.

The second caveat is that many common parasites are not unicellular, but multi-
cellular. These share many of the mechanisms of linear chromosome replication with
larger organisms, such as vertebrates, including somatic cell senescence and organismal
aging. To the extent that this is accurate, telomerase inhibitors will offer few therapeutic
benefits. Our discussion ignores multicellular ones, despite their incidence and clinically
significance. This excludes platyhelminthine (flatworm) parasites such as trematodes
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(flukes) and cestodes (tapeworms such as Taenia and Echinococcus), despite their
clinical importance. Worldwide, trematodes such as Schistosoma mansoni (the intes-
tinal fluke), S. japonicum (the blood fluke), and S. haematobium (the liver fluke) infect
about two hundred million people. Schistosoma haematobium infection (bilharziasis)
causes bladder cancer in Egypt and other developing countries (Abdel-Salam et al.,
2001). Lung flukes (Paragonimus westermani), tapeworms, roundworms (Nematode
diseases, as in onchocerciasis), pinworms, hookworms, whipworms, thorny-headed
worms, guinea worms, Wuchereria, Loa, Trichinella, and arthropods (scabies, lice, etc)
are all excluded.

Is there anything left? Despite these caveats, this leaves a robust category of dis-
ease and human suffering. Unicellular parasites with linear chromosomes comprise some
of the most common and daunting diseases of humankind. Each one is protozoal. They
include malaria, trypanosomiasis (African sleeping sickness), and lesser-known para-
sites. They are global and comparatively untouched by effective clinical interventions.

Entomoeba, infecting about 10% of the world population (Markell and Voge, 1976,
p 50), causes amoebic colitis, amoebic abscesses, and amoebic dysentery. Naegleria
causes meningoencephalitis, usually within a week of infection. Mastigophoric infec-
tions, including Giardia lamblia and Trichomonas vaginalis, are endemic and common
diagnoses even in the higher socioeconomic strata of developed nations. Leishmaniasis
is endemic in many tropical parts of the world: visceral leishmaniasis is 90% fatal.
Balantidium, Isospora, Toxoplasma (toxoplasmosis), Babesia (babesiosis), Pneumocystis
(causing pneumocystis pneumonia in HIV+ and other immunocompromised patients),
and Chaga disease (a trypanosomiasis affecting perhaps 20% of residents in parts of
South America) together cause disease in every populated continent, country, and ethnic
group. Some trypanosomes cause cattle sleeping sickness—nagana—preventing ranch-
ing (for local food and profitable export) in much of Africa (Markell and Voge, 1976,
p 126; Basch, 1978, p 64).

The most universal, significant, and tempting parasitic disease target is malaria.
This blood-borne protozoal disease is caused by four species (falciparum, malariae,
vivax, and ovale) varying in virulence and distribution. Annually, these four, but espe-
cially falciparum (Le Bras et al., 1998), kill approximately 0.43–0.68 million children
aged 0–4 in Africa alone (Snow et al., 1999). The World Health Organization reports
300–500 million cases and 1.5–2.7 million annual deaths, with 2.3 billion people at risk.
Often ignored by developed nations, malaria annually kills the equivalent of 1% of the
United States population. The risk is highest in Africa, with an incidence of 700 cases
per 1000; South America and Asia have risks of only 4 to 5 cases per 1000; risk is neg-
ligible in Europe and North America (Danis and Gentilini, 1998). This excludes indi-
rect mortality as infected patients succumb to other, unrelated diseases (Molineaux,
1997). The entire world budget for parasitic disease research is less than that for heart
disease in the United States.

Finally, fungal diseases also have linear chromosomes, maintained with telomerase,
and are therefore targets for telomerase inhibition. Fungal disease has always been com-
mon, indeed ubiquitous, but associated mortality has grown with the advent of modern
medicine (particularly immunosuppressive therapy) and HIV disease. The common
denominator is identical: immunosuppressive therapy and HIV disease permit fungal
organisms, otherwise held in check by human immune mechanisms, to proliferate and
kill. Though seldom a major cause of death compared to bacterial etiologies, fungal
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infections are the daily fare of most modern hospitals in developed nations and might
likewise respond to telomerase inhibition.

These parasites, amoebic and fungal, share a dependence on telomerase activity.
Whether this dependence is an academic triviality or a clinical Achilles heal remains
unknown.

Cell Senescence and Intervention

The possibility of using telomerase inhibition to treat parasitic disease was first raised
informally in the early 1990s by Michael West, then at Geron Corporation. The first
published discussion addressed the potential of cell senescence in treating human dis-
ease, including malaria, sleeping sickness, river blindness, and fungal disease (Fossel,
1996). The potential hinges on telomerase maintenance in unicellular parasites. Telo-
merase is active in such organisms, for example, Trypanosoma brucei, Leishmania major,
andLeishmania tarentolae. Though supporting telomerase as “a new target for chemo-
therapeutic intervention” (Cano et al., 1999), telomeric mechanisms (Cano, 2001) and
subtelomeric organization (Stern et al., 2001) may be more complex than first guessed.

A variety of organisms share similar telomere sequences, but with subtle differ-
ences. Malaria, for example, has a heptad telomeric repeat, TTTAGGG, instead of the
human hexad repeat, TTAGGG (Blackburn, 1990b), and other subtle alterations in
telomeric organization (Scherf et al., 2001). These differences may prove useful. Poly-
merase chain reaction assays aimed at the telomere sequence of Leishmania donovani,
for example, show diagnostic promise (Chiurillo et al., 2001).

Despite subtle differences in telomere sequence, telomerases share a common shape
(Chen et al., 2000c). Therapeutic intervention is likely to aim at telomerase, not telo-
meres, to enforce parasite telomere attrition. To the extent that these observations are
accurate, use of telomerase inhibitors in parasitic disease should overlap use in cancer.
Oncologic therapies interfering with telomere maintenance are appropriate and entic-
ing candidates for testing in unicellular parasitic disease.

Acceptable risks and side effects depend on the disease: regulatory hurdles for acne
therapy are appropriately high, those for melanoma, low. In parasitic disease, the dis-
eases are often fatal; current therapies are costly, often risky, seldom totally effective.
Therapies for parasitic infection, not expensive by standards of developed nations, are
often beyond the means of patients most at risk. Given limited funding, public health
investment often focuses on vector control, not pharmacology. Mosquito nets, drain-
age ditches, insecticides, and other measures are cheap and common. Unfortunately,
efforts to control parasites or vectors, despite historical bursts of optimism, have suf-
fered recurrent failures (Molyneux, 1997, 1998). There is a growing understanding that
developed nations have an economic self-interest in the public health of underdevel-
oped nations (Brundtland, 2002). The potential of telomerase inhibitors in treating uni-
cellular parasitic infection is not academic, but addresses a global and growing need.
Whether this need can be met remains to be seen.



P A R T  II

The Aging Organism

There are certain queer times and occasions in this strange mixed affair we call life
when a man takes this whole universe for a vast practical joke, though the wit thereof
he but dimly discerns, and more than suspects that the joke is at nobody’s expense but
his own.

Herman Melville
Moby Dick, 1851

If aging is cell aging, then age-related disease may be attributable, directly or
indirectly, to aging cells. This is not equivalent to ascribing all diseases to cell
aging nor age-related diseases solely to cell aging. Neither statement is likely
accurate and neither here defended. Nonetheless, there is good reason (supported
by clinical pathology) to suppose common diseases of aging, such as atheroscle-
rosis, may be driven by changes in gene expression and cell behavior occurring
as critical cells senesce.

Diseases are the result of causes, entire cascades of contributing risk fac-
tors culminating in pathology. We cannot, like the old doctor in de Maupassant’s
story, simply throw up our hands, proclaiming we have, “no idea, no idea at all.
He died because he died, that’s all” (de Mauppassant, 1980). In discerning causes
of disease, we sometimes simplistically choose one cause over another as though
they were mutually exclusive. Was his heart attack the result of smoking, high
cholesterol, dietary fat, genes, lack of exercise, or high blood pressure, or was it
diabetes? In reality, high cholesterol may have played a role, but diet fed into it,
many genes permitted it, lack of exercise left the low-density lipoprotein (LDL)
level high, smoking allowed the cell damage that began the inflammation, ad
infinitum. If we try to ask a question about how much a given risk factor con-
tributed, we stumble unless we understand what we mean. We might better phrase
the question as one of intervention. If we normalize cholesterol, what percentage
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of patients will not have atherosclerosis that would otherwise? If we normalize
blood pressure, what percentage do not die of heart attacks? If they had never
smoked, what percentage would not have angina? These questions, while devil-
ish to answer, speak to practical intent. How can we prevent disease?

In treatment, the same reasoning pertains. If we have a large group of pa-
tients with stenotic coronary arteries and we lower cholesterol with drug X, or
they stop smoking, or we can lower the blood pressure, what percentage will
avoid cardiac death over what time period? These questions are more useful than
are misleadingly simple issues of cause, because they untangle conceptually
difficult strands of causation and rewind them into a tangible skein we can work
with. We also avoid illusory contradictions about whether diseases are caused
by A or B. Often, reality is A and B, and dozens of other interacting variables.
Hypertension, for example, is simultaneously a risk factor and a protective vari-
able for mortality in the elderly (Satish et al., 2001). Clinically difficult pathol-
ogies accompanying old age epitomize this complexity. We should assume
complex cascades of causation, while assessing relative efficacy of various points
of clinical intervention. We cannot assume, like our fictional doctor, that an older
patient “just died because he died.”

Yet, it is a common solecism that age-related diseases “just happen” because
“things wear out” or “damage accumulates.” These explanations don’t go far
enough. Things that wear out are often sophisticated and technical: mitochondria,
genes, lipid bilayers, and protein chains. Accumulations of cholesterol, lipofuscin,
foam cells, and neurofibrillary tangles are well documented and consistent. Equally
facile pronouncements were taken seriously one and a quarter century ago in ex-
plaining away infectious disease. “Subtle metabolic poisons” and “rural miasmas”
(Porter, 1997) lay at the root of cholera, tetanus, puerperal fever, anthrax, and
cellulitis. Old names, such as blood poisoning and malaria, remain tokens of our
ignorance, but we forget the lessons that Pasteur learned in his attic above the Rue
des Fleurs. Aging diseases are treated as an olla podrida of pathologies. The as-
sumption that these diseases are linked only by chronology goes unstated, but
equally unsupported. That aging is cell aging and that age-related diseases share
this common denominator explains much that was puzzling and provides a com-
mon ground to understand age-related human pathology.

Age-related diseases have their etiology in genetics (Rose and Archer, 1996;
Martin, 1997a) and epigenetics (Caspary et al., 1999; Tzukerman et al., 2002),
specifically cell senescence (Fossel, 1996; Kipling and Faragher, 1999). There
has been a profound lack of understanding of the mechanisms involved, their
implications, and limitations of the model. The lack of coherent formulation has
resulted in, on the one hand, naive criticism and unwarranted disbelief and, on
the other, naive claims and an equally unwarranted faith.

Cell senescence is not, in some simplistic sense, the cause of all age-related
disease. To the contrary: cell senescence operates upon a substrate of genetic
diathesis. We do not get atherosclerosis because we age, we get it because we
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age in the context of specific inherited genes. Cell senescence is a background
effect, a subtle, pervasive trend that alters the pattern of gene expression and
therefore the pattern of disease expression. Most diseases, are in a sense, caused
by genetic problems, but they unfold and are accentuated by the alterations in
gene expression incumbent upon cell senescence. Hypertension may occur as
sporadic genetic disease neonatally or in childhood (Dluhy and Lifton, 1999;
Prince et al., 1999; Su et al., 2000) as well as with aging; the effects of cell se-
nescence are overlaid on the genetic diathesis of particular alleles.

This extends our current understanding of disease. In atherogenesis, the usual
suspects (hypertension, diabetes, hypercholesterolemia, tobacco use) remain
indicted, but we now discern a ringleader behind the pathology. Cell senescence
not only explains the anomalies (such as atherogenesis in progeric children, who
lack the usual risk factors) but offers new and potentially profoundly more ef-
fective approaches to intervention. Just as tetanus was once “prevented” with
hygiene and “treated” with wound cauterization, we prevent heart disease with
diet, drugs, and behavioral change and treat heart disease with angioplasty, trans-
plantation, and other procedures. An understanding of immunization allowed
us to effectively prevent tetanus; an understanding of cell senescence would allow
us to more effectively treat age-related disease.

Emerson once remarked that “old age seems the only disease, all others run
into this one” (Beck, 1968), yet to some, the concept of aging as a disease is
ludicrous (Hayflick, 1998c). We die of myocardial infarction, not of aging or
high cholesterol. We die of cancer, not of aging or tobacco. None of us dies of
aging, but of disease. The central question is not denotation (what is a disease?),
but intervention (what can we do about clinical problems?). Should we replace
atheromatous coronary arteries or lower the high cholesterol that underlies athero-
genesis? Disease or not, high cholesterol is an independent variable whose ma-
nipulation can prevent disease. Risk factors may be superb therapeutic targets.

The same may be, a fortiori, true of cell senescence. It may be universal in
age-related disease and without equal as a therapeutic target. Arguments about
whether aging is a disease are disingenuous (Clarfield, 2003) and collateral. We
don’t question whether hypercholesterolemia is a disease but whether lowering
cholesterol prevents atherosclerosis and death. The number of angels that can
fit on the head of a pin is important only when our problems are caused by a glut
of microangels.

In this context, the question of whether cell senescence causes aging is nei-
ther useful nor interesting. As in Talmudic tradition, there is more value in whether
a medicine works, than in the underlying theory of why it works(Steinsaltz, 1976).
Our goal is alleviating human suffering; all else is merely a tool to achieve this
end. If the tool is optimal, so much the better, as we are more likely to succeed.
Current therapy for atherosclerosis is partially effective, but there may be more
effective, fundamental, and universal therapies. Does the role of cell senescence
imply such a therapy?
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Arterial endothelial cells and chondrocytes show telomere shortening, lung
fibroblasts senesce, and senescent vascular, hormonal, or neural changes may
lie behind a host of other age-related changes, such as sarcopenia. In each case,
cell senescence does not contradict what we know of pathology but extends
current theoretical underpinnings and implies tantalizing suggestions for novel
interventions. In osteoarthritis, for example, the accumulated pressure stress upon
cells within the joint result in increased cell loss, cell turnover, and hence cell
senescence. That chondrocytes do, indeed, demonstrate senescence raises the
question of what happens if we reset gene expression via telomerization. Would
such joints gain a new lease on life, allowing cells to meet the needs imposed
upon them? What of hepatic cirrhosis, coronary artery disease, and other pathol-
ogy? We are on the verge of answering these questions (Hornsby, 2002).

Clinical interventions are legion, but some are more effective and operate
at more fundamental levels than others. We might treat traumatic hemorrhage
by continual transfusion, but prefer closing the disrupted vessel. Some inter-
ventions are not only more effective but more cost-effective. Treatment of teta-
nus 150 years ago was inadequate; treatment of current aging disease is likewise
inadequate. As we improved our understanding of microbial disease, we achieved
more effective interventions for tetanus. Broader and more fundamental under-
standing of age-related pathology may permit more effective (and cost-effective)
therapy for age-related disease.

Aging is not theoretical, but tangible. An 87-year-old, asked if she would
take a pill that would reverse aging, said “No, I’d let nature take it’s course.”
Reminded about the scar on her chest (a coronary artery bypass graft), her swol-
len knuckles (arthritis for which she, ineffectively, took ibuprofen), and why was
she in the hospital, she said, “I have pneumonia and need an antibiotic. Oh, wait
a minute. . . . Forget what I said. I’d take the pill.” Once there is potential for
intervention (Kirkland, 2002), aging becomes a disease. In the second half of
the book, we review aging in each tissue and organ, how normal cells behave in
these structures, how they go awry, and the role that cell senescence may play.
And in every case, we do so with an eye toward intervention.
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C H A P T E R 7

The Progerias

What They Are

In a book on cell senescence in human disease, it is negligent not to discuss progerias,
yet from what perspective? Does cell senescence cause progerias? Do the progerias cause
cell senescence? Are “progeroid syndromes” (Brown, 1995) related to cell senescence
at all (Greally et al., 1992)? These echo older questions clinicians have asked regarding
progerias, viz., do these diseases have anything to do with “real” aging (Reichel et al.,
1971)? Shorn of sophistry, we don’t know.

Progeric syndromes haunt us—conceptually enticing, they are clinically tragic
reminders of our abiding and powerless ignorance. Few who have known a child with
progeria are not struck with the certainty, however ineffable the defense, that progeria
must have something to teach us about aging. Over the past two decades, we have come
to realize that this intuition is at least partially correct. What they have to teach us ap-
pears largely within the domain of genetic function and cell senescence, hence their
inclusion here.

Perhaps a dozen syndromes have been included over the past century within the ru-
bric of progeria; only two—Werner and Hutchinson-Gilford—will be discussed here.
Others (Neill and Dingwall, 1950; Martin, 1977c; Brown, 1995), such as Wiedemann-
Rautenstrauch (Korniszewski et al., 2001), Donohue, Cockayne’s (Cockayne, 1936),
Down, Klinefelter, Seip, Rothmund (Thannhauser, 1945), Bloom, and Turner (and Ullrich-
Turner) syndromes (Kveiborg et al., 2001a), ataxia telangiectasia, cervical lipodysplasia,
myotonic dystrophy, acrogeria, metageria (Gilkes et al., 1974), acrometageria (De Groot
et al., 1980; Greally et al., 1992), and other similar but poorly characterized cases (e.g.,
Ruvalcaba et al., 1977; Suter et al., 1982; Pallota and Morgese, 1984), as well as possible
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animal analogs for progeria (Pearce and Brown, 1960a, 1960b), will be largely ignored
for no more reason than the space and time required for such discussion.

Werner syndrome (WS) is seen in adults; Hutchinson-Gilford is in children.
Werner’s patients typically die in their fifth decade; Hutchinson-Gilford children, early
in their second decade. Both share the mask of aging. Whether these patients share other,
deeper similarities, such as a common genetic instability (Martin and Oshima, 2000;
Simbulan-Rosenthal et al., 2000), which will ultimately explain their course, remains
uncertain. Progerics look old; they die of the diseases of old age. Despite this, neither is
true aging; both have exceptions. Worse, each hides a series of diseases behind its
eponym. Werner’s is not one disease, but a collection of helicase alleles. Hutchinson-
Gilford is probably not one progeria, but a set of syndromes that we are unable to tease
apart (see Greally et al., 1992; Matsuo et al., 1994). Acrogeria (in which children retain
head hair, lack the coronary risk, and live longer than progeric children) and metageria
(representing a midground between pro- and metageria) may represent forme frustes of
classic progeria or more limited, cell-line mosaic diseases (see below) than progeria. If
we observe carefully and avoid preconceptions, each of the progerias probably has much
to teach us about aging.

Werner Syndrome

Werner syndrome (Werner, 1904) is adult-onset progeria caused by a rare autosomal
recessive inheritance (Faragher et al., 1993; Martin et al., 1999) of one of several mu-
tant alleles of (Oshima et al., 1996b; Yu et al., 1997) a specific helicase gene (Yu et al.,
1996). Bloom syndrome also displays an altered helicase (Ellis et al., 1995; Karow et al.,
1997; Kaneko et al., 2001). The diagnosis of Werner’s is usually made in the third de-
cade (Epstein et al., 1977) with a mean age at death of 47 years. Growth retardation
may be present during the second decade (Blau, 1962). Death is usually due to cardio-
vascular disease, although diabetes, cancer (10% incidence), and other less significant
clinical problems, including poor wound healing, cataracts, gray hair, sarcopenia, osteo-
porosis, and hypogonadism, are common (Cohen and Shelley, 1963; Zalla, 1980; Brown,
1995). There are no predictable or uniform endocrine abnormalities; extensive endo-
crine examination can be normal (Samantray et al., 1971). The frequent cardiac pathol-
ogy may not necessarily be accompanied by atherosclerosis, but may in some cases
represent a primary cardiomyopathy (Tri and Combs, 1978). Alzheimer dementia is not
typical. Patients show early onset of subtle immune changes (Nakao et al., 1980) typi-
cal of immune senescence (Goto et al., 1979, 1982), which might, along with the ge-
netic abnormalities discussed below, explain the high malignancy rate in these patients
(Tao et al., 1971; Kobayashi et al., 1980; Hrabko et al., 1982). Clinical observations
suggest that Werner’s is a form of premature aging (Epstein et al., 1965; Brown et al.,
1985), or more aptly a segmental progeria (Faragher et al., 1993), in that only a limited
subset of the normal findings of aging are observed (Herstone and Bower, 1944; Brown,
1995; Martin, 1997b). For example, risk for atherosclerosis is higher in Werner patients
than age-matched normals, but lack a correspondingly increased risk for Alzheimer
disease (Faragher et al., 1993).

Epidemiologically, these patients are scattered worldwide, although there are clus-
ters of patients, as occurs in Japan (Epstein et al., 1977; Castro et al., 1999). A genetic
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basis was proposed early (Comfort, 1961) and was intimated by familial clustering
(Boatwright et al., 1952) and existence of forme fruste types (Jacobson et al., 1960),
but early work failed to find crude chromosomal abnormalities (Fraccaro et al., 1962;
Learner et al., 1962; Motulsky et al., 1962). There has been dispute as to whether sister
chromatid exchange rates are normal (Darlington et al., 1981) or increased (Elli et al.,
1983).

The genetic defect in Werner syndrome (Yu et al., 1996) is an abnormal WRN gene
in the RecQ family of DNA helicases (Moser et al., 1999; Mohaghegh and Hickson,
2002) mapped to chromosome 8 (Goto et al., 1992). In Werner patients (but not murine
analogs), the helicase is found predominantly within the nucleolus (Marciniak et al.,
1998). The WRN gene causes not only genetic (Gray et al., 1997; Balajee et al., 1999;
Wang et al., 1999) and cellular (Gray et al., 1998) but clinical abnormalities of Werner
syndrome, for example, myocardial infarction (Ye et al., 1997). Mouse models are avail-
able (Treuting et al., 2002) and WRN gene has been transfected into mice with results
parallel to Werner’s (Wang et al., 2000d). There are polymorphisms (Castro et al., 1999),
each with variable risks of cardiovascular or other nominally age-related clinical out-
comes. DNA synthesis is retarded in Werner syndrome (Goldstein, 1969; Martin et al.,
1970; Tanaka et al., 1980), perhaps due to the helicase abnormality, although this has
been ascribed directly to cell senescence (Fujiwara et al., 1977).

The known role of other RecQ helicases in DNA repair, coupled with unstable
karyotype and a mutator phenotype of WS cells (Gahan and Middleton, 1984; Gebhart
et al., 1988; Fukuchi et al., 1989), prompted suggestions that WS cells might have a defect
in DNA repair (Huang et al., 1998), as do fibroblasts from Hutchinson-Gilford progerics
(Brown et al., 1976, 1978). Hence, they accumulate DNA damage, perhaps inducing
the early cell senescence seen in fibroblasts from Werner patients (Beckman and Ames,
1998; Kirkwood, 1999). Alternatively, the effect might make use of silencing proteins,
as happens in yeast where mutation of the SGS1 helicase gene alters Sir3 location from
the telomere to the nucleolus (Guarente, 1997b; Sinclair et al., 1997). It has become
clear that the SGS1 and WRN proteins play a role in telomere maintenance (Johnson
et al., 2001a; Opresko et al., 2001; Orren et al., 2002), perhaps via TRF2 (Opresko et al.,
2002; Stavropoulos et al., 2002). These may bind the G-quadruplex structure of the
telomere or affect the ALT (non-telomerase) mechanism of telomere maintenance (Li
et al., 2001).

In normal human fibroblasts, senescence is triggered by telomere shortening (Harley
and Sherwood, 1997a; Bodnar et al., 1998; Counter et al., 1998a; Vaziri and Benchimol,
1998), without evidence of accumulated DNA damage, but the suggestion that this might
be an independent path to (telomere shortening and hence) cell senescence remained
viable. If so, telomerase should not affect senescence in WS cells. It was therefore sur-
prising when forced telomerase expression (using an amphotropic retrovirus express-
ing hTERT) postponed (or perhaps even prevented) WS cell senescence (Wyllie et al.,
2000) as it does in normal cells (Bodnar et al., 1998; Vaziri, 1998), although without
fully resetting the mRNA expression pattern of those cells (Choi et al., 2001).

In normal humans, T lymphocytes retain the ability to up-regulate telomerase in
response to proliferative stimuli. Since the T lymphocytes of Werner patients likewise
up-regulate telomerase, then these lymphocytes should have approximately normal
cellular lifespans, which they do. These finding have been claimed as support for the
notion that WRN mutations affect telomere maintenance directly (James et al., 2001).
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For example, a simple but not exclusive hypothesis is that WRN mutations lead to in-
creased peritelomeric deletions, causing early cell senescence. Available results have
prompted additional speculation regarding chromosomal mechanics and cell senescence
(Hisama et al., 2000). For example, it is possible that helicases ”activate” telomeres for
extension by telomerase (Cech and Lingner, 1997). Another possibility is that the ac-
celerated rate of telomere loss in Werner patients occurs because the helicase mutation
causes a longer telomeric overhang. The length of overhang correlates directly with the
rate of telomere loss per division (Huffman et al., 2000) and could effectively explain
accelerated telomere shortening in Werner’s. It is consistent with telomerase’s efficacy
in reversing accelerated cell senescence in these patients (Wyllie et al., 2000). Unfortu-
nately, other than the potential effects of helicase, the factors regulating overhang length
are relatively unexplored. Curiously, Werner B-lymphoblastoid reach senescence with
a much wider variance among their telomere lengths than do corresponding normal cells
(Tahara et al., 1997), suggesting that some additional factor beyond telomere length per
se (perhaps the length of the telomeric overhang) precipitates senescence. Whatever the
mechanism of helicase abnormalities, the telomerase results suggest that, were it tech-
nically feasible and with theoretical reservations, telomerase might have therapeutic
potential in Werner syndrome (Choi et al., 2001).

In vitro fibroblasts from Werner patients senesce more rapidly than normal cells
(Nakao et al., 1978, 1980). Though starting off with normal replicative ability, they soon
fall behind. Normal fibroblasts typically have 60 population doublings, Werner fibro-
blasts, about 20 (Faragher et al., 1993). The accelerated senescence (Epstein et al., 1965;
Holliday et al., 1974; Kill et al., 1994) has been linked to the clinical progeroid pheno-
type and the kinetics of this phenomenon have been explored. Current evidence (Faragher
et al., 1997a) suggests that it is not an overexpression of senescence-specific proteins
in Werner cells that triggers senescence. At each cell division, there might be an in-
creased proportion of cells that stop cycling and become senescent compared to the far
lower risk of turning senescent inherent in normal cells, which has been attributed to
“unstable telomere dynamics” in these patients (Sugimoto, 1998). In keeping with these
observations regarding cell senescence, telomere lengths at birth are comparable to
normal lengths, but their rate of DNA base loss is accelerated.

Curiously, Werner syndrome appears to result less from the alteration of helicase
than its lack of expression. Many of the mutated WRN proteins demonstrate helicase
activity (Moser et al., 2000), but their expression is markedly impaired. The activity of
the WRN promoter, whose absence of TATA and CAAT boxes suggests that it is a so-
called constitutive promoter, is dramatically reduced in cells from these patients (Wang
et al., 1998b). Cells from patients with Werner syndrome express reduced amounts of
WRN protein and have reduced helicase activity (Moser et al., 2000).

Disruptions of cell function are diffuse and almost ubiquitous (Oppenheimer and
Kugel, 1934; Boyd and Grant, 1959; Ishii and Hosoda, 1975). The altered c-fos regu-
lation (Oshima et al., 1995; Yan et al., 1996), thermolabile enzymes (Brown and
Darlington, 1980), calcium-dependent potassium currents (Faragher et al., 1997a),
euploidization of hepatocytes (Gahan and Middleton, 1984), changes in isomerases
(Tollefsbol et al., 1982), and excessive urinary excretion of hyaluronic acid (Kieras et al.,
1986), as well as steroid metabolism (Bauer and Conn, 1953) are presumably (as with
chromosomal instability; Gebhart et al., 1988) but not definitively linked to the known
helicase abnormalities. Overall, these changes tend to parallel changes seen in normally
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senescent cells of similar phenotype and may reflect those changes in the pattern of gene
expression that underlie normal cell senescence, albeit in an aberrant genetic context.
In the same vein, the poor healing, postsurgical and otherwise (Jonas et al., 1987), ob-
served in these patients may be linked to the actions of the helicase mutation, perhaps
via their accelerated (though aberrant) cell senescence. As in the senescence occurring
in normal cells, there is no evidence that the abnormalities found in Werner cells are the
result of abnormal superoxide dismutase (CuZn or Mn forms), catalase, or glutathione
peroxidase (Marklund et al., 1981).

A general model in which alterations in telomerase maintenance can be expected
to result in the clinical syndrome has been proposed. Invocation of this model (Ostler
et al., 2002), in which wrn-mediated, peritelomeric deletions affect replicative cell
lifespan, explains telomerases correcting the abbreviated lifespan in Werner fibroblasts
and the absence of such abbreviation in T cells (which separately up-regulate telomerase
expression). Whatever the mechanisms and despite the likely differences between Werner
and normal aging, the syndrome has considerable conceptual value as we try to under-
stand the aging process (Goldstein and Singal, 1974; Holliday et al., 1974; Martin et al.,
1999).

Hutchinson-Gilford Syndrome

Hutchinson-Gilford progeria, often simply called progeria (DeBusk, 1972, 1979), was
first described by Hutchinson (1886) and then Gilford (1897). “Progeria,” meaning early
aging, was coined by Hutchinson (Gilford, 1904), relegating Werner syndrome to being
merely “the adult-onset form.” Since approximately 1950, the term progeria was ap-
plied to Hutchinson Gilford syndrome with some exclusivity (Gabr, 1954), although
the spate of recent research on Werner syndrome has partially reversed this. Hutchinson-
Gilford syndrome, here progeria, is presumptively inherited as a sporadic, autosomal
dominant disease (Badame, 1989; Brown, 1992; but see Maciel, 1988; Khalifa, 1989),
although the possibility of its being an autosomal recessive has received some lim-
ited support (Mostafa and Gabr, 1954; Goldstein and Moerman, 1978). Contrary claims
notwithstanding (Bowles, 1998), there is no evidence of the helicase abnormality
(Oshima et al., 1996a) now felt to define and underlie Werner syndrome. Although
the genetic basis remains unknown, there is a slight correlation with elevated pater-
nal age at conception (Jones et al., 1975; Brown, 1992), and several recent articles
attempt to explain the etiology (De Sandre-Giovannoli et al., 2003; Lewis, 2003).

Epidemiologically, these children are predominantly found in developed nations,
although this is likely due to increased survival, diagnosis, communication, and regis-
try in developed nations with more extensive medical infrastructures. Although the in-
cidence is estimated at one in eight million live births, the uncertainty caused by those
cases which escape diagnosis and tabulation, especially in medically underdeveloped
areas of the world, undermines the accuracy.

To those of us working with Hutchinson-Gilford children, the children appear so
shockingly similar in body habitus and facies that most (researchers, clinicians, and
family members alike) agree that they look like siblings (Fig. 7–1) (Mitchell and
Goltman, 1940; Rosenthal et al., 1956). Children are typically diagnosed within the
first few years of life (Gabr et al., 1960; Brown, 1995), though occasionally perinatally
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(Runge et al., 1978). Diagnosis is commonly triggered by a failure to thrive (Omar, 1982)
and general growth retardation (Cooke, 1953) or as a result of the specific abnormali-
ties described below. The disease mechanisms are presumptively operating prior to birth
(Faivre et al., 1999) and at least five apparently neonatal cases have been reported (Zuc-
chini et al., 1986; Rodriguez et al., 1999).

Progeric children die at a mean age of 12.7 years (Sephel et al., 1988). The maxi-
mum confirmed age at death was 21 (personal case observation). A few longer-lived
(but likely not truly progeric) individuals have been reported in the literature (Ogihara
et al., 1986; Corcoy et al., 1989; Parkash et al., 1990). Death is overwhelmingly due to
atherosclerotic pathology (Baker et al., 1981) including disease in cardiac (Baldzhiev
et al., 1984; Dyck et al., 1987), cerebrovascular (Meme et al., 1978; Naganuma et al.,
1990), renal (Riedel, 1980), and other organs. Several tissues may demonstrate acceler-

Figure 7–1 Progeric child (13-year-old Vietnamese child). Progeric children resemble other
progerics (and an aging phenotype) more than those with similar ethnic, racial, or familial
genotypes.
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ated aging, including heart (Makous et al., 1962; Ha et al., 1993), central and periph-
eral arteries (Sivaraman et al., 1999), the skin (Badame, 1989; Gillar et al., 1991; Wollina
et al., 1992), and eyes (Moehlig, 1946; Gupte, 1983; Iordanescu et al., 1995). Bones
(Monu et al., 1990; Fernandez-Palazzi et al., 1992; Le et al., 1999a) demonstrate char-
acteristic changes including early osteoporosis, osteolysis (Ozonoff and Clemett, 1967),
dysplastic skeletal changes, avascular necrosis of the femoral capital epiphysis, and hip
dislocation. Bone healing is markedly delayed (Moen, 1982). Some authors (Curtin and
Kotzen, 1929; Gamble, 1984) report frequent joint problems; others (Moen, 1982) find
stiffness, but suggest that joints are otherwise normal, and autopsy findings frequently
support this (Rosenthal et al., 1956; Gabb et al., 1960). Progeric children are almost
uniformly sarcopenic and bald, and have thin skin devoid of subcutaneous fat. Scalp
(and frequently other) veins are prominent. Clinical concerns voiced by the parents are
predictable and fairly uniform, including problems with skin, bones (and joints), teeth
(too many in small jaws, often with permanent teeth crowding decidual teeth), and
frequently hyperacusis and ocular photosensitivity. Poor healing, cardiovascular risks,
and airway abnormalities can make these patients poorer surgical risks (Chapin and
Kahre, 1979). The general underdevelopment of the lower face and particularly the
jaw (micrognathism) has been repeatedly observed and confirmed by careful mea-
surement (Rosenthal et al., 1956).

Despite the severity of their atherosclerotic disease, these children seldom display
known risk factors, such as hypertension, diabetes, or tobacco use. Cholesterol is usu-
ally though not always (Rosenthal et al., 1956; Jyoti et al., 1981) normal. Subfractions
have not been well explored: in one proband, high-density lipoprotein (HDL) was ab-
normally low (a known risk factor for atherosclerosis) compared to siblings and parents
(Szamosi et al., 1984). Dietary restriction of saturated fats has been unsuccessfully at-
tempted (MacNamara et al., 1970). Other sequelae of cardiovascular disease, such as
aneurysms (Green, 1981), may have a higher incidence.

Curiously, some tissues may be relatively (or even completely) unaffected (Badame,
1989). The nervous system, for example, is not primarily affected, although cerebrovas-
cular disease is common. Intelligence is normal (Atkins, 1954) or above normal, although
subnormal intelligence has been reported (Moehlig, 1946). As with many rare genetic
diseases, the mean and variance of intelligence may be typical for a cohort of children
(with genetic errors unrelated to cortical development) whose diagnosis and reporting
are skewed by having access to quality medical care. The immune system is likewise
normal (but see Harjacek et al., 1990). There is no defect in HLA antigens or immune
function. HLA expression and inheritance are normal and there is no association be-
tween HLA type and progeria (Brown et al., 1980). Malignancy (King et al., 1978),
cataracts, and dementia are rare (Brown, 1995). As a segmental progeria, it is a useful
but imperfect model of aging (Brown et al., 1980a; Brown, 1995). Many of the tissues
affected in progeric children are known to display cell senescence during normal aging
(Wolf and Pendergrass, 1999), including the immune system, lens (cataracts), and bones
(osteopenia/osteoporosis). Cell phenotype–specific data are not available for progerics,
although cells from progeric children have long been known to show abnormal in vitro
growth and early senescence (Danes, 1971; Goldstein et al., 1975).

Standard laboratory studies are usually normal (Badame, 1989; Wisuthsarewong
and Viravan, 1999) and offer little diagnostic aid. Although other suggestions have been
offered (Goldstein, 1969; Singal and Goldstein, 1973), the only known diagnostic marker
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is elevated urinary hyaluronic acid (Tokunaga et al., 1978; Kieras et al., 1986; Zebrower
et al., 1986a; Brown, 1992). The cause or implications of this elevation are unknown.
Hyaluronic acid increases in normal aging, although not to the same degree seen in
Hutchinson-Gilford or Werner syndromes (Zebrower et al., 1986b). Hyaluronic acid and
hyaluronidase are both elevated in bladder cancer and are used as two of many poten-
tial diagnostic markers (Lokeshwar and Soloway, 2001). In progerics, elevated hyalu-
ronic acid may reflect several possibilities: early hepatic senescence (Appel et al., 1979),
vascular insufficiency (Feinberg and Beebe, 1983), a compensatory angiogenic response
(Lokeshwar and Block, 2000) to vascular insufficiency, arthritic inflammation (Woll-
heim, 1999), or other unsuspected processes.

Despite early claims to the contrary (Gilford, 1913), hormonal levels are often
normal (Plunkett et al., 1954) and, when abnormal, are not reliably diagnostic. Sugges-
tions that testosterone might play a role in the pathology of progeria (Selye et al., 1963)
are not supported. Growth hormone levels are normal, but insulin-like growth factor 1
(IGF-1) is below normal and there is decreased sensitivity to these factors in progeric
and normally senescent cells (Harley et al., 1981). At least one case has been reported
(Briata et al., 1991) of a progeric child with an absence of insulin receptors; insulin
resistance is common (Rosenbloom et al., 1983). Although basal metabolic rates are
higher than normal (Villee et al., 1969; Brown, 1992), progeric cells, like normal se-
nescent cells, produce more lactate, consistent with higher energy demands or perhaps
less efficient oxidative phosphorylation (Goldstein et al., 1982). The mitochondria may
be structurally and bioenergetically adequate, but have altered morphology (Goldstein
and Moerman, 1984) and decreased functional competence (Goldstein and Korczack,
1981). Progeric mitochondria are thinner and have more cystic blebs, apparently due to
a weaker inner membrane. Osmophilic inclusions, particularly lipofuscin granules and
autophagic vacuoles, are increased.

Trials of supplementary growth hormone have been undertaken. Brown (1992)
found an initial increase in growth in two patients, although without other clinical im-
provement. He questioned the form of growth hormone available or possible interac-
tive effects of hyaluronic acid in inhibiting angiogenesis. Other trials have been equally
ineffective (Abdenur et al., 1997).

With the possible exception of urinary hyaluronate, diagnosis is clinical. Diagno-
sis is frequently questionable or arguably confused with other progeroid (or even non-
progeroid) syndromes (e.g., Ogihara et al., 1986; Corcoy et al., 1989; Parkash et al.,
1990; Greally et al., 1992). The problem may lie in our propensity to define diseases
as distinct entities, rather than as spectrums of pathology. Those accustomed to see-
ing Hutchinson-Gilford progeric patients occasionally find the diagnostic categories
an ill fit for what is observed clinically. Discrepancies may be resolved by cellular or
genetic data, but current diagnosis is largely by clinical recognizance.

Much is known about cellular dysfunctions in progeria, without corresponding
clarity of mechanism. The most visible abnormalities are in skin. Histology shows an
excessive network of abnormal dermal elastic fibers, with a thickened basement mem-
brane (Colige et al., 1991b). Although the pattern of the collagen polypeptides is nor-
mal, elastin and collagen (especially type IV) synthesis are elevated (Colige et al., 1991b;
Giro and Davidson, 1993; but see Sephel et al., 1988). Fibronectin, collagen (Maquart
et al., 1988), and elastin (Davidson et al., 1995) show secretory increases and accumu-
late in the matrix. Tropoelastin production is elevated six- to ninefold at the protein and
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mRNA levels (Sephel et al., 1988). Glycoprotein accumulates in the dermal connective
tissue, perhaps reflecting abnormal glycosylation (Clark and Weiss, 1993, 1995). Such
data have prompted suggestions that progeria is, at least histologically, a “connective
tissue disease” (Ishii, 1976).

Mitogenic responses to growth factors are diminished. Elastin response to tumor
growth factor beta 1 (TGF-b1) is almost absent (Giro and Davidson, 1993). Progeric
cells do not respond normally to epidermal growth factor (EGF), despite normal recep-
tor affinities and numbers. Above 10 population doublings, progeric cells appear se-
nescent and display a decline in collagen synthesis as well as total loss of further inhibition
by EGF (Colige et al., 1991a). Responses of progeric cells to cell stimulation are typi-
cal of normal senescent cells (Chen et al., 1986). The changes found in lymphocytes
and fibroblasts (Chapman et al., 1983), for example, parallel those seen in normal eld-
erly patients. Hutchinson-Gilford fibroblasts constitutively (and abnormally) express
platelet-derived growth factor (PDGF) A-chain mRNA and PDGF-AA homodimers and
have an impaired response. The gene is neither amplified nor rearranged. While recep-
tor numbers and autophosphorylation are normal, induction of c-fos mRNA is not
(Winkles et al., 1990). Progeric fibroblasts from probands (but not parental controls)
have increased expression of c-myc, a proto-oncogene. There is no amplification or trans-
location of the gene and expression of other proto-oncogenes is normal (Nakamura et al.,
1988).

Within cells, protease activity is sharply decreased and sensitivity to trypsin-
catalyzed hydrolysis increased. Suggestions that turnover is increased are supported
by finding increased tropoelastin synthesis, without detectable change in net tropo-
elastin stores (Sephel et al., 1988). The cellular changes in isomerases (Tollefsbol et al.,
1982), metalloproteinases, inflammatory responses, and connective tissue remodel-
ing are similar in progeria and normal aging (Millis et al., 1992). Turnover abnormali-
ties have prompted speculation that rapid accumulation of altered proteins might cause
progeria (Prokofeva et al., 1982), although if so, it is not due to incorrect synthesis.
Fidelity of protein synthesis is normal in progeric cells (Brown and Darlington, 1980;
Harley et al., 1980; O’Brien et al., 1998), as in normal senescent cells (Wojtyk and
Goldstein, 1980). This lack of defects in protein synthesis undercuts attempts to portray
progeria as resulting from protein error accumulation, as in the error catastrophe theory.

Despite apparently normal capacities for net RNA production (e.g., type IV col-
lagen and elastin messenger RNAs), most investigators (though not all; Sephel et al.,
1988) find decreased net mRNAs (Colige et al., 1991b; O’Brien and Weiss, 1995). The
serum-induced activity of CCAAT binding protein for thymidine kinase declines with
population doublings and is absent in progeric cells (Pang et al., 1996). DNA repair
decreases (Brown et al., 1978; Matsuo et al., 1994; Sugita et al., 1995), although whether
this is primary or merely secondary is unknown (Epstein et al., 1973). Variance is large,
but the finding is reliable and the difference diverges increasingly from normal cells as
divisions accrue (Epstein et al., 1974). Despite early reports to the contrary (Regan and
Setlow, 1974), lower DNA repair rates are not due to in vitro conditions (Brown et al.,
1980b) and are reversed by coculturing with normal cells (Brown et al., 1976). The
enhancement of DNA repair normally occurring prior to scheduled synthesis is absent
in progeric cells and temporal control of DNA repair is impaired (Lipman et al., 1989).
Ultraviolet-induced unscheduled DNA synthesis is decreased. Progeric cells are less
capable of repairing ultraviolet excision damage and less than half as likely as normal
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cells to survive the damage (Wang et al., 1990, 1991). Some workers report that progeric
cells are more easily damaged by gamma ray exposure than normal cells, although not
as easily damaged as ataxia telangectasia cells (Arlett and Harcourt, 1980). Others find
progeric cells to be just as capable of repairing gamma ray damage as normal cells, no
increase in the rate of spontaneous or X-ray–induced chromosomal aberration, and
normal polymerase function (Prokofeva et al., 1982). Perhaps as a consequence of DNA
repair abnormalities, while the frequency of aneuploidy is normal in early passage
progeric fibroblasts, it is markedly elevated (particularly in the X chromosome at inter-
phase) in late-passage progeric fibroblasts (Mukherjee and Costello, 1998). Cell cycle
regulation of base excision repair remains normal (Cool and Sirover, 1990).

Hutchinson-Gilford fibroblasts have the morphology and cellular responses char-
acteristic of normal senescent cells (Chen et al., 1986; Winkles et al., 1990) and early
senescence as assessed by replicative ability (Goldstein, 1969, 1990; Allsopp et al., 1992;
Mukherjee and Costello, 1998). They demonstrate perhaps a third as many divisions as
fibroblasts (Colige et al., 1991b). Like normal cells (Shay et al., 1993; Jha et al., 1998),
both Hutchinson-Gilford and Werner fibroblasts are immortalized by SV40 transfec-
tion, normalizing DNA repair (Saito and Moses, 1991). Telomerase transfection, ac-
complishing the same end, immortalizes Werner fibroblasts (Ouellette et al., 2000b;
Wyllie et al., 2000), but has not yet been attempted in Hutchinson-Gilford cells. If short-
ened telomeres play a role in progeria, it is ironic that one of the earliest articles (Gilford,
1913), predating the 1938 coinage of the word telomere, called progeria “ateleiosis.”

As a segmental progeria, Hutchinson-Gilford progeria might be the result of seg-
mental accelerated senescence of a limited number of cell phenotypes. Affected cells
include dermal fibroblasts, arterial endothelial cells, chondrocytes, and perhaps other
phenotypes. Unaffected cells should then include glial, neural, and lymphocytic cell lines,
corresponding to the lack of clinical findings in these tissues. Unfortunately, available
data focus on fibroblasts. While these cells show evidence of shorter telomeres (Allsopp
et al., 1992) and correlative early cell senescence (Goldstein et al., 1983), dermal ab-
normalities are only a small part of Hutchinson-Gilford progeria.

It is true that progeric fibroblasts are less responsive to insulin than normal fibro-
blasts, as well as having more abundant tissue factor (a procoagulant), and this might
contribute to progeric atherosclerosis (Goldstein and Harley, 1979). What of other rele-
vant cell phenotypes? Parental concern (appropriately) and risk have prevented acqui-
sition of arterial wall biopsies and the most clinically relevant cell phenotypes. Limited
information is available on lymphocytes, although immunosenescence is not a feature
of progeria and would not be expected to display abnormalities. Their telomere lengths
and telomerase activities (from only two progerics) were predictably normal (Shay and
Fossel, unpublished observations). Werner syndrome fibroblasts, but not lymphoblastoid
cells, show an analogous but different distinction in their DNA mismatch repair. Lympho-
blastoid cells have normal repair, whereas fibroblasts are deficient (Bennett et al., 1997).
This parallel is intriguing, but perhaps serendipitous.

The data are consistent with Hutchinson-Gilford progeria originating as an epige-
netic mosaicism: a defect in specific cell lines that occurs during fertilization or early
prenatal development, altering telomere lengths and accelerating cell senescence.
Beckwith-Wiedemann syndrome is epigenetic (albeit not a mosaic), raising the ques-
tion of whether progeria might also be due to defective chromosomal methylation
(Caspary et al., 1999; Tilghman, 2000). In progeria, however, the defect occurs only in
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specific cell lines (hence being a mosaic disease), such as skin fibroblasts and (presump-
tively) vascular endothelial cells, chondrocytes, osteoclasts, etc. Some cell lines—car-
diac myocytes, for example—are not directly affected while other cell lines—leukocytes,
hematopoetic stem cells, neurons, for example—are unaffected. This finding suggests
accelerated senescence (extensive prenatal division?) in some cells but not others, prob-
ably due to nonhereditable (e.g., viral infection, toxic, etc) events affecting a few key
cell lines. The alternative, a heritable, genetic abnormality, requires an alteration in telo-
mere maintenance (through effects on gene expression or enzyme activity) occurring
only in specific cell lines, perhaps triggered by differential gene expression in specific
cell phenotypes. Affected cell lines—fibroblasts, vascular endothelial cells, etc.—may
be more sensitive to altered telomere dynamics. A similar effect occurs in the tissue-
specific pathology seen in early generations of telomerase-negative mice (Blasco et al.,
1997a). In such (mTR–/–) mice, telomere lengths fall with each successive generation
(Hande et al., 1999a), but even in the earliest generation we find defects in neural tube
closure (Herrera et al., 1999a) as well as in highly proliferative tissues, affecting sper-
matogenesis and hematopoesis (Lee et al., 1998c). As discussed previously, tissue-
specific defects might result from errors in resetting linkage and gene expression.
Progeric cells may likewise display early cell senescence because of subtle errors in
linkage position or inaccurate resetting of gene expression during fertilization.

A genetic etiology was recently supported by lamin-A defects in progeric children
(De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). This finding may be mis-
leading, however. Lamin-A defects cause nuclear envelope interruptions, partial chro-
matin extrusions, and gene silencing on such extrusions (De Sandre-Giovannoli et al.,
2003), such as the string of three collagen genes at 1q32 (PRELP, Fibromodulin, Opticin),
indirect outcomes which may underlie the Hutchinson-Gilford phenotype (Lewis, 2003).
Here again, progeria may be epigenetic in etiology.

Whatever the etiology, progeria is mosaic in expression, affecting the onset, but
not rate of cell senescence. Histologically, specific cell lines approach their replicative
limits and senescence in early perinatal development. Clinically, progeric children dis-
play age-inappropriate pathology and die early in their second decade.
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C H A P T E R 8

The Skin

Structure and Overview

Skin integrity is critical; without it we die. Although we often ignore its importance, rele-
gating it to the merely cosmetic, the error is brought home when skin fails. Third-degree
burns prevent most normal skin functions and, with a moderate percentage of total body
surface area affected, can be fatal. Death is usually due to infection or fluid and protein
losses. Burns are horrendously difficult to treat even in the best specialized burn units at
the start of this millennium. Skin is far more than a “bag that holds us together.”

Although aging is far more insidious and subtle than an acute thermal injury, aging
nevertheless alters clinical skin function fundamentally and decisively. To character-
ize a concern for aging skin as petty cosmesis is inappropriate and betrays an unbe-
coming ignorance of pathology. Aging skin is not as dramatic or well publicized as
cancer or atherosclerosis, but nonetheless causes morbidity and mortality. Malignancy,
heart attacks, and strokes inflame our fear; decubitus ulcers, sepsis, hypothermic stress,
and poor healing remain quiet and anonymous bit-players in human suffering.

Though underappreciated, skin is publicly apparent. We see aging skin in grocery
store aisles, on television, and on the faces of our friends, even when we have no idea of
the corresponding states of their arteries, joints, or brains. Arterial aging is insidious
and may be expressed in varying clinical presentations (McDermott et al., 2001), but
too often becomes apparent with sudden, unforeseen disaster, such as myocardial in-
farction. Our skin lacks such misleadingly sudden disasters, but we see it obviously in
the mirror and watch its subtle progression.

The gross and microscopic anatomy of human skin has become known over sev-
eral centuries and even at the ultrastructural level, skin histology (e.g., Bloom and
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Fawcett, 1975), has been well characterized for more than a generation. The past sev-
eral decades have shifted our focus down to the physiology, genetics, and complex cell–
cell interactions of the skin. Skin is a continuous layer of external cells, but simplicity
ends there. Normal skin is almost always more than a single sheet of identical cells.
Corneal epithelium and fetal epidermis are simple layers of few cells (Griffith et al.,
1999c), but normal skin consists of multiple layers with multiple distinct cell pheno-
types, sophisticated intracellular interactions, and a plethora of “immigrant cells” (de-
velopmentally, as in neurons and melanocytes, or recurrently, as in mast cells) serving
diverse and critical functions.

Even excluding glandular (sudoriparous, sebaceous, and mammary) and follicular
structures, skin is sufficiently complex to require exposition. Its complexity reflects
multiple functions. Ignoring excretion, skin provides mechanical protection, thermal
regulation (as a passive barrier and an active regulatory system), sensory reception, and
immune defense.

There are three basic layers. Outermost is the epidermis, composed almost exclu-
sively of keratinocytes of ectodermal origin and forming a stratified squamous cell layer
whose primary function might be characterized as gradual collective suicide in defense
of the underlying dermis and body. These cells produce and accumulate keratin until
the cell is nothing but a sheet of protein—much like a shingle—sloughed away in pref-
erence to loss of the living cells beneath it.

The underlying dermis is a more complex and busy layer, full of blood vessels and
sensory organs, actively responding to and meeting environmental stresses and inva-
sions. The major indigenous cell of the dermis, the fibroblast, is of mesenchymal ori-
gin. Dermis is a stratified columnar layer in which most of the vascular, immune, and
sensory structures are located and it is in this layer (as contrasted with the simpler changes
of the epidermis) that we see multiple and more demonstrable changes as human skin
ages.

The deepest layer is more passive, made up of subcutaneous fat and loose collagen,
and more concerned with insulation and holding us together structurally than with ac-
tively responding to the threats from the outside world. This loose connective and sub-
cutaneous adipose tissue is followed in turn by deep fascia, periosteum, or mesenchymal
tissues.

Together the skin (and the cornea) covers the entire external surface of the body.
In the average adult, the skin has a surface area of slightly less than two square meters.
It makes up approximately 16% of body weight, is capable of holding 25% of the body’s
blood supply (Balin et al., 1997), and axons of its sensory organs, which run to the spi-
nal cord, form a substantial portion of the ascending tracts to the brain. Skin is not trivial
functionally, nor is its dysfunction trivial as it ages.

Epidermis is characterized by renewal and loss in a gradient from the basal layers
of proliferative keratinocytes, through a finely regulated transition of terminal differ-
entiation, to dead, cornified, keratin-filled cells sloughed off approximately 28 days
after initial division. Cells in the germinative, basal cell layer are generally locked in
G0, but divide in response to cytokine stimulation (Peacocke et al., 1989). Cycle time
and response to growth factor stimulation, such as epidermal growth factor (EGF) or
keratinocyte growth factor (KGF), varies with body location (Liu et al., 1998), nutri-
tional status, and age (Stanulis-Praeger and Gilchrest, 1986). Although keratinocytes
make up more than 90% of the epidermal cells, melanocytes (2%–4% of cells), and
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Langerhans cells (1%–2% of cells) are also present (Kaminer and Gilchrest, 1994).
Keratinocytes serve as mechanical protection via production (of keratin) and division
(by constant basal renewal and superficial sloughing). Melanocytes provide electromag-
netic (especially ultraviolet) protection by producing melanin (Xu et al., 2000b) for
keratinocytes (Bandyopadhyay et al., 2001). Photons (visible and ultraviolet) directly
and indirectly (via free radical production) damage complex molecules. Blocking and
absorbing photons, melanin decreases DNA and other damage in epidermal and dermal
cells. This lowers the incidence of dysfunction in individual cells (which can be replaced)
and the risk of malignant transformation that might kill the organism. Found in increased
numbers in sun-exposed areas of skin, melanocytes decrease by 10%–20% per decade,
independent of the degree of ultraviolet (UV) exposure among individuals or between
exposed (e.g., hands) versus non-exposed (e.g., buttocks) skin. Langerhans cells pro-
vide initial and limited immune protection within the epidermis. Found especially in
the perivascular areas of the underlying dermis, they recognize and present antigens to
other immunocompetent cells.

The dermal–epidermal junction, between the dermis and epidermis, is no simple
plane, no merely arbitrary boundary between two flat sheets of adherent cells. To the
contrary, it is almost indecipherably corrugated. This junction, the “plane” along which
blisters form and older skin sloughs free in minor trauma, is tightly held together in young,
healthy skin by both cell–cell adhesion and an interdigitated architecture. The deeply
rugose valleys and mountains form a landscape between epidermal and dermal cells
preventing easy separation by shape, independent of adherence. The boundary is easily
defined by function and distinctive staining in all ages. While separating easily in the
elderly, it is almost impossible to force apart through shear stress in the young.

Dermis is an active layer, metabolically and functionally. It is complex, not only
for its spectrum of indigenous cells but the wealth of adscititious cells and structures
commuting through and often residing within this layer. Epidermis is well ordered, dermis
is not. Although epidermal cells progress from a deep, proliferative layer to the super-
ficial dead husks of keratinocytes, dermis lacks such terminal progression. It is a vital
and active structure full of multiple types of cells, vascular structures, nerves, and an
extracellular matrix consisting of collagen (synthesized by fibroblasts) and elastin fibers
embedded in ground substance. Even the matrix is complex. Collagen comes in at least
11 different types (or more, especially if we include other species; e.g., Li et al., 1993),
though always consisting of three separate chains of protein wound tightly together in
fibrils, collectively forming collagen fibers. These form a jungle gym of structural ele-
ments throughout the dermis, binding apposing layers and constraining structures and
cells within the dermis. Through the warp of collagen a weft of elastin is woven, adding
flexibility and resilience just as collagen provides strength. Although apparently ran-
dom, most collagen and elastin fibers imprecisely parallel the overlying surface, defining
wrinkles and the preferred direction of surgical incision for optimal wound healing. The
dermal–subcutaneous junction has no sharp frontier, either intellectually or histologi-
cally. Gradually, with vague interdigitation, dermis gives way to subcutaneous adipose
tissue and deeper fascia, without a well-defined boundary.

Skin is not simply a set of local cells with local purposes but an encompassing organ
with functional implications for distant cells and organs throughout the organism. Young
epidermis is substantially invested with free nerve endings (sensory axons) that enter
from the deep subcutaneous layers and ascend through dermis and arborize throughout
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epidermis, especially in deeper, germinative layers, providing information about light
touch and pain. Free nerve endings are ubiquitous, while more specialized sensory struc-
tures, such as Pacinian corpuscles, Meissner’s corpuscles, Ruffini endings, Krause end
bulbs, Golgi-Mazzoni receptors, and Merkel’s cells (Moll et al., 1984) are restricted to
the dermis and deeper structures (Mather, 1985). The skin is likewise a major arena for
immune defense, as a large portion of potential pathogens gain access through its layers.
Skin is an organ for body temperature control. While subcutaneous adipose tissue is a
passive insulator (and a caloric storage area, cushion, and dimorphic secondary sexual
characteristic), its vascularity and regulated control of dermal capillary beds make it
the major active player in body temperature regulation (Hardy and Bard, 1974). Above
all, skin is a mechanical barrier, not only through its collagen and elastin webbing and
its ability to sacrifice superficial cells, but through its permanent cellular elements and
their adherence. Faced with tangential force, young skin stretches or abrades rather than
separating.

Aging and Other Pathology

Many organs fail with age. Superficially, the problem of skin aging is not that it doesn’t
work, but that there isn’t much of it. Old skin is thin. Skin appears to evaporate with age
as subcutaneous fat disappears, cells become fewer, and layers grow thinner and more
fragile.

Nonetheless, this observation is misleading. Epidermis, for example, maintains
much of its thickness. Moreover, at the gross level we see redundant skin hanging in
loose folds. Rather than having too little skin (in top-to-bottom thickness), from side to
side, older skin elongates, becoming loose and inelastic, prompting plastic surgeons to
cut away the apparent excess to regain youthful appearance. The critical problem of old
skin is neither thinness nor redundance but loss of function. To a degree, this reflects
aging in underlying tissues (Selmanowitz, 1977) upon which skin is dependent, such as
muscles, bones, and especially deep vascular beds. Yet skin also ages intrinsically and
independently of underlying tissue changes.

The failure of aging skin is ubiquitous. If cells should divide and replace others,
they do so less frequently. If they are to provide melanin, they do so less effectively
and less reliably. If they are to produce collagen, their production is deficient and
defective. Glands become fewer and more erratic, hair follicles fail, capillary beds
diminish (Kalaria, 1996; de la Torre, 1997; Bemben, 1998; Roffe, 1998) and vascular
regulation becomes erratic (Kaminer and Gilchrest, 1994). In each case, to varying
degrees and in different ways for each cell phenotype, aging skin cells fail in their
cell-specific roles.

Young skin is a mechanical barrier and a tough protective layer—a characteristic
lost progressively with age. Old skin becomes thin and tears easily. The loss of thick-
ness is visible to the eye and confirmed by measurement. Each layer shares in this loss
to some degree. At the cellular level, extensive changes occur, including decreased
keratinocyte lifespan (i.e., from final division to sloughing). Young epidermis constantly
turns over, as new cells move outward and slough. By the eighth decade, turnover time
shrinks by approximately 50% (Kaminer and Gilchrest, 1994), paralleling epidermal
thinning. Dermis changes in the same fashion, becoming thinner, more acellular, and
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more avascular (West et al., 1989). Perhaps the most striking finding however, and one
with profound mechanical consequences, is the flattening of the epidermal–dermal junc-
tion. The loss of complexity of the dermal–epidermal junction is startling and explains
the clinical observation that aging epidermis sloughs with only trivial tangential trac-
tion. With little impediment to lateral shear stress, the junction separates easily along a
single smooth plane, allowing epidermis to separate from underlying dermis (Fig. 8–1).
Once elastic and capable of resisting tangential forces, skin now transmits such force
directly to this simplified and now poorly adherent junction. Large sheets of aging epi-
dermis slide free with less and less force from increasingly minor events.

Other mechanical changes occur progressively with age and have clinical conse-
quences (Gilchrest, 1990). Skin that once was thick and resistant now permits the easy
transmission of axial forces to underlying vessels, resulting in ecchymosis as vessels
tear and bleed. There is concomitant and significantly increased damage to deeper struc-
tures. Once cushioned by subcutaneous fat and thick dermis, bones now receive con-
centrated impacts, as do nerves, major arteries, and organs. The result is an increasing
incidence of fractures, neuropathies, vascular injuries, and organ damage. We bruise,
we injure underlying structures, and we lose protective epidermis wholesale with trivial
forces.

Changes at the histological level are apparent, but changes within cells are at least
as robust and underlie histological change. The major indigenous skin cells, fibroblasts
and keratinocytes, show age-related population decrease, but are not alone. Melano-
cytes decrease, increasing UV damage, as well as malignant transformation, cell stress,
and perhaps cell turnover in the dermis and epidermis (Herzberg and Dinehart, 1989),
thus accelerating cell senescence (Smith et al., 2000a).

As melanocytes decrease, skin cells fall back upon cellular immune defense and
intracellular repair. Unfortunately, cellular immunity is compromised. Langerhans cells
decrease by as much as 40% with age (Rogers and Gilchrest, 1990), with a gradual loss
of delayed sensitivity (Sunderkotter et al., 1997). Overall loss of immune function de-
creases skin immune surveillance, allowing tumor cells to survive in increasing num-
bers (Rogers and Gilchrest, 1990). Mast cells decrease by as much as 50%, further
undercutting immune defenses (Kaminer and Gilchrest, 1994). Macrophages alter, be-
coming less effective (Sunderkotter et al., 1997). Coupled with a smaller capillary bed

Figure 8–1 Aging skin. Histologically, older skin not only has thinner layers but a far less com-
plex dermal–epidermal junction; interdigitations are absent, microbullae become common, and
trivial force will separate the two layers.
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(Kalaria, 1996; de la Torre, 1997; Bemben, 1998; Roffe, 1998), decreasing immune cell
(e.g., T cell) access, age-related impairments jeopardize (and explain the failure of)
immune function (Sunderkotter et al., 1997).

Skin cells change both numerically and functionally. Response to normal growth
signals decreases, response to growth inhibitors increases. Stem cells of the basilar epi-
dermis (Harle-Bachor and Boukamp, 1996) become less abundant (Michel et al., 1997).
Keratinocytes have increasing mitochondrial dysfunction (Maftah et al., 1994). Fibro-
blast membrane composition alters, as does adhesion, extracellular matrix production,
and secreted enzyme activities (Yaar and Gilchrest, 1990). Many studies have looked
at baseline gene expression and changes in gene expression in response to stimuli. Fibro-
blasts and keratinocytes from older donors show limited or inappropriate responses to
intercellular signals and environmental change (Yaar, 1995). For example, normal chro-
nological and photoaging increase c-fos inducibility, while aging increases the baseline
expression of SPR2 and interleukin-1 (Garmyn et al., 1992). Compared to neonatal
keratinocytes, adult cells are less responsive to hypothalamus-derived mitogen KGF
(200- vs. <75-fold cell number increase), as well as to KGF and EGFs in combination
(Gilchrest, 1983a). Similar changes are typical in comparing young with old skin cells.
Comparing responses to stimuli, many differences occur in cell protein production
and gene expression (Gilchrest and Yaar, 1992). Proliferation-associated gene (cdc2
andE2F-1) mRNAs are down-regulated in senescing keratinocytes, which express
genes normally specific to differentiating squamous cells, such as cornifin (Saunders
et al., 1993; Yaar et al., 1993). Response defects are probably not in signal reception
but late in the response mechanism. Senescent human fibroblasts, for example, have
impaired response to tumor necrosis factor (TNF), yet two to three times the recep-
tors of younger fibroblasts, with identical affinities. Even activation of nuclear transcrip-
tion factor (NF-k B) is identical (Aggarwal et al., 1995).

While aging cells are apparently less careful in which genes they express and may
appear to express phenotypically inappropriate genes, it is possible that this represents
a teleologically intentional and appropriate response to other age-related changes in the
cell and its environment. We cannot be sure whether aging is merely chaotic or an in-
creasingly complex and unstable attempt at cellular homeostasis (Wright and Shay,
2002). Where hubris infers chaos, humility admits incomprehension.

Skin is not merely collected cells, but interdependent cells surrounded by specific
and complex cell products. Matrix, largely an organic framework of protein products,
shows progressive dysfunction in several parameters (Tan et al., 1993). Matrix is the
product of the two basic metabolic variables defining turnover: an anabolic variable
(synthesis) and a catabolic variable (degradation). Although equal in stable matrices,
their linked rates (and hence turnover) may vary, altering the quality and makeup of the
matrix protein pool (see Chapter 3). Even with a stable overall pool size, the composi-
tion may vary, one protein proportion rising, another falling correspondingly. Likewise,
the percent of damaged proteins can vary. Pool size, while easier to measure, is an inad-
equate measure of function; it ignores protein proportions, percent damaged molecules,
and turnover rates. Most known changes involve changing ratios and types of matrix
proteins, particularly collagen (Tan et al., 1993).

Genes responsible for components of the extracellular matrix show alterations when
comparing human keratinocytes and fibroblasts from donors of varying ages. Tan et al.
(1993) used cells from individuals between 18 and 65 years of age and found that the
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older keratinocytes showed a four- to fivefold increase in the mRNA for type XVII
collagen, although there was no observable change in the more common type IV col-
lagen. Looking at fibroblasts from individuals between 17 and 74 years of age, they
found that there were reliable age-related decreases in the expression of specific type I
collagens. Likewise, younger cells were almost twice as responsive to a collagen pro-
moter (TGF-b) than were cells from older donors, which expressed less intrinsic pro-
moter. Although they drew cells from varying ages and “minimized the effects of in
vitro cellular aging and senescence,” the same effect has been seen in studies of in vitro
senescence (see below).

Other matrix-related changes in gene expression have been observed. There is an
increasing overexpression of tissue-type plasminogen activator (t-PA), whose activity
should lead to progressive disruption of extracellular matrix maintenance (West et al.,
1996). Moreover, in vitro, the senescent cells exhibit a more constitutive pattern of gene
expression and are less responsive to environmental signals that should prompt altered
gene expression. Specifically, senescent lung and skin cells show constant expression
of urokinase-type plasminogen activator (u-PA) and plasminogen activator inhibitor-1
(PAI-1). In the face of serum deprivation, younger cells showed an appropriate decrease
in their secretion of PAI-1 and in the resulting level of this inhibitor in the extracellular
matrix pool. The authors suggest that fibroblast senescence “is associated with an al-
tered expression of several genes regulating tissue maintenance that, in turn, could lead
to degenerative changes in tissue in age-related disease(s).” A related problem with
baseline gene expression in senescent dermal cells is seen not in the invariant but in the
increased baseline expression of differentiation-associated SPR2 and interleukin 1 re-
ceptor antagonist (IL-1ra) genes, although the UV inducibility of these (and many other)
genes apparently remains intact (Gilchrest et al., 1994).

A clear decline in the baseline expression, with potential problems for pool size
and percentage of damaged proteins as a result of decreased turnover, is found in der-
mal collagen, the most prominent protein in dermal matrix. Among collagen’s func-
tions is providing anchoring fibrils, predominantly, if not exclusively, type VII collagen.
Dermal fibroblasts show an age-dependent decrease in expression of their type VII
collagen gene. Although expression is appropriately enhanced upon stimulation by trans-
forming growth factor-beta (TGF-b), aging dermal cells have a decreased response to
pro-inflammatory cytokines interleukin-1 beta (IL-1b) and TNF-a, which normally in-
creases type VII collagen mRNA levels dose-dependently (Chen et al., 1994).

The age-related loss of the normal up-regulation of collagen synthesis in the face
of inflammation could reasonably cause an overall decrease in the quantity of collagen
within the matrix pool or an increased proportion of dysfunctional proteins within that
pool. These two cytokines continue to cause elevated collagenase gene expression even
in aging cells, supporting the first possibility. Moreover, baseline collagenase expres-
sion and collagenase in the matrix are elevated in aging cells. These effects are found in
older cells in vivo (Burke et al., 1994) and in senescent cells in vitro (West et al., 1989).
The impact of such changes in cellular response are likely manifold. Consider elastin
alone, whose expression is modulated by multiple peptide growth factors, steroid hor-
mones, and phorbol esters, including TGF-b, which acts as a post-transcriptional regu-
lator (Davidson et al., 1995). Not only the synthesis of matrix proteins but the entire
process of protein turnover is likely affected by tissue processes in aging skin. Inflam-
mation might contribute to increased protein degradation, increased proportion of protein
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damage, or both effects. Collagen synthesis and degradation are affected by aging skin
cells, with a lower rate of incorporation of new collagen paired with a higher rate of
matrix degradation. Either outcome might contribute to age-related losses of normal
dermal function, to observable age-related changes in dermal appearance, or to both.

The suggestion that the aging matrix is merely deficient in collagen or the result of
increased “synthesis of adhesion molecules” (Giacomoni and Rein, 2001) drastically
misrepresents the complexity of the situation. Not only are there fewer epidermal cells
and a weakening of the intracellular matrix, but the character of the matrix changes.
Even as the dermis shows an increase in the deposition of elastic fibers, there is a loss of
the elasticity of those fibers: aging elastin is abnormal and dysfunctional. These changes
are usually exacerbated by concomitant photoaging, in which there is hypertrophic re-
pair, increased melanogenesis, collagen degeneration, and a twisted, dilated microvas-
culature (Gilchrest, 1996).

Clinical functions of skin result from of all of these. Poorer wound healing (Krohn,
1962), for example, is likely due to the relative dearth of cells, their poorer response to
growth factors, slower rate of cell division, decrease in matrix, and gradual mechanical
failure. Wound healing is slower and all phases are affected. Inflammatory and prolif-
erative responses are delayed. Remodeling is less extensive and complete and collagen
formed in older wounds is qualitatively different (Gerstein et al., 1993). Nor are these
complex, intrinsic dermal changes the only cause of poorer wound healing. Increasing
microvascular insufficiency and peripheral nerve loss (sympathetic and sensory) have
been implicated as contributors (Khalil and Merhi, 2000). Not only is there an overall
loss of capillary beds (Kalaria, 1996; de la Torre, 1997; Bemben, 1998; Roffe, 1998),
but a striking impairment in vascular regulation (Kaminer and Gilchrest, 1994). As human
skin ages, there is a substantial loss of such specialized sensory structures, whose popu-
lation may decrease by two-thirds (Kaminer and Gilchrest, 1994). This loss of sensory
input plays a possible role not only in wound healing but in the increased risk of inad-
vertent and unappreciated skin damage in older skin.

Not all changes are necessarily evident when averaged in a tissue comprising bil-
lions of cells. Although cells from neonatal, young, adult, and old skin may show a
continuous spectrum of gradual change (often an unexpressed assumption), there may
be sudden, quantal changes in individual aging cells, hidden in averaged data, frequently
all that is available. Studies often extrapolate from neonatal versus mature or young
versus old skin cells to aging tissues or vice versa, without regard for whether such
comparisons are conceptually appropriate or justified by extant data. Some changes may
represent gradual, generic aging changes, whereas others may pertain solely to indi-
vidual cells or may be quantal, stochastic events. The interpretation of data on tissue
aging in general, and skin aging in particular, may be warranted, but should be done
with caution and a healthy degree of suspicion.

The Role of Cell Senescence

As the first of the chapters on aging organs, some prefatory comments are necessary
regarding the role (and common misunderstandings of the role) of cell senescence in
aging organs. Misconceptions abound. We might, for example, assume that the model
implied that all cells, or an overwhelming percentage of cells, are senescent in old organs.



148 THE AGING ORGANISM

Neither assumption is supported by data. To the contrary, the model does not even imply
that there are fully senescent cells in aging organs. There is substantial variability in the
degree of senescence and few if any fully senescent cells, but a significant degree of
altered gene expression within a percentage of partially senescent cells. The degree
of alteration in gene expression, as we shall see, may be modest yet result in tissue
dysfunction.

The critical requirement, if cell senescence is to play a role in aging organ func-
tion, is that a sufficient percentage of cells undergo alterations in gene expression suf-
ficient to alter the function of the surrounding tissue. The key question, in an academic
and a clinical sense, is whether the observed degree of cellular change can reasonably
result in the observed degree of tissue dysfunction (Fig. 8–2).

A major consideration in tissue function, particularly in the function of dermal tis-
sue, is the intracellular matrix. We must therefore address not only changes within cells
but the resultant changes that occur among cells. As elsewhere, the dermal matrix com-
prises several protein pools, including elastin, several different collagen species, etc.
And as in any protein pool, whether within a cell or in the matrix, the key question is
the rate of protein turnover. As discussed above (Chapter 3) in some detail, it is the rate
of protein turnover that critically determines the percentage of available proteins that
have incurred damage in a given pool. Small changes in rate of turnover can have large
effects in percentage of damaged proteins, even without change in protein pool size (see
Chapter 3) or increased damage rate. In dermal aging, we must consider evidence not
only for alterations in cell function, but for even minimal changes in production of ex-
ported cell proteins, such as collagen and elastin. With these caveats, we shall consider
evidence for cell senescence in skin.

The question is not whether cell senescence occurs in vivo, for it does so, but to
what extent in vivo cell senescence results in age-related pathology and changes—physi-
ological and histological—that occur in aging skin. The ongoing senescence of dermal
cells may be reflected in changes in gene expression and thereby cell function, but is
cell senescence responsible for dermal aging or are the changes in gene expression merely
appropriate secondary cellular responses to some other aging process occurring in dermal

Figure 8–2 Naive versus actual skin aging. A naive view of aging skin suggests that either all
cells become totally senescent or even if only some skin cells are senescent they are totally se-
nescent. This neglects both the gradual nature of senescence in cells as well as the interactive
effects upon other cells. A realistic view suggests that a modicum of cells display varying de-
grees of senescent change. Senescence is not all-or-nothing histologically, nor in the individual
cell, nor in secondary effects on other cells.
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cells? While the known accumulation of senescent fibroblasts and keratinocytes in aging
skin might cause compromise in function, such accumulating cells may have “long-range,
pleiotropic effects—degradative enzymes, growth factors, and inflammatory cytokines”
more central to explaining the loss of function in aging skin (Campisi, 1998b). These
changes—the mere presence of senescent cells and alterations in gene expression that
have long-range effects on an entire tissue—are worth consideration.

While gene expression changes with aging and age-related disease, mere iteration
and confirmation do not address the question. Changes in gene expression may be sec-
ondary and appropriate responses to pathology rather than necessarily reflecting a fun-
damental process of aging. Similarly, the bald correlational finding of senescent cells
in aging skin does not prove their etiology in any clinical outcome. Contrarily, how-
ever, a finding that only a minority of cells were senescent does not disprove the hy-
pothesis that these dysfunctional cells drive dermal aging and are responsible for the
age-related changes discussed above. Not surprisingly, the suggestion has been made
that cell senescence may cause at least a portion of dermal aging (Yaar and Gilchrest,
1998), but do data support an even stronger and more conclusive statement?

If cell senescence and telomere maintenance are causally related to dermal aging
(Roupe, 2001; Yaar and Gilchrest, 2001), we might expect pathology when these pro-
cesses go awry. The possibility that cell senescence contributes to dermal aging is sup-
ported by work showing that telomere maintenance plays a role in the dermal pathology
seen in several known diseases. Scleroderma patients, for example, have shortened
telomeres and increased chromosomal instability, which correlates with the presence,
though not the duration, of the disease (Artlett et al., 1996). Similarly, telomerase ab-
normalities in fibroblasts may underlie systemic sclerosis (Ohtsuka et al., 2002). Inappro-
priate or abnormal dermal cell senescence may be responsible for the altered cell and
matrix function, resulting in the characteristic clinical outcome seen in these patients.
Psoriasis patients, who are at increased risk of malignancy, particularly lympho-
proliferative cancers (Margolis et al., 2001), might be predicted to have abnormal cell
senescence. Keratinocytes taken from psoriatic plaques do have elevated telomerase
levels (Nickoloff, 2001). Whether this is an explanation of or (more likely) a response
to psoriatic pathology is unknown.

While elevated telomerase expression is found in chronic, radiation-induced skin
ulcers (Zhao et al., 1999), this may be simply a normal and generic response of some cell
lines to low-level radiation exposure (Finnon et al., 2000). The location of telomerase-
expressing cells has been of considerable interest (Yasumoto et al., 1996). It is interest-
ing to note that interventions (such as down-regulation of 14-3-3s) associated with
keratinocytes remaining within the stem cell compartment rather than becoming differ-
entiated into stratified epithelia result in telomerase expression (Dellambra et al., 2000).
While differentiated keratinocytes do not express telomerase (Lee et al., 2000a), the pro-
liferative basal cells of the epidermis express telomerase (Harle-Bachor and Boukamp,
1996), presumably to allow indefinite cell division and replacement of the continually
sloughing epidermal cells.

A more interesting pathological model, linking telomere shortening to human dis-
ease (Marciniak et al., 2000; Weng and Hodes, 2000; Ruggero et al., 2003), is dyskera-
tosis congenita (DKC). Patients with this rare genetic disease typically die of bone
marrow failure or pulmonary complications. If we compare the different subtypes of
DKC, the mean age at death correlates with the degree of residual telomerase function.
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For example, patients with the most severe form, the dominant, X-linked form (who
show approximately 20% of normal telomerase activity) have lifespans approximately
20% of the lifespans of unaffected individuals. Those with the recessive, autosomal form,
with approximately 50% of normal telomerase activity, have lifespans approximately
50% of the lifespans of unaffected individuals. The disease is attributed to one of
several missense mutations (Heiss et al., 2001) of the dyskerin gene (putatively a
pseudouridine synthase), which interferes with normal telomerase subunit assembly
and results in less hTR (Mitchell et al., 1999; Shay and Wright, 1999; Vulliamy et al.,
2001a). Reduced telomerase and shortened telomeres (Vulliamy et al., 2001b; Alter,
2002) limit proliferative capacity of not merely rapidly dividing but specific somatic
cell lines (Heiss et al., 2000), particularly hematopoetic stem cells, leukocytes, and epi-
thelial cells (Shay and Wright, 1999; Vulliamy et al., 2001b). The predilection for these
cell lines may explain the typical clinical findings of alopecia, nail dystrophy, abnor-
mal skin color, precancerous cells in the mucous membranes, pulmonary fibrosis, GI
abnormalities, high risk of skin cancer, fragile bones, and undeveloped testes. These
patients make telomerase, but it is more unstable and ineffective in telomere mainte-
nance. Dyskeratosis congenita leukocytes, for example, cannot maintain their telomere
lengths and demonstrate an age-dependent increase in chromosomal rearrangements,
such as fusions, dicentrics, Robertsonian translocations, and ring chromosomes. The
telomerase dysfunction in DKC patients results not so much in early cell senescence as
in telomerase instability and hence a “chromosomal instability syndrome” (Shay and
Wright, 1999).

If cell senescence plays a role in normal dermal aging, then we might expect more
subtle indications than those of genetic disease. Correlational evidence abounds for cell
senescence in dermal aging. As expected, initial data showed that tissue-specific rates
of telomere shortening occur in normal, aging skin cells (Lindsey et al., 1991; Nakamura
et al., 2002a) and are significantly higher in rapidly dividing cells of the epidermis (mean
2.5 kb shorter) than in more slowly dividing cells of the underlying dermis (Wainwright
et al., 1995). More recent work continues to support the conclusion that the telomeres
of in vivo human keratinocytes taken from normal, healthy individuals shorten with
advancing age (Matsui et al., 2000; Kang et al., 2002). Telomerase activity decreases
with the age of dermal cell donor, as well as with serial passage of such cells in vitro
(Kang et al., 1998; Matsui et al., 2000). Younger skin cells not only have longer telo-
meres, but are more likely to express telomerase. The epidermal basal cells from new-
born foreskins, for example, express hTR at moderate levels. In sun-protected areas at
least, most adult skin cells, however, do not express hTR. Epidermal basal cells from
sun-exposed areas are more likely to show hTR expression, as do basal psoriatic cells,
basal cells in patients with dermatitis, and in the proliferative cells of the anagen hair
bulb (Ogoshi et al., 1998). Epidermal cells from sun-exposed areas are more likely to
express hTERT (Ueda, 2000).

A recurrent question has been the percentage of senescent cells in aging skin and,
even if it increases with age, if it can be sufficient to explain dermal aging. An extreme,
and conceptually untenable, position is that since a percentage of nonsenescent skin cells
are found in skin samples taken from even the most elderly patients, cell senescence
can’t play a role in dermal aging. The logical parallel is to argue that since a large per-
centage of perfectly normal cells are found in patients dying of cancer, malignancy can’t
play a role in cancer deaths. The arguments are parallel, but faulty logically and clinically.
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The key theoretical question is not the presence of normal cells in aging skin, but the
degree to which the function of the tissue is disrupted by senescent cells. Aging skin
does have a significant and increasing percentage of senescent cells, but we must ask if
such senescent cells can (and do) interfere with overall dermal function in a manner
that can (and does) explain the clinical outcome.

The working hypothesis is that senescent keratinocytes and fibroblasts underlie the
dermal changes and age-related pathology found clinically (Smith et al., 2000a). Der-
mal cell senescence results, in turn, from the repetitive, lifelong occurrence of cell divi-
sion to replace losses due to quotidian, gross, and thermal trauma, UV exposure, infection,
toxin exposure, and vascular insufficiency, among other factors. Testing this hypothe-
sis is more difficult than might first appear. One approach is to show that senescing cells
affect tissue function deleteriously and significantly, the other, to experimentally inter-
vene in cell senescence with a resultant intervention in skin aging. As we shall see, both
approaches have supportive experimental data.

Within the purview of the first approach are related issues. The major issues are to
show that skin cells senesce in significant numbers, that such senescence is then ac-
companied by changes in cell function, and that such changes have a detrimental im-
pact on skin, characteristic of clinical aging.

Although many tissues have cell phenotypes that exhibit little or no cell division,
the skin is exposed to continual degradation and hence requires continual cell replace-
ment. Such replacement is the province of dermal stem cells. Although most of the cells
are telomerase negative, there is an actively dividing subset of hTERT-positive stem
cells in the basal layer of the epithelium (Kolquist et al., 1998). Human basilar stem
cells may transiently express telomerase at cell division (Ramirez et al., 1997; Shay and
Bacchetti, 1997), thereby slowing telomere erosion and extending their cellular lifespan,
in keeping with the need for dermal cells over a century or more. This expression is
probably tightly controlled, but responds to extrinsic stimuli, such as EGF (Rea and Rice,
2001) and retinoic acid (You et al., 2000.

Hair follicles likewise demonstrate stem cells, in the bulge of the follicle. During
anagen (active hair formation) phase, these cells repopulate the dermal papilla from which
the hair strand grows, beginning the hair cycle (catagen, telogen, anagen) anew (Rust-
ing, 2001). As in hematopoetic tissue, the reserve stem cells may define the lifespan
during growth phases (Oshima et al., 2001). The follicle cells (not the reserve stem cells
of the bulge) then senesce during the catagen phase, when there is no telomerase ex-
pression, even in the stem cells of the follicle. During the telogen phase, changes in the
gene expression of the remaining, senescent follicle cells (Gupta and Fuchs, 1999; Fuchs
and Segre, 2000) may prompt transient telomerase expression in the reserve stem cells
(Ramirez et al., 1997). Curiously, such expression is more prominent in the bulb-
containing fragment of the hair follicle than in the bulge area (the intermediate frag-
ment where the stem cells are more common) or the gland-containing fragment of the
follicle. Parenthetically, note that among progerics (but not acrogerics), whose dermal
fibroblasts demonstrate short telomeres, baldness is almost universal (Fossel, personal
observation).

Telomerase may be present (at least transiently) in basilar skin stem cells, but older
skin has fewer stem cells and their decrease correlates with the number of cell divisions
in culture (Michel et al., 1996). Telomerase expression is not sufficient to maintain
length: telomere erosion continues to occur in these cells and, along with it, changes in
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gene expression. A priori, however, the attribution of such change is unclear and easily
arguable. Barring data to the contrary, the existence of changes in gene expression with
age does not automatically imply that cell senescence underlies these changes, nor that
there is a functional relationship between the two processes. Other causes of aging might
be equally (or even totally) responsible for altered gene expression.

Experimental data support the conclusion that cell senescence, and specifically
changes in telomere length, drives such changes in gene expression. This conclusion
derives from studies that measure patterns of gene expression before and after the in-
sertion of an hTERT gene into human dermal fibroblasts (Shelton et al., 1999). If the
senescence-associated pattern of gene expression is the product of changes in telomere
length, then we must go further and ask how dermal aging in turn may be the product of
changes in the patterns of gene expression.

The changes in gene expression during dermal aging are characteristic. Within aging
human skin, there is an increase in the production of inflammatory factors (Shelton et al.,
1999). There is an up-regulation of inflammatory genes and changes in the cellular re-
sponse to inflammatory cytokines (Ly et al., 2000). Although there is down-regulation
of many genes that regulate the cell cycle and cell division (Ly et al., 2000), there is
constitutive expression of other cell cycle genes (Shelton et al., 1999). The inflammatory
pattern, reminiscent of that seen in inflammatory wound repair, is typical of in vivo
senescent human skin fibroblasts (as distinct from other cell phenotypes) and is found
in vitro (Millis et al., 1992). This apparently differs from the in vivo pattern in chronic
wound fibroblasts (Stephens et al., 2003). Additional aging changes, such as the pre-
dictable changes in elongation factors, energy metabolism, lipid turnover, are found,
but, again, vary among cell phenotypes. The overall pattern for aging cells is one of
diminished function and efficiency, but the specific pattern of senescence-associated
gene expression varies among cells.

Gene expression changes in a specific and characteristic way in skin cells from
aging donors. This is not to imply that there is a parallel and uniform change in the
expression of every gene. To the contrary, while some genes may show increased ex-
pression and others a decline, the expression of certain genes may be unaltered by
donor age. For example the expressions of TGF-a (Compton et al., 1995) or TGF-b 1
(Compton et al., 1994) show no pattern of decline with donor age. Other genes (EPC-1)
may show nonlinear patterns of change, or alterations early in the donor lifespan (per-
haps related to growth and maturation), but not during postmaturational aging (Tresini
et al., 1999).

Many genes change expression with age, however, and these drive further changes
in cell function. In keratinocytes from hair follicles taken from donors of varying ages,
for example, glutathione reductase (GSSG-RD), glutathione-S-transferase (GSH-S-T),
gamma-glutamyl transpeptidase (g-GT), and glucose-6-phosphate dehydrogenase
(G6PDH) decrease with age (Kermichi et al., 1990). There is a decrease in sensitivity
to insulin-like growth factors in cells from old donors and in cells that senesce in vitro,
as well as in cells from progeric fibroblasts (Harley et al., 1981). While a myriad of other
changes occur during in vitro cell senescence (Younus and Gilchrest, 1992) and in cells
from older donors, a few specific markers and altered patterns of gene expression de-
serve special attention in regard to cell senescence in the aging skin. Several cell and
tissue-specific senescence–associated gene expression patterns have been characterized.
Markers have been proposed—for example, monoclonal antibodies (SEN-1, SEN-2, and
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SEN-3) specific to senescent human diploid fibroblasts were isolated and may help iden-
tify senescent epidermal keratinocytes and mammary epithelial cells (Porter et al., 1992).
The possible roles of p15, p16, p21, and p53 in keratinocyte senescence have been con-
sidered (Parkinson et al., 1997; Sayama et al., 1999). While some suggest that p16
(Loughran et al., 1996; Chaturvedi et al., 1999; Fuxe et al., 2000) or p21 (Kallassy et al.,
1998; Sayama et al., 1999) may be critical in cell senescence, others (Tunstead and
Hornsby, 1999) find that neither is unique, nor a useful marker. Indeed, it may be merely
an artifact of the feeder layer on which the cells are grown (Ramirez et al., 2001).

For better or worse, however, b-galactosidase has become a (relatively and per-
haps arguably) specific marker for cell senescence (Dimri and Campisi, 1994a; Dimri
et al., 1995; Campisi, 1998b; Matsunaga et al., 1999a). Although b-galactosidase might
be an appropriate marker for senescence in human skin fibroblasts or even in retinal
pigmented epithelial cells, two naive usage errors are common.

The first mistake assumes that b-galactosidase is 100% specific and sensitive for
fibroblast senescence. It probably is neither (Severino et al., 2000). Part of the problem
is that it is such a good marker that we can identify b-galactosidase–positive cells among
a population of cells, some senescent and some probably not. That senescent tissue is a
mosaic of cells of different degrees of senescence (Mikhelson, 2001) leads some inves-
tigators to suggest that b-galactosidase is not a good marker because not all skin fibro-
blasts in aging skin are positive, but not all skin fibroblasts in aging skin are senescent.
b-galactosidase may not be a perfect marker for cell senescence (Yegorov et al., 1998),
but even if it were, it would show a mosaic of positive cells in aging skin. We should
not reasonably expect to find no staining (fetal skin?) or 100% staining of all cells. Ex-
perimental results are consistent with a sophisticated understanding of b-galactosidase
as a marker for cell senescence: it is a fairly accurate marker for senescence in indi-
vidual human skin fibroblasts and useful as a marker for fibroblast cell senescence in
populations of human skin cells. Predictably, telomerase-expressing DS-1 cells do not
show significant b-galactosidase staining (Funk et al., 2000).

The second error extends b-galactosidase use to all cell phenotypes. Cells differ
and, almost by definition, their differences are caused by and associated with dif-
ferences in gene expression. b-galactosidase is no exception. In cells that express
b-galactosidase constitutively (Yegorov et al., 1998) or even in non-fibroblast cell pheno-
types that may increase their expression during cell senescence (Matsunaga et al., 1999a),
we cannot expect that expression should necessarily parallel those changes occurring
in senescing dermal fibroblasts. That b-galactosidase does not necessarily function as a
marker for senescence in all cell phenotypes does not detract from its usefulness as a
marker within specific cell phenotypes.

By extension, there are other markers that may work equally well (or far better) in
other cell phenotypes. As technical advances allow us to portray cells in terms of large-
scale gene arrays (King and Sinha, 2001), the appropriate question is no longer how a
specific marker changes with senescence, but how the pattern of gene expression changes
with aging. In the same sense that the array varies among cell phenotypes, so too does
the array vary as cells senesce and this change can be used to adequately characterize
senescence. Just as we can now define a cell’s phenotype solely by its pattern of gene
expression, we could define senescence solely by the shifting pattern of gene expres-
sion for that cell phenotype. Done consciously and with due caution, the gene array may
change from our marker of senescence to our standard definition.
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At issue, however, is not merely the panoply of changes in gene expression, but
their putative effect upon tissue function. In short, do such changes have an impact on
the dermal matrix, other cells, or dermal function? At the gross histological level, func-
tional changes are attributable to gradual thinning. Senescent cells divide and differen-
tiate more slowly, and their responses to intercellular signals changes (Koizumi and
Ohkawara, 1996; Norsgaard et al., 1996). Human epidermal keratinocytes from older
donors, for example, not only have a poor proliferative response to mitogens but an
increased response to growth inhibitors, such as interferon (Peacocke et al., 1989).
Fibroblasts show similar changes, becoming resistant to fibroblast growth factor due
to post-receptor changes in the cellular response, specifically an impairment in tyrosine
phosphorylation (Garfinkel et al., 1996). As cell senescence occurs, one result is a slower
rate of cell replacement. Although cell “production” slows, cellular losses do not. A
constant, perhaps accelerated, loss of cells occurs with age as dermal tissues become
less functional. In humans, for example, sensory losses alone result in more accidental
burns, abrasions, and pressure losses as aging progresses. As the balance of cell replace-
ment and cell loss shifts, the result is a smaller population of dermal cells at any moment.
Cells are fewer and tissues layers are thinner as aging occurs. This is evident in human
skin and reflected in the long observed thinning of the epidermal, dermal, and subcuta-
neous fat layers in aging human skin.

But dermal aging is more complex than the mere thinning of major identifiable
skin layers. At the microscopic and functional levels, there is a parallel reduction in rete
ridges, vascularity, mast cell number and function, vitamin D production, dermal epi-
dermal junction convolutions, Langerhans cells, healing rates, dermal epidermal adhe-
sion, sensory receptors, heat conservation, and tear resistance. The dermal epidermal
junction not only becomes less convoluted and less well bound, but the result is an in-
creasing propensity toward bullae formation and sloughing along tissue planes with age.
The decrease in stem cells may be an explanation for the slower rate of healing in older
skin (Michel et al., 1996). Indeed, such cells gradually become less responsive to trophic
factors, such as EGF, that stimulate telomerase activity and prevent the loss such cells
from the stem cell compartment (Rea and Rice, 2001).

While melanocytes expressing hTERT maintain stable telomere lengths and have
an extended replicative lifespan, normal melanocytes, like normal fibroblasts, show
typical cell senescence. Telomere shortening triggers their replicative senescence. Al-
though melanocytes and fibroblasts exhibit common changes during senescence (e.g.,
increased binding of cyclin-dependent kinase inhibitor [CDK-I] p16(INK4a) to CDK4,
down-regulation of cyclin E protein and loss of cyclin E/CDK2 activity, underphos-
phorylation of retinoblastoma protein, and more E2F4-RB repressive complexes), there
are characteristic differences between the two cell types. In senescent melanocytes, in
contrast to senescent fibroblasts, CDK-Is p21(Waf-1) and p27(Kip-1) are down-regulated
(Bandyopadhyay et al., 2001). With aging, there is poorer control of melanocyte divi-
sion and localization, and melanocyte population diminishes by 10% to 20% per de-
cade, accelerating UV damage to dermal cells. This last process is typical of the vicious
cycle of damage within aging tissues: the diminution of one function causes an accel-
eration of cell damage and cell turnover, thereby accelerating cell senescence, which
decreases cell function and so accelerates the initial problem.

Many changes are attributable not to having merely fewer cells but to changes in
cellular function. Dermal fibroblasts not only senesce (Gilchrest, 1983b; Dimri et al.,



THE SKIN 155

1995), but in vitro studies have shown clear constitutive overexpression of collagenase,
stromolysin, and elastase (Grey and Norwood, 1995; Zeng and Millis, 1996), while
metalloproteinases (TIMP 1 and TIMP 2) are reduced (Millis et al., 1992). Fibronectin
is produced in a less effective, less adhesive form (Sorrentino and Millis, 1984), and
proteoglycan synthesis decreases (Hubbard and Ozer, 1995) as does contractility (Bell
et al., 1979), while cell permeability increases (Macieira-Coelho, 1983). The major
components of the intercellular matrix, collagen and elastin, show “degeneration con-
sistent with the overexpression of proteolytic activity” (West, 1994). Although altered
synthesis and proteolysis may be responsible, likely the complete explanation is more
complex. Senescent dermal fibroblasts may overexpress metalloproteinases, which may
play a role (West, 1994), but there are likely other pertinent changes in gene expres-
sion. In vivo dermal fibroblasts from aging donors show changes in genes regulating
collagen synthesis (Tan et al., 1993; Furth et al., 1997) and turnover (Chen et al., 1994),
as well as changes in genes for other proteins that make up the extracellular matrix. In
vitro, senescent fibroblasts show parallel changes (West et al., 1989; Martin et al., 1990;
Choi et al., 1992), with increasing matrix degradation (Cristofalo et al., 1998b) and
collagenase synthesis (Millis et al., 1989; West et al., 1996), as well as other changes in
the expression of mRNAs encoding proteins involved in connective tissue remodeling
(Millis et al., 1992).

Although a hodgepodge of data are consistent with cell senescence being respon-
sible for dermal aging, no firm and proven data show this the most likely, let alone proven,
explanation. As a hypothesis, it is elegant and consistent, but scarcely held down by the
weight of careful arranged and inescapable data. Nonetheless, the hypothesis does re-
ceive additional support from a more direct approach.

While the hypothesis that cell senescence results in dermal aging can be approached
by the consideration of observational data, it can, as mentioned initially in this section,
be approached more forcefully by interventional experiments. Even without clarifica-
tion of the intermediate mechanisms, we might directly intervene in cell senescence and
observe the outcome. This has usually been accomplished using telomerase (e.g., trans-
fection of an hTERT gene), which resets telomere length and hence cell senescence.
Such an approach has thus far been done in vitro and ex vivo, but direct in vivo experi-
ments are now technically feasible.

The first of the in vitro experiments was published in 1998 (Bodnar et al., 1998)
and showed the clear mutability of cell senescence in human dermal (and other) fibro-
blasts. The study was immediately followed by other studies (e.g., Vaziri, 1998; Vaziri
and Benchimol, 1998) that affirmed and extended these initial results. These results have
been discussed in the first section of this book and do not, of themselves, speak to the
issue raised here: does cell aging drive tissue aging?

While the in vitro results were crucial (and startling to many), the ex vivo approach
comes closer to providing definitive support for the issue at hand. Human skin com-
prises two major indigenous cell phenotypes: keratinocytes and fibroblasts. Respectively,
these cell types predominate in the epidermis and dermis, where they are accompanied
by a variety of other indigenous cells (e.g., melanocytes, hair follicle cells, glandular
cells) as well as cells of nondermal origin (e.g., lymphocytes and vascular endothelial
cells).

In the key experiment (Funk et al., 2000), these two cell types were grown on an
immune-compromised mouse. Using this model (Wang et al., 2000a; Casasco et al.,
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2001), human keratinocytes and fibroblasts will routinely layer out over the course of
2 weeks and form an “organotypic human skin equivalent” that closely matches the nor-
mal human dermal architecture. This dermal tissue has many of the defining character-
istics of human skin, such as an epidermal layer, a dermal layer, and dermal–epidermal
interdigitations between these two layers.

Skin reconstitution from early-passage (20 population doublings) cells that had long
telomeres demonstrated good adhesion, complex dermal–epidermal interdigitation, and
good resistence to sheer stress. There were no microbullae or splitting between the two
layers. These results were equivalent to results observed clinically in young skin.

Late-passage (85 population doublings) human dermal cells that had short telo-
meres showed poor dermal–epidermal adhesion, simplified interdigitations, and a high
sensitivity to sheer stress. There was extensive splitting and blistering (microbullae) along
this junction. These results are equivalent to results observed clinically in older skin.

If the same senescent cells are then transformed using an hTERT-expressing
retrovirus and passaged an additional 20 population doublings beyond senescence,
their telomeres relengthen and resultant skin reconstitution is again morphologically
equivalent to young skin. At the ultrastructural level, the early-passage and transformed
cells were equivalent, showing normal hemidesmosomes with filamentous connections
from the epidermal cells to the dermal fibroblasts. Only in cells with relatively long
telomeres and normal gene expression do we observe normal filamentous connections.
Ultrastructural filament loss corresponds to increasing clinical instability along the
dermal–epidermal tissue plane. Changes in gene expression in senescing cells corre-
spond to tissue dysfunction in aging skin. While hTERT resets the dysfunctional gene
expression, normalizing changes are not found in cells transformed with an hTERT-
negative control retrovirus. Insertion of hTERT is the determining variable that results
in morphologically young skin reconstitution.

Changes in gene expression paralleled the changes in dermal morphology, with a
rough equivalence between measures of gene expression in young or transformed cells.
For example, b-galactosidase expression increases with serial passage, but is not found
in the hTERT-transformed cells. In the same model, DNA microarrays confirm that
hTERT transformation resets gene expression to that characteristic of young (early-
passage) cells (Shelton et al., 1999). Senescent fibroblasts show a relative overexpression
of numerous genes, including those involved in cell cycle regulation, inflammation,
matrix degradation, wound repair, and oxidative stress. Senescent fibroblasts likewise
show a relative repression of genes involved with the deposition and maintenance of
the extracellular matrix. In hTERT-transformed cells, the majority of markers showed
a return to levels characteristic of early-passage cells. Most changes in gene expression
associated with cell senescence are reset by hTERT expression. There are exceptions.
While collagen production is restored to levels seen in young cells by hTERT expres-
sion, elastin production is not (Funk et al., 2000).

The exceptions beg an interesting question that remains unanswered—i.e., the rea-
son for the failure of hTERT to reset all gene expression in these fibroblasts. One pos-
sibility is simply that senescence has caused immutable changes that cannot be undone
by hTERT or by relengthening telomeres. A second possibility is that the degree of
success depends on the degree of senescence. We might expect better results from mid-
passage (50 population doublings) fibroblasts than those from late-passage (85 popula-
tion doublings) fibroblasts. This recalls the issue raised in Chapter 3: is senescence an
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all-or-nothing or a gradual change in cell behavior? A third possibility is that just as
gene expression may take time to occur, so too might resetting take time after hTERT
activity begins. The additional 20 doublings after retroviral transformation used in this
experiment might be insufficient to reset the pattern of gene expression, which took four
times that long to induce. Some genes may reset, while others may require a longer time
period or other additional stimuli. These results are in only a single cell phenotype and
may not reflect results in endothelial, glial, or dozens of other cell phenotypes, each of
major clinical concern. These experimental results are startling, yet much remains un-
clear regarding the degree to which hTERT can cause a reversion of gene expression in
senescent cells and implications for tissue aging. At issue here is not merely the aston-
ishing result and its explanation, but the implications for tissue aging and our approach
to aging experimentation.

As in atherosclerosis, dermal aging is probably caused by several variables. One
major contributor to dermal aging is photoaging. Photoaging is not a simple phenome-
non and its cellular effects vary by location on the body (Bhawan et al., 1992). None-
theless, as it contributes to dermal aging, we might expect it to contribute to (and be
mediated by) cell senescence, which it does (Gilchrest, 1979; Gilchrest et al., 1983),
perhaps through a process of reactive senescence (Faragher et al., 1997b). Photoaging,
however, is not the only contributor to dermal aging. Additional causes include repeti-
tive trauma such as shear forces, pressure, heat, infection, etc. Other factors play a role,
including tobacco use, diabetes, and a host of genetic diseases. It is difficult (and prob-
ably unnecessary) to strictly distinguish local factors from vascular causes; likely there
is enormous interaction between vascular aging and dermal aging. The cell senescence
view of aging not only regards strict apportionment of such local and distant factors as
unrealistic but further regards such interactive effects as the heart of the process.
Aging, in any organ, dependents on not only local factors that drive cell senescence but
bidirectional or multiple interactional effects between local and more distant cells and
tissues.

The process does not stop at the genetic, intracellular, and intercellular levels.
Culmination of the process is clinical dysfunction. At the gross level, the result is
wrinkles, poor healing, decubiti, and heat loss. The result is universal, the cause subtle
and poorly understood. It is not simply a matter of photoaging through UV exposure,
nor is it mere trauma, toxic damage, or reactive oxygen species (ROS) production. It is
not even solely the shortening of telomeres, the slowing of cell division, the alteration
of gene expression, or some other single factor. However defined or understood, though,
the practical question remains: can it be altered? In a sense, there are already a multi-
tude of therapies to slow skin aging or hide its outcomes. Entire commercial ventures
are founded on no more than retinoids, face lifts, moisturizers, sun blocks, and similar
approaches to avoiding the tread of time. But is there evidence that we can intervene in
this process at a more fundamental level?

Intervention

Many regard aging skin as a merely cosmetic issue, in which wrinkles become evident.
Vast amounts of money are applied to modify superficial appearance to appease social
vanity. Surprisingly to many, aging skin can result in mortality, usually via infection,
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ulceration, or heat loss. Our understanding of the pathology of ulceration in aging skin
is imperfect, as is our ability to prevent and treat such disease (Thomas, 2001).

Skin aging is a significant problem in the aging population and often manifested in
poor (or non-) healing of lacerations, infected (and occasionally fatal) decubitus ulcers,
an increasing risk of infection, and poorer thermal homeostasis. Skin becomes a less
effective barrier to trauma, heat loss, microbes, and other assaults. We may predict which
patients may succumb to the problems of skin aging, such as pressure ulcers (Allman,
2001; Berlowitz et al., 2001; Margolis et al., 2002), but have surprisingly little to offer
as a clinical intervention. Caloric restriction, at least in mice, is effective in slowing
senescence in dermal fibroblasts (Pendergrass et al., 1995), although normalization of
the diet may be necessary to translate such effects into improved skin healing (Reed
et al., 1996).

Our current interventions to slow the course of dermal aging are less than im-
pressive. Despite claims (and fervent wishes) to the contrary, optimal diet, exercise,
topical agents, vitamin and other dietary supplements, and sun screens may at best
delay (Perricone, 2000) but do not prevent skin aging. Dermal aging is not the same
as photoaging (Yaar and Gilchrest, 1998) and their patterns of gene expression differ
(Garmyn et al., 1995), but photoaging does accelerate dermal aging and is probably
responsible for many visible changes. Efforts directed at preventing dermal aging should
deal with photoaging (Gilchrest, 1996; Griffiths, 1999). The use of sun screens against
the near (UVA) and far (UVB) ultraviolet spectrum are the first line of defense against
skin aging and our only effective clinical intervention in this area.

For skin already aged, current interventions include antioxidants, a-hydroxy acids,
or topical retinoids, which may have some effect on wrinkles and other markers of der-
mal aging. Retinoids, and perhaps retinol or tretinoin (all-trans retinoic acid) in par-
ticular, have beneficial effects on photoaged skin and may slow or prevent photoaging
(Gilchrest, 1997; Griffiths, 1999), but prophylactic dietary supplementation with tocoph-
erols does not (Werninghaus et al., 1994) and retinol may increase the risk of osteoporo-
sis (Denke, 2002; Feskanich et al., 2002). Nonetheless, in multicenter, double-blind trials,
tretinoin improved photodamaged skin within 4–6 months of daily use. Histologically,
long-term use results in “reconstitution of the rete pegs, repair of keratinocyte ultrastruc-
tural damage, more even distribution of melanocytes and melanin pigment, deposition
of new papillary dermal collagen, and improvements in vasculature” (Gilchrist, 1996).
Retinoic acid has been shown to maintain telomerase activity in human oral keratinocytes
(You et al., 2000). Although the effects on telomerase are unknown, similar clinical
results, if less impressive and substantiated, are seen with a-hydroxy acid therapy
(Gilchrest, 1996).

Botulinum toxin (Botox) has achieved recent notoriety solely for its apparent effect:
the reduction of skin folds due to the paralysis of the facial muscles that underlie such
folds (Medical Letter, 2002). Glabellar, nasolabial, and frontal folds, for example, are
due to the basal tone of subcutaneous facial muscles that draw on multiple diffuse fi-
brous attachments to the overlying dermal tissue. The paralysis of such muscles results
in the relaxation of major planes of the face, easing the visible valleys we associate with
aging, the result of habitual facial expression. Although there is a prominent and grow-
ing market for the cosmetic use of botulinum toxin, no data support any benefit of this
intervention for dermal health or aging. Caveats notwithstanding, however, the public
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responds better to cosmetic than functional concerns. Arch attempts to condemn the
preference are jejune and unprofitable.

As skin, like other organs, has repair ability, merely preventing further UV expo-
sure may be enough to promote repair (Gilchrest, 1996). Nonetheless, healing decreases
markedly with age. Our approaches to optimizing wound healing, especially in the eld-
erly, are largely unchanged from those of a century ago. Perhaps the only truly novel
addition to our armamentarium is growth factors, although the clinical trials have so far
been disappointing (Bello and Phillips, 2000).

Cell senescence is likely to play a central role in skin aging, and approaches that
intervene directly in this process have considerable promise. Although current support-
ive data are circumstantial and clinical potential difficult to predict (Deveci, 1999), the
initial work using telomerase to intervene in dermal aging has been impressive. The
earliest, in vitro work showed that dermal fibroblasts can be prevented from senescing
by using hTERT transfection (Bodnar et al., 1998). More recent work has used an ex
vivo model, in which human fibroblasts and keratinocytes reconstitute dermal tissue on
an immunocompromised mouse. Senescent cells, transformed with hTERT by a retroviral
vector, will reconstitute what may be histologically (Funk et al., 2000) and genetically
(Shelton et al., 1999) young human skin. These experiments offer considerable support
for the value of intervention in cell senescence as a potentially effective intervention in
dermal aging, but by no means prove clinical efficacy. Contradictory data (Stephens
et al., 2003), in which researchers “reversed the senescent cellular phenotype,” resulted
in cells with “inhibit[ed] extracellular matrix reorganizational ability, attachment, and
matrix metalloproteinase production and . . . impaired key wound healing properties”:
the authors predict that telomerase would be ineffective in treating chronic wounds. Data
can scarcely argue that reversal of senescent phenotype is ineffective if not actually
accomplished.

Nevertheless, difficulties are substantial, including practical and theoretical issues.
We are only marginally capable of transfecting the telomerase (or any) gene into an in
vivo model. Likewise, we could scarcely treat an experimental subject by removing their
skin and then replant transfected autologous or homologous skin cells. The costs of
sufficient gene production are high, the delivery mechanism uncertain, and our ability
to treat large areas of skin only theoretical. Moreover, even if telomerase induction were
sufficient to prevent (or to an extent reverse) cell senescence in some cellular compo-
nents of the skin, such as dermal fibroblasts, the effect may not carry over into other
equally important dermal cells. While fibroblasts have been immortalized by induction
of telomerase expression and, despite occasional claims to the contrary (MacKenzie et al.,
2000), may have indefinite lifespans with otherwise normal cell function (Bodnar et al.,
1998; Jiang et al., 1999), some groups (Dickson et al., 2000; McDougall, 2001) have
claimed that keratinocytes (along with mammary epithelial cells) are not immortalized
by hTERT induction alone, but require an additional abrogation of the p16(INK4a) cell
cycle control mechanism and perhaps employ the ALT mechanism for telomere main-
tenance (Stoppler et al., 1997; Opitz et al., 2001; Reddel, 2001; Rheinwald et al., 2002;
Tsutsui et al., 2002). Paralleling this observation, down-regulation of 14-3-3s (specifi-
cally expressed in human stratified epithelial cells) prevents keratinocyte differentia-
tion and reserves these cells to the keratinocyte stem cell compartment. These cells escape
replicative senescence and maintain telomerase activity, and show a down-regulation
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of the p16(INK4a) tumor suppressor gene (Dellambra et al., 2000). Whether this down-
regulation is required, however, is not clear.

The suggestion that p16(INK4a) is required for keratinocyte immortalization may
prove merely artifactual (Ramirez et al., 2001) or simply one of several ways of induc-
ing hTERT (Oh et al., 2001b; Sashiyama et al., 2001; Veldman et al., 2001), yet the
principle remains: an effective therapeutic intervention might require not only hTERT
(Harle-Bachor and Boukamp, 1996; Guo et al., 1998; Liu et al., 2000a; Fujimoto et al.,
2001) but perhaps also other additional and independent mechanisms (Farwell et al.,
2000). Clinical use of hTERT might have drawbacks, including carcinogenesis (see
Chapter 5), inadequate keratinocyte differentiation (Alani et al., 1999), inadequate “res-
cue” (Kanzaki et al., 2002), or other unexpected consequences. Even if we overcome
the difficulties and find minimal drawbacks, skin is not an isolated tissue. It depends on
the function of other tissues, including investing vascular trees and nerve branches. It
will avail little if we renormalize keratinocyte and fibroblast cells, while vascular and
neurological function remains impaired.

A final parenthetical observation must be made regarding baldness, particularly
male pattern baldness, if for no other reason than aging men find the issue important.
There is no firm, and little suggestive, evidence that male pattern baldness is even par-
tially attributable to cell senescence. Testosterone, to the contrary, has excellent sup-
port, in terms of observational and interventional data, as a major (though perhaps only
a permissive) cause of male pattern baldness. Nonetheless, the observations on progeric
children, as well as what data we have on cell senescence and telomerase expression in
human follicles (Ramirez et al., 1997), might reasonably serve as suggestive support
for cell senescence, perhaps driven or triggered by the integral of lifetime testosterone
exposure. Absent data, intuition suggests that telomerase intervention might be effec-
tive in restoring hair growth in elderly males.

In our venue, baldness has another, strictly analogical value. One of the major
conceptual mistakes, stressed repeatedly throughout this text, is to consider aging as
strictly a matter of wear and tear, instead of the failure of the cells to maintain them-
selves in the face of wear and tear. Consider the analogy to baldness. Baldness is not
simply a matter of losing hair because of wear and tear. Hair does not abrade away.
Brushing hair or wearing a hat does not cause baldness, despite the repeated wear and
tear involved in these actions. Wear and tear may remove individual hairs, but does not
cause baldness. To the contrary, baldness is a failure to adequately maintain hair growth
(anagen) to compensate for hair loss. Even then, the competition is not between anagen
and trauma, but between anagen and catagen. Baldness, like aging, occurs because
changes in gene expression undermine the ability to maintain the status quo, and not
merely because of wear and tear. We do not stop growing hair because we become bald,
we become bald because we stop growing hair. And we do not fail because we age, we
age because we fail.

Despite the obstacles and potential risks, the results of intervention in skin cell
senescence are startling and clinically intriguing. They firmly support the hypothesis
that cell senescence underlies aging and that aging is clinically modifiable. Initial work
suggests that our knowledge of cell senescence in aging can be translated into clinical
interventions for aging and age-related disease.
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C H A P T E R 9

Cardiovascular System

Structure and Overview

Most deaths worldwide are the result of vascular aging (Mehta and Yusuf, 2000). Only
a century ago, this statement was true of only developed nations, while death due to
infectious disease led in undeveloped nations. By the end of the millennium, however,
cancer and vascular pathology had become the two leading causes of death in almost all
nations, developed or otherwise. Where once we died young of infection (Yoshikawa,
2001), we now die in old age of atherosclerosis and cancer.

Although myocardial infarction is among the most common causes of death (and
has a 25% mortality rate per event; Mehta and Yusuf, 2000), the myocardium is seldom
the primary pathology. Myocardium is usually healthy barring insufficient coronary
artery flow. The primary pathology is arterial vessels, usually relatively obstructed prior
to the acute event. The event is often precipitated by a thrombotic “plug” of the dis-
eased vessel, critical to continued survival of the pathologically innocent heart muscle.
As we shall see, the origin of most vessel pathology is, in turn, attributable to changes
in the endothelial cells that line atherosclerotic vessels.

The heart is a large, muscular, cycling pump with four chambers controlled by hu-
meral, nervous, and local pacer-cell inputs, and supplied by major arterial vessels. The
right atrium accepts the initial venous return from the body and passes it through a one-
way valve (the tricuspid) into the right ventricle that then pumps blood through another
one-way valve (the pulmonary valve) to the lungs for oxygenation. The left atrium ac-
cepts blood back from the lungs, passes it through a one-way valve (the mitral) into the
left ventricle that then pumps it through another one-way valve (the aortic) to the entire
body, exclusive of the lungs. The left ventricle is, understandably, the most muscular
chamber of the heart and, perhaps because of its importance, the site of most fatal
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myocardial infarctions. It receives its only blood supply not directly from the blood in its
chamber, but through two coronary arteries that branch from the aorta immediately beyond
the aortic valve and that provide flow to the entire heart muscle only during diastole. These
two major coronary arteries divide into smaller supplying branches and are the vessels
replaced surgically when patients undergo coronary artery bypass grafts because of ath-
erosclerotic coronary artery disease. As the left ventricle contracts (systole), blood flows
throughout the vascular bed of the body. Its flow and pressure are further controlled by
the pressure of the (non-coronary) vessel walls, supplied by muscular and elastic elements.

The thickness and complexity of an arterial wall correlate with the luminal area.
The aortic wall is thick and complex; capillary walls are thin and simple. Where the
aorta may have thousands of cells and tough, fibrous layers for strength and elasticity,
the capillary wall may have only individual endothelial cells with a single, flattened layer
of external pericytes (Carmeliet, 2000). The area of this endothelial surface is estimated
at 1000 square meters in the adult human (Muller and Griesmacher, 2000). The aorta is
classically considered as having three layers: the innermost endothelial layer, smooth
muscle layer, and outer fibrous layer. The predominant respective cells in each layer
are, predictably, endothelial cells, smooth muscle cells, and fibrocytes. Elastin and col-
lagen fibers are found throughout the outer layers, but especially between layers. Such
layers, particularly of elastin, are particularly prominent in large arteries, such as the
aorta, and less prominent in smaller vessels. In the young adult, this elastic property of
large vessels allows them to distend during systole and rebound during diastole. This
enforces a more constant and less episodic blood flow despite sudden surges of systolic
blood from the heart. The rheologic “smoothing effect” of elastin in young arteries lessens
the sudden acceleration/deceleration shear forces that stress the endothelial cells lin-
ing the arteries. More distant, smaller arteries are less elastic, but more muscular and
adjust the blood pressure as well as the differential flow to specific organs. The small-
est arteries, the arterioles, have the greatest integral volume, surface area, and (conse-
quently) friction to blood flow. This friction serves as the greatest factor in maintaining
normal blood pressure (Bloom and Fawcett, 1975).

Although arteriolar pathology may play a defining role in age-related disease in many
peripheral organs, especially muscles (McDermott et al., 2001), major pathology occurs
in the large vessels, especially the aorta and coronary arteries. It is appropriate to focus on
their anatomy rather than anatomy of the far smaller and far more numerous arteries of
the body. The aorta and coronary arteries are thick, although less so in proportion to their
luminal area than are the smaller, more muscular arteries. The innermost endothelial layer
comprises a continuous sheet of polygonal cells with no clear directional orientation.
Beneath (centrifugal to) these cells lies the intermediate layer, largely composed of elas-
tin fibers, collagen fibers, fibroblasts, and smooth muscle cells. Normally, the smooth
muscle cells are flattened, branched, and arranged circumferentially. The outermost layer
is thin, comprising mostly fibroblasts and collagen matrix.

Aging and Other Pathology

Three centuries ago, the English physician Thomas Sydenham (1624–1689) observed
that “a man is as old as his arteries” (Brallier, 1993). Although the most apparent car-
diovascular change is atherosclerosis (in large elastic and small peripheral arteries), other
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changes contribute to morbidity and mortality. These include the loss of arterial wall
elasticity, causing greater work for the heart and consequent hypertrophy and failure
(Lakatta, 1994), as well as changes in shear stress (and shear stress fluctuation) on arte-
rial endothelial cells (Kohara et al., 2000). In addition, there is a loss of volume, com-
plexity, and function of the capillary beds in end-organs (Kalaria, 1996; de la Torre,
1997; Bemben, 1998; Roffe, 1998), as well as changes in endothelial cells lining such
capillaries (see below). Peripheral arterial disease, resulting from atherosclerosis, is
common in many older patients (Ouriel, 2001), especially those with concomitant large-
vessel disease, though fine-vessel disease is often unsuspected, undiagnosed, and un-
treated (Hirsch et al., 2001). Age is an independent risk factor for peripheral arterial
changes and resulting clinical diseases that incur substantial morbidity and mortality
(Ness et al., 2000a). The extent to which such a decreased capillary supply might cause
end-organ pathology is addressed in specific chapters dealing with each organ.

Frank ischemia and infarction are only one type of pathology that occurs in end-
organs. Although myocardial infarctions and aneurysms are the more dramatic, con-
gestive heart failure is the more common clinical diagnosis, with significant morbidity
and mortality (Martins et al., 2001b) and arguable intervention (Nohria et al., 2002;
Poole-Wilson, 2002). Congestive heart failure is the result of the heart’s inability to pump
sufficient blood for the body’s requirements. While failure can result from mechanical
cardiac dysfunction (e.g., valvular dysfunction), our interest lies in the archetypical failure
of myocardial tissue. We know much about the progression from tissue failure, through
cardiac hypertrophy (Lewis, 2001), to the classic clinical stigmata of failure (Mercadier,
2000), and our diagnostic acumen is improving (Morrison et al., 2002). Although the
loss of functional myocytes is the common denominator of clinical heart failure, our
knowledge of the factors that prompt this loss is imperfect at best (Rubin, 2000). The
pathophysiology of this failure is assumed to be the result of intracellular changes in
the cardiac myocytes, often attributed to changes in gene expression (Hwang et al.,
2001a), especially inflammatory changes, and mast cell function particularly (Hara et al.,
2002), or mitochondrial dysfunction (Guertl et al., 2000). In turn, this is assumed to result
from external factors, including humoral (Cody, 2000), neural (Colucci, 2000), or me-
chanical signals (Carabello, 2000; LeWinter et al., 2000; Sharpe, 2000) and ischemic
damage (Weber and Sun 2000). Independent of disease, the aging cardiomyocyte under-
goes a gradual loss of contractile protein, while the tissue undergoes an increase in con-
nective tissue protein. At least in part, this alteration is regulated pre-translationally within
the aging cell (Lakatta and Boluyt, 2000).

Ironically, even though the heart is the most critical part of the cardiovascular sys-
tem, it shows the fewest intrinsic effects of aging. Nevertheless, it suffers severe second-
ary damage due to atherosclerotic supplying vessels, rather than to primary dysfunction
(Fig. 9–1). Aside from gross atherosclerotic changes in its coronary arteries, it is almost
impossible to determine the age of the heart from a postmortem pathologic examina-
tion (Arking, 1998). There are few intrinsic clinical changes associated with the aging
myocardium, as opposed to the extrinsic clinical changes due to supplying vessels. Even
subtle changes in electrical excitability, such as the increasing risk of atrial fibrillation
with age (Go et al., 2001), might be secondary rather than intrinsic. The myocardium
does change, of course, whatever the cascade of causes. There are a variety of age-
correlated changes, such as an increase in ventricular wall thickness (correlated with
increased systemic blood pressure) that may occur with disease (Roffe, 1998), but the
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only cardiac change known to be relatively specific to aging myocardial cells is an ac-
cumulation of lipofuscin pigment (Helenius et al., 1996; Kohn, 1977; Roffe, 1998;
Terman and Brunk, 1998b). More recent work suggests that there may be other, more
subtle changes in gene expression within the myocardial cells (for example, the increased
expression of cyclooxygenase-2 in rat myocardium), which result in changes in their
ability to handle oxidative stress (Kim et al., 2001b).

Since myocardial cells do not usually divide, they offer few of the changes that we
expect to see in senescent cells. The lipofuscin accumulation may be due to chronic free
radical damage (Muscari et al., 1996; Lee and Wei, 1997; Terman and Brunk, 1998a),
but in at least in some species it appears to respond to antioxidant supplementation (Ma
et al., 1996; Marzabadi and Llvaas, 1996). Other studies suggest that it is actively turned
over (Monserrat et al., 1995), prompting the question of whether lipofuscin accumula-
tion is an aging problem or merely a dietary one. In some species, lipofuscin accumula-
tion can even decrease in response to hormonal stimulation. In aging rat adrenocortical
cells, a 7-day course of adrenocorticotropic hormone supplementation decreases lipo-
fuscin deposits (Cheng et al., 1999), suggesting that age-related lipofuscin accumula-
tion is not irreversible. Lipofuscin may be the product of “reactive senescence” in cells
(Faragher et al., 1997b), rather than a simple chronological accumulation. Telomere
shortening occurs in some rat myocytes, apparently as a result of myocyte replacement
rather than myocyte division (Kajstura et al., 2000). An additional possibility is that the
relative loss of myocytes and compensatory hypertrophy of remaining myocytes seen
in some aged hearts is an example of primary cardiac aging, perhaps (as might be lipo-
fuscin) due to accumulated free radical damage rather than systemic hypertension.
Changes in the degree of cell phospholipid saturation and in cardiac myocyte hydrogen
peroxide and oxygen-radical scavenger enzyme levels are in line with this suggestion
(Muscari et al., 1996), but might equally be a response to diminished coronary artery
perfusion.

While myocardial infarctions and cerebrovascular disease are the most striking
outcomes of atherosclerosis, peripheral arterial disease is the more ubiquitous. The ef-
fects are more subtle than the sudden events of heart attack and stroke but affect all organs
and become progressively more common with age. Unfortunately, the definition of

Figure 9–1 Myocardial infarction. Myocardial infarctions are secondary to primary pathology
occurring in coronary arteries. The age-correlated pathology occurring in the myocardium—
infarction—is profound (and often lethal), but results from senescence of endothelial cells in the
arterial wall and not from senescence of myocardial cells in the heart.
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peripheral arterial disease is inherently open to disagreement and technically more dif-
ficult to assess than is large-vessel disease (Newman, 2000). Consequently, clinical
disease that results from this form of atherosclerosis may not always be assigned to this
cause. It is difficult to know how much of organ dysfunction can be attributed to this
age-associated disease rather than to intrinsic organ aging. Peripheral arterial disease
causes muscle dysfunction, normally in leg muscle, and classically intermittent claudi-
cation. Even in this case, however, the common diagnosis—claudication—along with
extensive, but independent comorbidities—diabetes, neuropathy, and spinal stenosis—
overshadow the more common and more extensive but less appreciated quotidian im-
pairments caused by peripheral arterial disease (McDermott et al., 2001). Patients with
aging peripheral arteries are less active, slower, and less capable of performing many
tasks than are those without arterial problems.

Intermittent or poor peripheral circulation can result when there is a transient de-
crease in central pressure (insufficient to maintain flow in the face of high peripheral
pressure in diseased capillaries) or increase in end-organ demand. The latter case can
occur when behavioral events, such as exertion in the heart, prompt a mismatch between
metabolic demand and available capillary oxygen. The result, angina, is common not
only in the heart but in other organs. In the gastrointestinal tract, for example, the stress
of a simple meal may be enough to induce intestinal angina—bowel ischemia with the
associated risk of intestinal infarction. In other organs, although seldom going by the
same epithet, similar mismatching may equally occur, with resultant risk of end-organ
infarction to the brain, kidney, adrenal gland, etc.

The most apparent, and arguably most critical, pathology is not within capillaries
but the largest arteries. This is especially true of not only the aorta, in which aneurysms
are dramatic reminders of pathology (Herron et al., 1991; Herron, 1996), but of the
coronary arteries, although the intramyocardial portions of the coronary arteries are
spared, likely because of rheologic and mechanical factors (Scher, 2000). Atheroscle-
rosis underlies most adult deaths worldwide and usually expresses itself as death due to
cardiac or central nervous system failure, i.e., heart attacks or strokes. Although other
disease processes contribute to morbidity and mortality in the aged, the overwhelming
cause of organ failure is an inadequate arterial supply; the overwhelming cause of this
failure is, in turn, atherosclerosis. The major outline of the pathology has been under-
stood for more than a century, indeed since Sydenham’s time three centuries ago, and
over the past half-century has become characterized at the gross, microscopic, and ul-
trastructural levels.

Histologically, the entire pathology of atherosclerosis lies within the arterial walls.
Within these walls, in turn, endothelial cells are now regarded as the trigger in the cas-
cade of atherosclerosis (De Caterina, 2000a and b; Muller and Griesmacher, 2000). The
endothelial cells, lining the arterial system, not only demonstrate morphological changes,
becoming more irregular in size and shape (Arking, 1998), but become more dysfunc-
tional with age (Kimura et al., 1999; Britten and Schachinger, 1998), perhaps in part
due to hypertension and shear stress (e.g., Taddei et al., 1997). Several researchers
(Kalaria, 1996; DeJong et al., 1997; Robert et al., 1997; Shah and Mooradian, 1997;
Degens, 1998) have found thinning of the endothelial cells, loss of endothelial mito-
chondria, thickening of and inclusions within the basement membranes, and changes in
the blood–brain barrier in the aging vascular system. Moreover, such endothelial cells
participate actively in regulating arterial pressure (Dzau et al., 1994). While classically
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true of resistance arteries, pressure is actively regulated through endothelial modula-
tion of elasticity and compliance in the subendothelial layer. Endothelial cells in older
patients show a diminished response to vasodilators, such as acetylcholine (Andrawis
et al., 2000), as well as suffering the results of a reduced synthesis and/or increased
degradation of vascular nitric oxide (NO) (Cooke and Dzau, 1997). In capillaries, which
have little else but endothelial cell elements, such changes may be critical to altering
function, as in peripheral vascular disease. Aging capillary walls reveal a general dete-
rioration, underlying the decline in vascular function and a chronic hypoperfusion to
end-organs (Kalaria, 1996).

Despite endothelial cells, historically, the classic histologic changes of athero-
sclerosis were better attested to in the deeper layers, underlying the endothelium.
Typical atherosclerotic lesions consist of a patchy, irregular thickening of the inter-
mediate layer marked by intra- and extracellular deposition of lipid (“fatty streaks”)
and calcification (hence “hardening of the arteries”). It has long been clear that smooth
muscle cells proliferate, alter their morphology and function (Lindop et al., 1995),
and even migrate into the inner layers of the vessel (Bloom and Fawcett, 1975), but
monocyte-derived foam cells proliferate, matrix changes (Robert et al., 1998), and
inflammation increases (Danesh, 1999; Koenig, 2001; Selzman et al., 2001). The in-
flammation typically begins with macrophages and progresses to lymphocyte infiltra-
tion; this progression correlates with plaque morphology (Okimoto et al., 2002). Most
inflammatory cells derive from the circulation and in this their function resembles mer-
cenaries. Machiavelli once devoted an entire chapter to the damage caused by merce-
nary troops in a republic (Machiavelli, 1513); the damage caused by monocytes in an
arterial wall is no less fatal. “Disorganized, undisciplined, ambitious, and faithless” is
an apt description of mercenary soldiers and monocyte inflammation. Inflammation may
be the cause of much of the arterial pathology and first becomes apparent with the pro-
liferation of monocytes.

Cell proliferation of monocytes and indigenous cells of the arterial wall cells,
coupled with fatty deposition and excessive formation of collagen and other changes in
the extracellular matrix, results in the thickening of the vessel wall and its progressive
intrusion into the arterial lumen. Additional complications often include hemorrhage
and cell necrosis, abetting the inflammation and calcification. Overall, elastic and smooth
muscle layer thickness may increase by up to 40% (Arking, 1998) and the bulk of this
increase occurs at the expense of the lumen rather than an increase in external arterial
wall diameter. In coronary arteries, lesions less than perhaps 90% (as a three-dimensional
reconstruction; 70% by coronary angiography) are seldom considered clinically signifi-
cant. Nonetheless, obstruction due to thrombus becomes increasingly likely as the lumen
narrows. The final event is usually sudden and often fatal.

The pathology of atherosclerosis has long been (and appropriately) thought of as a
cascade of events, influenced independently and interactively (Mehta et al., 1998) by a
myriad of risk factors (Arbustini et al., 1999; Kadar and Glasz, 2001). Among the most
well-known risk factors are hypertension, hypercholesterolemia, hyperglycemia, and
tobacco use, but they are not alone (McGill and McMahan, 1998) and about half of all
patients with myocardial infarction lack these classic risk factors (Koenig, 2001). Ad-
ditional risk factors have been identified over the past few decades (Steinberg and Gotto,
1999) and include diet, alcohol, obesity, lack of exercise, homocysteine levels, indi-
vidual cholesterol fractions and ratios, apolipoprotein E4 (Hazzard, 2001), estrogen
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levels, tocopherol levels (Cherubini et al., 2001; Mezzetti et al., 2001), prothrombotic
mutations (Psaty et al., 2001), C-reactive protein levels (Koenig, 2001; Patel et al., 2001;
Ridker et al., 2001), myeloperoxidase (Zhang et al., 2001b), stress (Nordstrom et al.,
2001), dental infections (Valtonen, 1999; Slavkin and Baum, 2000), and arterial wall
DNA and RNA viral (e.g., herpesvirus, cytomegalovirus, coxsackievirus) or bacterial
(e.g.,Chlamydia, Helicobacter, etc.) infection (Mattila et al., 1998; Muhlestein, 1998;
Movahead, 1999; Shor and Phillips, 1999; Smith, 1999), and inflammatory biomarkers
in general (Pradhan et al., 2003). In a general way, we might divide these factors into
two major types of risks: extrinsic and intrinsic factors. The former include behavioral
factors such as diet, exercise, alcohol, and tobacco. The latter include not only broadly
genetic processes (Hoeg, 1996) such as diabetes, immune function, hypertension, and
disorders of lipid metabolism, but “intrinsic aging processes” (Bierman, 1994) and at
least one rare, but illuminating genetic disorder, Hutchinson-Gilford syndrome (early-
onset progeria). In this latter case, all of the normal risk factors are lacking, yet the ath-
erosclerotic pathology is nonetheless severe and inexorable.

Curiously, the cascade of pathology does not begin in the intermediate layers, de-
spite their pathology and inflammation. Underlying this classic histology of atherogenesis
we find the endothelial cells. This should come as no surprise, considering their location
and vulnerability to intravascular insult. Endothelial cells line arteries and lie between
the arterial lumen and resultant gross pathology. If serum cholesterol, hypertension,
hyperglycemia, and circulating tobacco products contribute to atherosclerosis, we might
expect mediation of such pathology through this intervening layer and first-line cellu-
lar defense.

Equally, that cholesterol deposition may be a central feature of, but is not the pri-
mary culprit in, atherogenesis should come as no surprise, given the epidemiological
exceptions to the rule. Hutchinson-Gilford syndrome is but one example. While the
correlation between cholesterol and atherosclerosis is excellent, there are numerous
exceptions on both sides of this correlation. Some patients with high cholesterol may
have little clinical disease; others with low or normal cholesterol may have striking
pathology. The subordinate role of cholesterol metabolism is borne out repeatedly in
laboratory studies as well as in the epidemiological data.

Blocking cell proliferation is sufficient to block atherogenesis, even without alter-
ing serum cholesterol. In normal vascular grafts, for example, restenosis is a routine
and recurrent clinical problem (Sopko, 2002). Cell division can be blocked, however,
by the use of antisense oligonucleotides. This arrests vascular cell cycle progression in
the vascular grafts while preserving normal endothelial phenotype and function. The
result is that occlusive disease does not recur in these cases, as it does in normal grafts
(von der Leyen et al., 1996; Mann and Dzau, 1997; Mann et al., 1997a). Such grafts
remain free from macrophage invasion, foam cell deposition, and other classic hallmarks
of atherosclerosis, whether provoked by ischemia (Poston et al., 1998) or with high-
lipid diets that ordinarily induce accelerated vascular disease (Dzau et al., 1996). In short,
cholesterol may commonly play a role and is effective as an interventional dietary vari-
able, but it is not a necessary feature in arterial disease. Emphatically, none of this should
be taken as an argument that cholesterol is unimportant nor as an argument against clinical
intervention in cholesterol or lipid metabolism. These and other observations only sug-
gest (and support the view) that more occurs in atherogenesis than mere passive accu-
mulation of overly abundant serum cholesterol.
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In summary, the cardiovascular system shows almost ubiquitous age-related pa-
thology. The arteries suffer classic age-related atherosclerotic disease. The capillary
bed undergoes changes that are less well understood, but that may be inherent in the
epithelial cells and may have profound implications for disease in multiple end-organs.
The heart is a special end-organ, lying within the cardiovascular system. While dem-
onstrating little inherent age-related pathology, extensive secondary pathology due
to atherosclerosis of its coronary arteries is responsible for a large proportion of deaths
worldwide.

The Role of Cell Senescence

Cardiovascular disease is the result of well-understood vascular pathology that, in turn,
is increasingly understood to hinge upon endothelial cell dysfunction (Forgione et al.,
2000; Herrmann and Lerman, 2001). These cells divide and demonstrate senescent
changes; it is to these cells that we must turn to understand the bulk of cardiovascular
disease. Although the cascade was once felt to begin within the smooth muscle layers
of the arterial wall, evidence over the past decade has implicated the endothelial cell
layer lying upstream in the etiology (Cooper et al., 1994). This has been extended by
the correlative observations of Harley’s group (Chang and Harley, 1995), who found
that cells in areas of high vascular stress showed telomere shortening prior to onset of
vascular disease and these data have been extended (see below). The circumstantial
evidence of death due to atherosclerosis in progeric children is likewise consistent with
the model that endothelial cell senescence not only underlies atherosclerosis but is an
effective interventional target (Minamino and Komuro, 2002).

As a hypothesis, the model is easy to outline. The causes of endothelial cell senes-
cence (e.g., circulating toxins, hypertension, lipids, hyperglycemia) are understood. En-
dothelial injury is followed by cell loss and replacement, telomere shortening, and changes
in endothelial gene expression. This in turn results in secondary changes (including the
classic ones of cholesterol accumulation) in the intermediate layers, followed by a gross
reduction in the luminal area. Simultaneously, the endothelial surface acquires pathologi-
cal changes in adhesiveness and other characteristics, increasing the likelihood of throm-
bus formation and arterial blockage. It is here, within the endothelial layer, that cell
senescence appears to play a pivotal and impelling role in atherogenesis.

The model is supported. Vascular endothelial cells undergo chronic and repetitive
injury (Lefkowitz and Willerson, 2001). Endothelial cells are not only exposed to cir-
culating infectious agents and toxins such as tobacco products, oxidized low-density
lipoprotein, and free radicals (from the oxidation of homocysteine and other substances),
but to the direct effects of fluctuations in shear stress during systole (Malek et al., 1999)
as well as to hypertensive stresses (for an interesting variant on this theme, see Aviv
and Aviv, 1999). The result of such stress is endothelial cell apoptosis and direct cell
loss. Several circulating factors have toxic, apoptotic, or damaging effects on the en-
dothelium (Vapaatalo and Mervaala, 2001), and effects of aging may hasten these ef-
fects dramatically (Kunz, 2000). While high-density lipoprotein may be protective,
apoptosis is induced by oxidized low-density lipoproteins, angiotensin, and oxidative
stress, as well as secondary increases in Bax and Fas, triggered by subendothelial changes
(Rader and Dugi, 2000; Choy et al., 2001).
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Of all risk factors, the major four are tobacco, hypercholesterolemia (and lipids),
hypertension, and hyperglycemia. Tobacco by-products, as well as alcohol and other
circulating toxins, directly affect the endothelial cells (Najemnik et al., 1999; Kunz, 2000;
Vapaatalo and Mervaala, 2001) and are responsible for continual cell losses in those
patients exposed to such products. In this same context, homocysteine, a common clinical
marker for (or causative factor in) atherosclerosis (The Homocysteine Studies Collabo-
ration, 2002; Wilson, 2002), is known to accelerate telomere erosion and other markers
of cell senescence in human vascular endothelial cells in vitro (Xu et al., 2000a).

Lipid peroxidation plays a classic role in atherogenesis (Morel et al., 1984; Steinberg
et al., 1989) and has been causally linked to cell senescence (von Zglinicki et al., 2000a).
Atherogenic lipids include cholesterol, particularly oxidized low-density cholesterol,
and can cause changes in endothelial cell function within hours of exposure (Adams
et al., 2000). The abnormal endothelial cell function found in hyperlipidemia (Dugi and
Rader, 2000) has been attributed to abnormal NO metabolism (Landmesser et al., 2000),
probably due to increased production of superoxide in hyperlipidemia (Warnholtz et al.,
2001). Hypercholesterolemia results in altered endothelial cell function (Libby et al.,
2000). Normalization of endothelial function is considered a major goal of therapeutic
interventions in lipid metabolism (Chilton, 2001; Puddu et al., 2001) and may provide
novel therapeutic targets (Barton, 2000).

Hypertension—not merely diastolic, but systolic, mean arterial, and pulse pressures
(Domanski et al., 2002)—is a major risk factor for atherosclerosis, probably through
endothelial cell–mediated changes in arterial elasticity and compliance (Glasser, 2000),
as well as through direct effects caused by distending pressure (Arnett et al., 2000).
Though the direction of causation is argued, endothelial cell dysfunction is considered
to precede and probably cause the changes in arterial wall smooth muscle that underlie
essential hypertension (Raitakari and Celermajer, 2000; Taddei et al., 2000). Aging
endothelial cells show blunted and atypical reactions to changes in arterial pressure
(Britten and Schachinger, 1998). In response to shear stress (Ohno et al., 1995) and
arterial pressure, endothelial cells actively regulate arterial smooth muscle tone via NO,
prostacyclin, endothelin-1, several prostanoids, angiotensin, superoxide anions, and other
factors (Pearson, 2000; Puddu et al., 2000; Goodwin and Yacoub, 2001). Reciprocally,
hypertension causes further vascular damage and specifically endothelial cell damage
(Kimura et al., 1999) via shear stress and other mechanisms (Contreras et al., 2000;
Gimbrone et al., 2000). Similarly, smooth muscle cells respond to increased intraarte-
rial pressure with changes in gene expression (Tamura et al., 2000), as well as with
pathologic cell proliferation. At least in spontaneously hypertensive rats, telomerase is
activated in these cells. Telomerase inhibition prevents smooth muscle cell prolifera-
tion and induces apoptosis. Telomerase may be critical for increased vascular smooth
muscle proliferation (Cao et al., 2002b). As with cancer, telomerase does not cause but
may be required to maintain cell proliferation.

Diabetes (generically, hyperglycemia) is an independent risk factor for athero-
sclerosis, interactively with hypertension. Both accelerate atherogenesis and cause en-
dothelial cell dysfunction (Cosentino and Luscher, 2001). Hyperglycemia is believed
to trigger endothelial cell changes by modifying lipoproteins, forming advanced
glycation end-products and lipoprotein immune complexes, altering the NO pathway,
and elevating homocysteine (Najemnik et al., 1999), thereby accelerating endothe-
lial cell loss.
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As a consequence of stresses to intimal cells, endothelial cells frequently die; the
transient denudation is subsequently repaired by division of surviving, neighboring
endothelial cells. Precise turnover rates of in vivo endothelial cells are unknown, but
are high relative to similar cells elsewhere in the vascular system (e.g., venous walls)
and to other cell types underlying intima. This is confirmed by measures of telomere
lengths in arterial endothelial cells compared to venous wall cells (Chang and Harley,
1995): telomere lengths are shorter in areas of high vascular stress and atheroma forma-
tion than in areas of low stress and in which gross pathology is uncommon. As expected,
human vascular endothelial cells show telomere attrition and increasing aneuploidy in
vivo and these measures of cell senescence correlate with donor age (Aviv et al., 2001).

To the extent that the endothelial cells undergo replication, we anticipate changes
in gene expression. Changes in gene expression occur in vitro and in vivo (Cooper et al.,
1994; Hwang et al., 2001a; Monajemi et al., 2001). As in the classical model, as a re-
sult of such changes, events then progress downstream, with a rapid onset of inflamma-
tory changes (Akishita et al., 2000), cholesterol deposition, foam cells, smooth muscle
proliferation, thrombus formation, and general atheromatous change (Lefkowitz and
Willerson, 2001). However, these changes are not merely passive (e.g., passive lipid
accumulation). They are the active response of subendothelial cells to an altered pat-
tern of trophic factors, secreted by endothelial cells, on which they depend for normal
function. The pattern of gene expression in senescing endothelial cells is specific to this
cell phenotype (Shelton et al., 1999). This dysfunctional change defines endothelial cell
activation (see the parallel discussion of microglial activation in Chapter 13), a key event
in atherogenesis (Keaney, 2000; Kinlay et al., 2001; Tedgui and Mallat, 2001). Endo-
thelial cell activation in atherogenesis is expressed in key changes: a loss of vascular
integrity, an increased expression of cell adhesion molecules, a bias in favor of vascu-
lar thrombosis, an increase in cytokine production, and an up-regulation of HLA mole-
cules (Hunt, 2000). Moreover, there is a progressive inactivation of the gene for the
estrogena-receptor, most prominent in areas of atherosclerotic plaque (Post et al., 1999).
More recently, data have been accumulating that imply a tight relationship between cell
senescence and atherosclerosis.

In comparing young normal human aortic endothelial cells to senescent endothe-
lial cells and endothelial cells immortalized with hTERT, we find differences. Com-
pared to young endothelial cells, senescent endothelial cells show a decreased expression
of endothelial nitric oxide synthase (eNOS), as well as a decreased production and ac-
tivity of NO, changes critical in atherogenesis and hypertension. Similarly, senescent
endothelial cells demonstrate increased monocyte adhesion, again implicated in athero-
genesis. This difference in adhesion is accentuated further by exposure to TNF-a. In all
cases, these differences are ameliorated or normalized by hTERT immortalization.
Endothelial cell senescence results in decreased NO activity and increased monocyte
binding. Contrarily, hTERT expression results in human aortic endothelial cells that
revert to a pattern of gene expression typical of a younger phenotype (Matsushita et al.,
2001).

Similarly, strong b-galactosidase staining is found in vascular endothelial cells
within atherosclerotic lesions of the coronary arteries, but not in similar cells within the
internal mammary arteries. In vitro induction of cell senescence in human aortic endo-
thelial cells results in changes implicated as central to atherogenesis. Not only has there
been confirmation of the decrease in the expression of eNOS in senescing endothelial
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cells, but intercellular adhesion molecules (ICAM-1) are increasingly expressed. More
importantly, when hTERT is used to extend the endothelial lifespan, these changes are
inhibited. Together, these results indict cell senescence as contributing to human clini-
cal atherogenesis (Minamino et al., 2002).

Perhaps unexpectedly, endothelial cells that line vessels and mural cells (smooth
muscle cells and pericytes) that give strength to vessels may derive from the same stem
cell lineage (Yamashita et al., 2000). Their specific differentiation depends on their
differential exposure to specific growth factors (Carmeliet, 2000), not on a different stem
cell origin. Endothelial cells and vascular smooth muscle cells may therefore have par-
allel fates in their rate of cell senescence. In any case, although endothelial cells prolif-
erate in response to cell loss, proliferation is more notable in the subendothelial cells.
At the histological level, atherosclerosis is largely a disease of cell proliferation within
the vascular wall (Braun-Dullaeus et al., 1998). The smooth muscle proliferation, re-
sembling in this respect a benign neoplasm (Bonin et al., 1999), is monoclonal (Benditt
and Benditt, 1973; Murry et al., 1997). Interference with cell division at any of several
levels (Mann and Dzau, 1997; Tomita et al., 1998) can arrest atherosclerosis indepen-
dent of alterations in dietary or other standard risk factors. The central role of cell pro-
liferation in atherogenesis has prompted investigation into potential therapies based on
inhibition of cell cycling (Hsueh and Law, 2001) and cell division.

Like fibroblasts, vascular smooth muscle cells (the other major cell type indigenous
to the subendothelium) demonstrate cell senescence and replicative lifespans in vitro
(Moss and Benditt, 1975; Bierman, 1978). Moreover, and again similar to most neo-
plasms, the clonal expansion is accompanied by a propensity to express telomerase,
especially in restenosis of human coronary arteries, in which plaque regrows after thera-
peutic removal (Gupta et al., 2000). As in neoplasm, telomerase expression may be
necessary but not sufficient; the result but not the cause of such transformation.

Although the changes induced in the subendothelial arterial wall are histologically
clear, much of this derives from immigrating cells, the result of the adhesion and attrac-
tion of such cells. Interactions between platelets and endothelial cells are poorly under-
stood, but central to atherosclerosis (Sachais, 2001). Changes in adhesion, resulting in
thrombus, are determined by location, arterial wall topology, and flow characteristics
(Scher, 2000). As endothelial cells become dysfunctional, adhesion is one of the most
prominent changes. To a degree, this is a local phenomenon involving endothelial cell
adhesion, but involves increased adhesion among circulating platelets and leukocytes
(Amoroso et al., 2001), apparently from circulating endothelial factors.

Inflammation, mediated through increased endothelial cell adhesion as well as
the release of cytokines, chemokines, tissue-destroying metalloproteases (Newby and
Zaltsman, 2000; Shah, 2000), and reactive oxygen species (Maytin et al., 1999; Touyz,
2000; Aviv, 2002a, 2002b), is the hallmark of atherogenesis (Sullivan et al., 2000;
Selzman et al., 2001) and may be laid at the door of endothelial cell senescence. The
inflammation begins with endothelial cell dysfunction (Fichtlscherer and Zeiher, 2000)
and is characterized by the infiltration of inflammatory cells, predominantly monocytes
(Vorchheimer and Fuster, 2001). Vascular smooth muscle cells migrate to and divide
within the atherogenic lesion. The monocyte response is signaled by chemotactic fac-
tors (e.g., monocyte chemotactic protein-1 and angiotensin), while smooth muscle cell
migration is signaled by ligand-induced activation of receptor tyrosine kinases (Kraemer,
2000). Smooth muscle proliferation occurs, triggered by angiotensin (Dzau, 1994a;
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Braun-Dullaeus et al., 1999) and can be experimentally blocked using promising ge-
netic approaches (Mann et al., 1995; Morishita et al., 1995b, 1997). Parallel to the role
of chemotaxis in monocyte infiltration is the role of cell adhesion molecules, largely
glycoproteins, in permitting monocytes to glom onto and enter the vascular wall (Huo
and Ley, 2001; Krieglstein and Granger, 2001). The control of cell adhesion, and hence
of leukocyte migration, is vested in the endothelial cell (De Caterina, 2000a, 2000b).
Inhibition of cell immigration has become the basis for potential interventions, includ-
ing inhibition of monocyte migration (Hsueh and Law, 2001).

Although atherosclerosis may correlate with endothelial cell senescence and con-
sequences of changing gene expression, there have been attempts to measure telomere
lengths of (far more available) leukocytes from atherosclerotic patients. There is sig-
nificant correlation between shorter telomere lengths in circulating leukocytes and coro-
nary artery disease, equivalent to 8.6 years of aging (Samani et al., 2001; see also Nowak
et al., 2002) and higher mortality from heart disease (Cawthorn et al., 2003). Hyper-
tensive patients show correlation, although inverse: the shorter the telomere, the greater
the pulse pressure (Jeanclos et al., 2000). The authors suggest that this correlation is
somehow causal, although it is difficult to see how. The correlation is no surprise, as
these (and many other variables) might form a constellation of factors playing a role in
cardiovascular disease, immune senescence, and aging.

Like atherosclerosis, cardiac failure may ultimately be due to the effects of altered
gene expression (Hwang et al., 2001a) and cell senescence within the coronary arteries,
although primary myocyte senescence (Kajstura et al., 2000) and changes in gene ex-
pression (Helenius et al., 1996) occur to a limited degree. In myocardial failure and as
a result of microvessel disease, vascular supply no longer matches cardiac demand and
a relative hypoxia ensues. Regional hypoxia can potentially trigger cardiomyocyte
apoptosis (Sabbah et al., 1998). In either case, the result is a progressive loss of cardiac
muscle and function.

One frequent question, largely unanswered, is the degree to which cardiac myocytes
divide and therefore senesce. In many species, such as the rat, telomerase activity may
be developmentally regulated. Cardiomyocytes proliferate dramatically after birth, but
telomerase activity falls off soon thereafter, as does myocardial cell division (Borges
and Liew, 1997), accounting for the stability of telomere in adult cardiomyocytes
(Takubo et al., 2002). In the adult rat, cardiomyocyte replacement occurs via satellite
or stem cell division, with continued and telomere attrition in 16% of adult myocytes
and changes in gene expression even in cells with no measurable telomere loss (Kajstura
et al., 2000). In rats, estrogen may affect telomerase expression and hence have a direct
effect on the rate of myocyte loss, higher in males than in females. With little other
supportive evidence, the suggestion has been made that this may underlie the longer
lifespan and decreased incidence of heart failure in women (Leri et al., 2000).

Humans, however, may be a markedly different matter. Although the functional
significance is uncertain, human myocardial cells have been shown to divide in response
to losses incurred in myocardial infarction (Raman et al., 2001). Myocardial stem cells
migrate into the damaged heart from unknown sources (Bolli, 2002; Quaini et al., 2002).
Whatever the sources and practical impact (if any), these findings suggest that replace-
ment of human myocardial cells may occur throughout the human lifespan as a result of
stem or satellite cell division. To the extent that this is true, it may explain primary age-
related changes in myocardial function. It remains far more likely, however, that the
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overwhelming majority of age-related myocardial dysfunction is attributable to more
distant changes within the endothelial cells that line the arteries that supply the myocar-
dium. It is to these cells, and perhaps other cell types within the arterial walls, that we
must assign the blame for most clinical cardiovascular disease.

We have shown evidence consistent with a model in which cell senescence plays
a central role in atherogenesis. The model, while complex, offers the advantage of ex-
plaining much of the complexity of the pathology. Within this same purview, the rea-
son that progerics have heart disease becomes explicable. Although lacking the standard
four major risk factors—hypercholesterolemia, smoking, hypertension, and diabetes—
their endothelial cells probably partake of the same abnormally early cell senescence
found in their skin fibroblasts (Counter et al., 1995), that is, shortened telomeres. Likely,
their senescent endothelial cells have senescence associated gene expression at birth,
hence an altered pattern of trophic factor production, on which cells in the media de-
pend, hence the otherwise remarkable onset of atherosclerosis in their first decade of
life, resulting in rapid death due to stroke or myocardial infarct. Whether this explana-
tion, while consistent, is accurate remains unproven. To date, we have no progeric do-
nation of arterial endothelial tissue and remain unlikely to obtain any in the near future.
Assays of telomere length and cell senescence in progerics have thus far been restricted
to skin fibroblasts and leukocytes (see below).

Whether the observed changes in gene expression and cell senescence associated
with routine clinical atherogenesis are the primary pathology, merely secondary reac-
tions to endothelial cell senescence, or even more distant effects of the primary pathol-
ogy (i.e., reflecting compensatory cell responses) is arguable and will remain so pending
in vivo interventional studies. The undoubted experimental importance is, however, a
distant second to the immense clinical importance of this question. The most tangible
benefit of the cell senescence model of cardiovascular disease is its potential for offer-
ing an additional point of therapeutic target. As already stressed, the aim is not delin-
eation of causation but identification of the most effective and efficient target for
intervention. Cell senescence, particularly at the level of the vascular endothelial cell,
may offer such a target.

Intervention

None of the work on cell senescence in atherogenesis is germane but for the possibility
of effective intervention. Classic interventions (diet, exercise, stress reduction, etc) have
varying effectiveness (Keysor and Jette, 2001; Lee et al., 2001b; Tice et al., 2001), some
surprisingly so (Ornish et al., 1998). Current drug and surgical interventions have reli-
able efficacy, particularly the angiotensin-converting enzyme (ACE) inhibitors, which
have potent and fundamental effects on the mechanism of atherosclerosis (Diet et al.,
1996; Dzau, 1998). Newer and potentially more effective interventions (Pratt and Dzau,
1999), based on a better understanding of the biology of atherosclerosis (Dzau, 1994b,
2001) and genetics of the cardiovascular system (Dzau et al., 1995; Dempsey et al., 2001),
are only beginning to demonstrate their promise (Francis et al., 2001).

Despite initial (Grady et al., 1992) and some continued (Hayashi et al., 2000;
Wagner, 2000) enthusiasm for estrogen as cardioprotective in postmenopausal women,
a more careful review of data suggest that it may be ineffective (Herrington et al., 2000),
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detrimental (Hulley et al., 1998), especially if used with progestin (Fletcher and Colditz,
2002; Writing Group for the Women’s Health Initiative Investigators, 2002), or protec-
tive only in patients lacking specific interactive risk factors, such as prothrombotic
mutations (Psaty et al., 2001). While estrogen might be beneficial in specific cases,
perhaps even after accounting for the possible cancer risks (Van Hoften et al., 2000;
Chen et al., 2002a), no unanimity exists regarding claimed benefits of hormone replace-
ment in lowering the atherosclerotic mortality. Early data were ambiguous (Beral et al.,
1999; Petitti, 2002), but recent data suggest that hormonal replacement therapy increases
cardiovascular risk (Nelson et al., 2002; Waters et al., 2002). Given both cardiovascu-
lar and noncardiovascular risks (Hulley et al., 2002; Noller, 2002), current guidelines
do not recommend hormone replacement (Mitka, 2001; Grady et al., 2002) and use with
progestin is contraindicated (Fletcher and Colditz, 2002; Writing Group for the Women’s
Health Initiative Investigators, 2002).

Current interventions in atherosclerosis do not affect fundamental cell function.
Although heart transplants, coronary artery bypass grafting, endarterectomy, and vas-
cular stenting are effective to a degree, they by no means interrupt the onset or course
of the recurrent pathology. Classic interventions have shown efficacy as measured by
morbidity or mortality, such as low-dose daily aspirin, particularly among older patients
with known coronary artery disease (Gum et al., 2001), yet they are far from univer-
sally protective. Although drug alteration of lipid metabolism, dietary changes, exer-
cise, and control of contributory risks (diabetes, hypertension, and smoking) lower the
vector of disease progression and do so at a presumptively more fundamental level than
the repair or replacement of vessels, they do not strike deeply enough. From a practical
perspective, an optimal intervention in atherosclerotic (or, for that matter, any) disease
should have four desirable characteristics. Optimal interventions should be

1. cheap (compared to coronary artery bypass grafting, for example),
2. uniformly effective, regardless of genetics, environment, etc.,
3. preventative (as immunization is in infection), and
4. curative (as antibiotics are in infection).

Contrast each characteristic with current and historical treatments.
Coronary artery bypass grafting, endarterectomy, and cardiac transplantation all

have a degree of efficacy, yet are expensive compared to the costs of immunization and
prevention. Most health plans, most underdeveloped nations, and most uninsured pa-
tients cannot afford unlimited use of such technology in treating heart disease. While it
is true that post-occurrence therapies may be improved in the near future by the use of
innovative techniques, such as revascularization and recovery of ventricular wall func-
tion (Sayeed-Shah et al., 1998) and embryonic stem cell replacement of myocytes, there
remains prevention as the preferential approach to cardiovascular disease.

Current preventative measures for atherogenesis are more patient-specific than is
optimal: antihypertensives, drugs to alter lipid absorption or metabolism, tobacco ces-
sation, and platelet inhibitors vary in their efficacy with genetic background and patient
behavior. Again, contrast this specific efficacy with the more uniform applicability of
immunization in microbial disease. A century ago, we had no effective way to prevent
tetanus; now the rate of tetanus death is limited only by our ability to ensure universal
immunization. In a similar vein, we can avoid many but not all atherosclerotic deaths
through diet, drugs, and behavioral intervention, but could do far more by preventing
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cell senescence. The survival rate from tetanus is only 50% with the best of medical
care. The survival rate for those with apparent atherosclerosis is poor. We have limited
ability to reverse the disease. If cell senescence underlies atherogenesis, then we might
be able to reverse the ongoing process prior to end-organ damage.

A key issue is the most efficient point of intervention. Even if we could univer-
sally afford to transplant damaged organs (whether hearts, knees, or livers), the most
effective (and cost-effective) point of intervention is before transplantation. There is a
current tendency to hold sacred those medical approaches relying on prevention rather
than treatment. Preventive approaches are often more effective, yet the assumption that
prevention is better is usually assumed and seldom analyzed. The value of upstream, or
fundamental, or preventive interventions lies not in an inherent superiority but in rela-
tive efficacy. Such an approach is usually cheaper, more effective, less painful, and easier
for all concerned. Likewise, an intervention that employs the prevention or reversal of
cell senescence to treat atherosclerosis and its clinical outcomes will be preferable to
current therapies not because it is more fundamental, but only to the degree that it is
demonstrably more effective. Clinical therapy aimed at cell senescence will be aimed
at the more efficient point of intervention in atherosclerotic disease.

Atheromatous damage can not only be prevented but ameliorated, i.e., to some
degree reversed. Regression of atheromatous lesions (Davies, 2001) and lowered mor-
tality (Serruys et al., 2002) can be accomplished by drugs such as statins, as well as
through diet and behavioral interventions (Ornish et al., 1998). Several promising pos-
sibilities (at least in the eyes of the public), such as antioxidant vitamins, have shown
only equivocal benefits (Tardif, 2000; Waters et al., 2002), although such supplements
have appropriate benefits in patients whose specific deficiencies or suboptimal intakes
(especially folate, pyridoxine, and cyanocobalamin) contribute to their pathology (Fairfield
and Fletcher, 2002; Fletcher and Fairfield, 2002). Newer and more effective therapies are
widely believed to be on the horizon, especially molecular therapies (Gibbons and Dzau,
1996), given a growing understanding of the cell biology involved. Unbridled cell prolif-
eration plays a role in atherosclerosis and revascularization hyperplasia, causing restenosis
and angioplasty failures (Gibbons and Dzau, 1994). This cell proliferation has been tar-
geted therapeutically. Antisense oligonucleotides to cell cycle regulatory genes (e.g., cdk
2 kinase) have shown moderate success in preventing proliferation, at least in rats (Morishita
et al., 1994). Other targets for inhibiting endothelial cell proliferation and changed gene
expression include peroxisomal proliferator-activated receptors (Plutzky, 2001) and E2F.
An E2F decoy has been used to successfully prevent intimal hyperplasia in vein grafts
(Mann et al., 1999; Ehsan et al., 2001), though overexpression of E2F may bypass some
inhibitory agents (Goukassian et al., 2001).

As we come to understand the basic biology underlying atherosclerosis (Leopold
and Loscalzo, 2000), new therapeutic targets are being considered (Dzau et al., 1997).
Each target involves a critical step in the progression of atherosclerosis, including the
reversal of endothelial cell dysfunction (Cooke, 2000), control of apoptosis (Horiuchi
et al., 1998), or the prevention of thrombosis, inflammation, or neointimal hyperplasia
(von der Leyen et al., 1995; Morishita et al., 2000).

Anticipating cell replacement therapy, distinct cells have been targeted for pos-
sible replacement to treat cardiovascular disease. The primary cell targets for replace-
ment are the cardiomyocytes and vascular endothelial cells. Among cells considered as
sources for replacement are myogenic cell lines, adult skeletal myoblasts, immortalized
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atrial cells, embryonic and adult cardiomyocytes, embryonic stem cells, teratoma cells,
genetically altered fibroblasts, smooth muscle cells, and bone marrow–derived cells
(Kessler and Byrne, 1999). In most cases, however, the limitations of cell senescence
suggest that telomerase-based therapies will play a central role in deriving an effective
cell lines for clinical intervention.

Primary among the cellular targets for molecular intervention (including telomerase-
based therapies) are the vascular endothelial cells (Leopold and Loscalzo, 2000; Parikh
and Edelman, 2000; Cajero-Juarez et al., 2002). Proliferation is not the only point of
potential intervention. In atherosclerosis as in cancer, the concern is not so much cell
proliferation as it is unbridled proliferation of abnormal cells. As in cancer cells, some
abnormally proliferating cells from atheromas are telomerase positive and their pres-
ence is associated with restenosis (Gupta et al., 2000). Immortalization of human vas-
cular smooth muscle cells, however, does not result in inappropriate proliferation
(Loeuillet et al., 2001). As in cancer, pathological cells may express telomerase, but
there is no evidence that telomerase causes a pathological transformation in cancer or
atherosclerosis. Unbridled cell proliferation is anathema to normal arterial function (as
to organ function in cancer), but the prevention of cell senescence may provide unpar-
alleled clinical benefits. The therapeutic intent is not to cause cell proliferation but to
renormalize cell phenotype–specific gene expression. The pathology of atherosclerosis
is not that cells merely proliferate but that they function abnormally and proliferate
without regard for the effective tissue function. Consider the parallel with leukemia, in
which cell proliferation is the hallmark, but in which proliferating cells are not only
numerous but dysfunctional. While we might approach leukemia by preventing prolif-
eration (as occurs in most chemotherapy), we might better intervene with therapies that
reinstitute appropriate cell differentiation and appropriate control of cell proliferation.
This is the intent of cell senescence therapy: reestablishment of normal cell growth,
appropriate gene expression, and effective control of cell proliferation within the arte-
rial wall, rather than permitting the pathological damage incurred by cell senescence
and consequent clinical disease.

Interventions that avert cell senescence may do so using ex vivo (such as in cell
replacement raised above) or in vivo approaches (primarily targeting vascular endothe-
lial cells). Arterial catheters have been used for effective in vivo delivery and may have
potential in the treatment of vascular disease (Morishita et al., 1995a). Viruses have
already been used in vascular tissues to transfect cardiovascular cells. These include
adenoviruses (Song et al., 1998; Asfour et al., 1999), herpesviruses (Conway et al.,
1999), fusigenic Sendai virus-liposomes (Mann et al., 1997b), and other liposome vec-
tors based on hemagglutinating viruses, which can efficiently transfer genes up to 100
kbp. The latter has been employed to inhibit endothelial cell proliferation, carrying
antisense oligodeoxynucleotides against cell cycle genes, double-stranded oligodeoxy-
nucleotide decoys against E2F, and NO synthase (Dzau et al., 1996; Kaneda et al.,
1997). Plasmids have been used to effectively transfect oligonucleotides into normal
as well as injured nonatherosclerotic or atherosclerotic arteries (von der Leyen et al.,
1999). Arterial gene transfer demonstrates the efficacy of local angiotensin in caus-
ing hypertrophy and NO in inhibiting cell proliferation (Dzau and Horiuchi, 1996).
The same technique results in widespread transfection without known damage to
cardiomyocytes (Aoki et al., 1997).
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Considering the role endothelial cells in cardiovascular disease and the suggestion
that cell senescence underlies all of the changes in gene expression, cell proliferation,
and atherogenesis, the most tempting and direct approach is probably in vivo trans-
fection of hTERT. Pending direct human trials, animal models and in vitro data bear
consideration. Murine models help us understand the mechanisms of atherosclerosis
(Breslow, 1996), but are not directly comparable in assessing hTERT’s utility for
humans. Mice constitutively express telomerase, humans do not.

When human vascular endothelial cells are transfected with hTERT, they show an
indefinite extension of cell lifespan accompanied by normal endothelial gene expres-
sion (Yang et al., 1999a). Likewise, they exhibit a normal pattern of endothelial cell
surface marker proteins (e.g., CD31/PECAM-1 and a(v)b3-integrin) and have appro-
priate LDL receptors (Venetsanakos et al., 2002). Just as in the parallel case of fibro-
blasts and retinal pigment epithelial cells (Bodnar et al., 1998; Jiang et al., 1999), there
is no evidence of malignant transformation. To the contrary, these large-vessel and
microvascular endothelial cells demonstrate normal differentiation, karyotype, and func-
tional phenotype. Moreover, such cells demonstrate a normal capacity to form micro-
vascular structures (angiogenic potential) in vitro and upon transfer into animal recipients.
This latter potential has been further explored using human dermal microvascular en-
dothelial cells. Retroviral-mediated transfection with hTERT results in cells that form
normal microvascular structures in vivo. The cells were then implanted in immunode-
ficient (SCID) mice and formed normal capillaries and murine–human capillary anas-
tomoses that were stable over time. These capillary cells responded to angiogenic and
angiostatic factors with appropriate modulation of vessel densities. This latter approach
could be effective in creating “engineered human vascular tissues” for several purposes
(Yang et al., 2001b).

Using hTERT, human aortic endothelial cells (HAECs) not only have longer telo-
meres and considerably longer cellular lifespans, but they show delayed onset of the
functional characteristics—decreased expression of eNOS and increased expression of
ICAM-1—associated with senescence and atherosclerosis (Minamino et al., 2002).

In comparing young HAECs, senescent HAECs transfected with control vector,
and immortalized human aortic endothelial cells containing hTERT, several other ef-
fects suggest the potential value of hTERT. Old cells show a decrease in the expression
of eNOS compared to that in the young, and this change is blunted in hTERT trans-
fected cells. Shear stress causes an increase in the expression of eNOS in old cells and
this response is far more prominent in young or hTERT transfected cells. The produc-
tion and activity of NO is decreased in old cells compared to that in young or hTERT
transfected cells. Normal monocyte adhesion is greater in old cells than in young or
hTERT transfected cells and exposure to TNF-a causes an even greater increase in ad-
hesion in old than in young or hTERT transfected cells. In short, hTERT results in en-
dothelial cells that are functionally and phenotypically normal (Matsushita et al., 2001;
MacKenzie et al., 2000). Telomerase effectively resets senescence and senescent changes
in human endothelial cells, and these are among the changes playing significant roles in
clinical atherogenesis.

Although caution is warranted, specific risks (other than those attributable to gene
therapy, arterial catheterization, and delivery methods generically) have no supportive
data. Obvious risk might accrue from cellular immortalization, but no data support
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specific risk. As with cancer, cell proliferation must be considered, particularly in light
of the proliferation of vascular intimal tissue in atherogenesis. As noted above, how-
ever, immortalization of the specific cell phenotype most pertinent to this concern, human
vascular smooth muscle cells, does not cause inappropriate proliferation. Moreover, these
cells have a normal, conserved phenotype (Loeuillet et al., 2001), consistent with all
available data on immortalization of other human somatic cells since the initial work
(Bodnar et al., 1998). Similarly, other data on hTERT transfection of human cells from
large-vessel and microvascular sites show no effect on their differentiated and functional
phenotype or on karyotype. Such cells maintain their angiogenic potential in vitro and
are relatively (compared to normal senescent endothelial cells) resistant to apoptosis.
These findings support the conclusion that immortalized human vascular endothelial
cells may be “highly desirable for designing vascular transplantation and gene therapy
delivery systems in vivo” (Yang et al., 1999a).

Vascular endothelial cells may be the origin of most human cardiovascular dis-
ease, indeed of the majority of modern age-related human deaths on a global scale, but
they are not the only target for therapies whose aim is the correction of cellular senes-
cence. In myocardial infarction, for example, locking the barn door of endothelial cell
senescence can offer little to make up for the stolen horse of dead myocardium. Save
for cardiac transplantation, current medical therapy has (realistically) nothing to offer,
but regenerative medicine approaches might offer much (Tzukerman et al., 2002). In
this case, transplantation might be that of myocardial cells rather than of the entire organ.
Alternatively, we might encourage endogenous myocardial cell transplantation by using
hTERT.

After myocardial infarction, human myocardial cells are locked irreversibly out of
the cell cycle. In mice, forced telomerase expression not only results in longer telomere
lengths but, histologically, in hypercellularity, increased myocyte density, and increased
DNA synthesis. This is followed by myocyte enlargement without evidence of fibrosis
or cardiovascular dysfunction (Oh et al., 2001a). Human myocytes immortalized with
hTERT, “retained the properties of primary HMF cells, as they expressed fibroblast
markers (prolyl-4-hydroxylase, vimentin), cytokines (interleukin 1a, 6, 8), and angio-
tensin II receptors and were permissive for coxsackievirus B3 infection” (Harms et al.,
2001).

Current interventions in cardiovascular disease are not notably effective in com-
parison with the incidence and severity of the disease. We have only to remember that
atherosclerotic disease is the major single killer globally, and specifically in almost all
developed nations, to realize how far we are from satisfactory intervention. Malignancy
remains the only significant competition as a cause of death. Cell senescence is prob-
ably universal in and fundamental to atherosclerosis and its clinical consequences. This
possibility, coupled with potential therapy, justifies substantial investment of intelligence
and finances in testing cell senescence as an effective point of intervention. Telomerase
therapy, whether by transfection or induction, is likely to become the most efficient point
of intervention in human atherosclerosis.
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C H A P T E R 10

Orthopedic Systems

Structure and Overview

Bones are the physical supports that keep us from being shapeless lumps of protoplasm,
but they serve other, perhaps equally important, functions. They offer protection (the
skull, spinal rings, and rib cage) to critical soft tissue organs, provide lever arms for
muscle movement (most bones to some degree), and maintain storage depots of cal-
cium, phosphorus, and other minerals for rapidly shifting and acute metabolic needs.
These (and other) functions can be most profitably discussed from the standpoint of aging
pathology. In aging humans, bones get brittle and prone to fracture (osteoporosis), while
joints degenerate and become inflamed and painful (osteoarthritis).

Our bones (here excluding the marrow and joint structures) are composed of cells,
matrix, and minerals. The cells manufacture the matrix, which attracts and tightly holds
the minerals. Together the properties of the matrix and ratio of the minerals determine
compressive strength, hardness, resistance, and elasticity of bone. Cells determine the
nature of the bone but are influenced by diet (e.g., mineral supply), hormonal signals
(e.g., estrogen, parathyroid, etc), vascularity, and physical usage.

Bone cells come in two types, osteoblasts and osteoclasts. This cellular duality might
be almost Manichean, although the delicate bony balance is not so much between good
and evil as between creation and destruction. The Hindu division between Brahma (the
creator) and Shiva (the destroyer) is a more apt analogy for living bones: osteoblasts
constantly create bone while the osteoclasts constantly destroy it (Travis, 2000). This is
current orthodoxy, despite a surprisingly lack of data showing that (with the exception
of two specific transcripts) osteoblasts differ from generic fibroblasts or that bone min-
eralization (as opposed to matrix formation) is controlled by the osteoblast (Ducy et al.,



180 THE AGING ORGANISM

2000). Nonetheless, however orchestrated, the result is continual turnover as bone is
remade moment to moment, which serves to replace the adult skeleton approximately
every decade (Manolagas, 2000). As Marcus Aurelius (Staniforth, 1964 p 109) put it so
thoughtfully, nature “will change everything . . . and out of their substance will make
fresh things . . . renewing of the world’s youthfulness.” Alas, not entirely, for the rate
of renewal slows and the outcome of this “perpetual renewing” becomes less structur-
ally sound over time.

Two variables are paramount and they can change independently in growth, age,
or disease. The first variable is the balance between the osteoblasts and osteoclasts. If
bone is created and destroyed at the same rate, the result is a constant bone mass, con-
stantly in flux. A slight imbalance and patients have net gain (as in normal childhood
growth) or net loss (as in osteoporosis).

The second variable is more subtle: the rate at which bone is turned over. Even if
no net gain or loss of bone occurs, turnover rates may be rapid (as in healing) or slow
(as in hypothyroidism). Rapid turnover provides a good response to damage and exer-
cise, but the cost is a high metabolic demand. Slow turnover is metabolically cheap, but
the result is slow healing and mismatch between what our activity demands and what
our bones can provide.

Remodeling is constant and responsive to our needs. It adapts rapidly to meet the
needs of growth and demands of physical stress on our bones. Even when the body
demands a net change in bone, for example, in normal growth when the osteoblasts lead
and the balance is unequal, both cells work concurrently to remodel and create func-
tional bone. It is not enough to make more bone; it must be bone that works. Adult bones
are not merely more bony than immature bone, they have been remodeled many times
over (Manolagas, 2000).

The osteoblast is basically a “sophisticated fibroblast” (Ducy et al., 2000) that
synthesizes and deposits the extracellular matrix that, once mineralized, is new bone.
Osteoblasts therefore create longitudinal bone growth and are crucial to the continual
remodeling that maintains our structural integrity and responds to the changing struc-
tural requirements resulting from growth, injury, and behavior (e.g., exercise). None-
theless, the osteoblast and osteoclast are in continual and intimate communication and
the interchange, rather than the osteoblast, defines the skeleton and its integrity in the
face of time and stress.

Theosteoclast is a multinucleated cell formed by the fusion of several cells of the
macrophage or monocyte family (Teitelbaum, 2000). Maturation of osteoclasts from
the macrophage precursor appears to require contact with osteoblasts, as well as two
factors that the osteoblasts or other stromal cells must secrete: macrophage colony-
stimulating factor (M-CSF) and a receptor for activating nuclear factor k B ligand
(RANKL). Physical cell contact is signaled by osteoprotegerin (OPG), an inhibitory
surface molecule on the osteoblast which competes with the aforementioned receptor
molecule. Activated T lymphocytes express this same receptor molecule and trigger
osteoclastogenesis, which may explain the osteoclastic destruction seen in rheumatoid
arthritis. Over the last decade of the twentieth century, the regulatory roles of serum cal-
cium, estrogen, bisphosphonates, and integrins in controlling the osteoclast and its func-
tion have gradually become clearer, although some details remain enigmatic.

As a result of changing hormonal, behavioral, and metabolic inputs, the balance
between bone destruction and growth is continually in flux. Bony resorption by the
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osteoclast is a sophisticated version of normal macrophage function. The cell attaches
to bone and isolates a small portion. It then dissolves the mineral portion by acidifica-
tion and degrades the remaining protein matrix. Finally, it endocytoses the resulting
products, releases them back into circulation, and moves on to a new site. This cycle
typically requires 3 weeks and at any one time, the osteoclasts are destroying approxi-
mately one to two million sites in the average adult skeleton. Osteoblastic regrowth, by
contrast, requires approximately 3–4 months (Rodan and Martin, 2000).

Aging and Other Pathology

After age 40, the balance between bone destruction by osteoclasts and bone formation
by osteoblasts shifts to favor resorption. The end result is age-related disease, especially
osteoporosis (Rodan and Martin, 2000). This outcome comprises not only clinical and
personal but financial losses. The latter are estimated at $14 billion per year in the United
States alone, where at least 10 million patients have osteoporosis (Kiberstis et al., 2000).
Nor is osteoporosis the only age-related disease of the skeleton. Bone cancers (primary
and secondary) have been covered previously. For a multitude of reasons—osteoporosis
primary among them, but including pathological fractures due to cancer, increases in
gait instability, sensory dysfunctions, slower reflexes, and vascular problems, and com-
plex interactive effects between each—the older patient is more likely to suffer from
fractures. As patients age, they are less able to heal effectively, less tolerant of resultant
disabilities in performing daily activities, and therefore less able to function indepen-
dently. Moreover, to some extent, problems due to bone aging may be minor compared
to problems due to joint aging. Aging joints are apt to cause severe and constant pain,
as well as inability to perform quotidian activities. Aging joints are especially prone to
osteoarthritis but the incidence of rheumatoid arthritis is not far behind, followed by the
less dramatic rise in intraarticular fractures. Collectively, these pathologies are outcomes
of and underscore changes in the aging skeletal system (Fig. 10–1).

Figure 10–1 Aging orthopedic tissue. In the aging joint (top pullouts), chondrocytes senesce
causing gradual thinning and finally a total loss of the cartilage layer, resulting in inflammation
and destruction of joint surface. In aging bone, the predominating osteoclast balance causes gradual
loss of trabeculae, resulting in decreased strength and increased fracture probability.
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Osteoporosis is the most publicized disease of the aging skeleton, largely due to its
clinical consequences. Hip fractures alone have a mortality that increases with age and
increases more rapidly when accompanied by cognitive impairments, such as Alzheimer
dementia (Cree et al., 2000). This observation can be extended into a general rule: risks
of osteoporosis are multiplied by concurrent age-related disabilities in other physiological
systems, such as vascular pathology, renal dysfunction, etc. Although early surgical
intervention in hip fracture has proven valuable, many of the other factors that deter-
mine mortality and morbidity remain only partially understood (Hannan et al., 2001).
Improvement in our understanding of the pathology is needed, as well as in our conse-
quent ability to treat or prevent it.

Osteoporosis is the loss of minerals, bony matrix, and bone strength as we grow
older (Baylink and Jennings, 1994; Chestnut, 1994). The World Health Organization
definesosteopenia as bone density from 1 to 2.5 standard deviations and osteoporosis
as less than 2.5 standard deviations below the normal mean density for young women
(World Health Organization, 1994; Medical Letter, 2000b). The loss of mineral mass is
documented not only in humans (Lindsay et al., 1992; Rico et al., 1993; Siris et al., 2001)
but in other primates, where it correlates with age and may not be related to gonadal or
nutritional deficiencies (Colman et al., 1999b), although, as in humans, it is common
after menopause (Colman et al., 1999a). Perhaps a third of postmenopausal white women
are affected and a fifth of elderly men (Melton, 1995, 1998) and it is probably a largely
underdiagnosed disease (Chestnut, 2001). Though thought of as a disease of aging
women, the loss of bone density is found in both sexes (Scopacasa et al., 2002). Ge-
nerically, osteoporosis has been linked to weight loss (Chao et al., 2000), a frequent
concomitant of aging in either sex. Elderly men have an age-specific increase in inci-
dence of hip and vertebral body fractures (Kenny et al., 2000; Ravaglia et al., 2000),
roughly half that of age-matched women (Khosla et al., 1999).

In women, early postmenopausal bone loss (type I osteoporosis) is considered a
direct consequence of estrogen deficiency. Declining estrogen exposure causes an in-
crease in bone resorption without compensatory increase in bone formation. Late post-
menopausal bone loss (type II osteoporosis) may be attributable to estrogen deficiency
(Khosla et al., 1999), although other age-related factors (independent of estrogen de-
cline) are likely to play a significant role. As bone loss occurs, there is a correlated in-
crease in parathyroid hormone secretion, which should cause increased bone resorption
and bone loss.

In men, the etiology of age-related bone loss is argued, but is probably largely
equivalent to the process in women. Evidence from a male genetically deficient in
estrogen receptor-a and in two males with a genetic aromatase deficiency indicate
that estrogen may play a role in bone metabolism in both sexes. Moreover, large epi-
demiologic studies looking at aging men have found that bone mineral density corre-
lates better with serum estrogen than it does with testosterone (Khosla et al., 1999).
While the gradual decline in male serum testosterone may play some minor role in
the genesis of osteoporosis (Kenny et al., 2000), estrogen is the primary player (Katz,
2000). Probably, estrogen functions in conjunction with other interacting factors, such
as the declining muscle mass (Ravaglia et al., 2000) and increases in cortisol secre-
tion (Raff et al., 1999) that occur with age. Dietary factors may play a role. For ex-
ample, diets chronically high in retinol may promote osteoporosis (Denke, 2002;
Feskanich et al., 2002).
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In either sex, whatever the etiology or interactive effects of hormones, muscle mass,
diet, and physical activity, the common denominator in all age-related osteoporosis is
osteoblast dysfunction (Kveiborg et al., 2001b). This results in the gradual but cumula-
tive loss of bone and bone matrix. Remodeling becomes weighted against the osteo-
blast and bone formation and in favor of the osteoclast and bone destruction. The outcome
is osteoporosis and markedly increased morbidity.

Joints have their own age-related pathology, predominantly arthritis, a generic term
for inflammatory joint processes. The two major types, osteoarthritis and rheumatoid
arthritis, together afflict half of the world’s population over 65 years of age (Hagman,
2000). The primary risk factors are injury, obesity, genetic predilection, and age.

Osteoarthritis is an age-related degenerative disease of the joints in which the joint
surface is gradually lost to erosion and inflammation. Our understanding of aging sug-
gests that aging and osteoarthritis share common causes (Kirkwood, 1997; Lee et al.,
2002a) and aging is linked to the incidence and pathology. The mechanisms of this link-
age are unclear. Although ascribed to wear and tear, some individuals incur only little
disease and only late in life, whereas others show severe osteoarthritis at an early age.
This observation not only underlines the known linkage to cumulative trauma and ge-
netic predisposition (Ingvarsson et al., 2001) but recalls the common thread throughout
other organ systems. Aging is not merely wear and tear, but is due to the increasing
failure to repair and maintain tissues in the face of such wear and tear as we grow older.
In osteoarthritis, the older joint is less capable of self-repair and self-maintenance.

Treatment for osteoarthritis falls into two major categories: joint replacement and
agents that interfere with joint inflammation. Of the latter, nonsteroidal agents (such as
COX-2 inhibitors) have shown inarguable efficacy in treating the pain consequent upon
the disease, but are expensive (Geba et al., 2002) and probably do little to alter the course
of the disease. Osteoarthritis is characterized by a gradual but inexorable destruction of
the joint surface. The normal joint surface is composed of a glistening layer of intercel-
lular matrix and chondrocytes. These latter cells are specialized fibroblasts that form
the cartilage and define the joint. The joint surface is notorious for having a marginal
nutrient supply, since capillaries do not extend into the joint surface. Transport of nutri-
ents and oxygen to the chondrocytes is accomplished in a more or less passive fashion
as a result of diffusion and fluctuating compression and traction as the joint bears weight
and moves. As the joint bears weight and moves, these latter alternating forces act much
as squeezing a sponge does in transferring nutrients into and waste products out of the
layer of cartilage. The health of the chondrocyte depends on the quality of its vascular
supply and activity of the joint. Rather than making chondrocytes independent of aging
in the vascular bed, however, the reliance on compressive and diffusive forces leaves
the joint surface and chondrocytes that compose it more at risk. The result is that arte-
rial disease and traumatic (or inadequate) physical activity can be, independently, re-
sponsible for the genesis of joint disease.

Rheumatoid arthritis increases with age (Pisetsky and St. Clair, 2001), but juve-
nile forms occur. Despite its increasing prevalence with age, rheumatoid arthritis is often
neglected as an age-related disease. Although rheumatoid and osteoarthritis have an
inflammatory component, rheumatoid arthritis is considered to be due to immune sys-
tem dysfunction rather than to other causes. Over the years, the trigger for this immune
reaction has been blamed on traumatic injury, microbial infection, and a host of other
causes. Whatever may incite the destruction, the immune response is often not restricted
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to joints but may have widespread manifestations, affecting the entire body and lower-
ing life expectancy (Mikuls and Saag, 2001; Pisetsky and St. Clair, 2001). With some
justification, this form of arthritis might be considered a form of immune (rather than
joint) dysfunction and therefore properly discussed in the context of immune senescence.
The immune system shows profound changes. While healthy individuals maintain a
diverse T-cell repertoire, patients with rheumatoid arthritis do not. There are contrac-
tions of the T-cell repertoire and of receptor diversity (Koetz et al., 2000), and the emer-
gence of oligoclonal T-cell populations. This restriction in immune response is peculiar
to rheumatoid arthritis and is not found in other forms of chronic inflammation, such as
hepatitis C. Moreover, it is not limited to memory cells, but occurs in the naive T cells,
which suggests that the origin of rheumatoid arthritis lies within the immune system,
not the joint. The pathology is not due so much to synovial antigens as it is to intrinsic
problems within the immune system, specifically the T-cell population, although mast
cells equally play a role (Lee et al., 2002a). The full extent of perturbations and their
causes are unknown (Wagner et al., 1998).

The Role of Cell Senescence

The skeletal system, as discussed here, encompasses two sorts of cells: those within tra-
becular bone and those of the joint surface. If age-related changes in the skeletal system
are attributable to cell senescence, then senescent change should be present in cells from
both tissues. In the former tissue, we should expect evidence of cell senescence within
older osteoblasts (and perhaps older osteoclasts); in the latter tissue, we should expect
evidence of cell senescence within older chondrocytes. Moreover, in each case, we should
expect that observed changes in gene expression of the indigenous cell type should
correspond to pathological changes found clinically in their respective tissues. Current
evidence is in keeping with these expectations.

Osteoblasts show considerable change with age and these underlie the poor func-
tion seen in patients with osteoporosis. Some changes are generic, such as changes in
morphology and increased b-galactosidase activity (Kassem et al., 1997) or a decrease
in cell numbers or the rate of cell division (Wolf and Pendergrass, 1999). As in other
tissues in which cells continue to divide, telomeres are shorter in senescent osteoblasts
and in osteoblasts taken from older patients (Yudoh et al., 2001). Although some in-
vestigators report no clear excess of shortened telomeres in osteoporotic patients
(Kveiborg et al., 1999), this may be due to (1) an insufficient statistical sample size,
(2) an increased variance in such cells, or (3) interacting variables other than osteo-
blast senescence. For example, two patient samples with equivalent osteoblast senes-
cence but widely divergent estrogen levels might reasonably have different clinical
outcomes, making it more difficult to tease out an independent effect of osteoblast
senescence.

Osteoblasts demonstrate cell phenotype–specific changes as they senesce, changes
that have more direct relevance to the observed clinical pathology. In vitro osteoblasts
show reductions in the mRNAs of alkaline phosphatase, osteocalcin, and type I collagen
(Kassem et al., 1997; Yudoh et al., 2001). Such changes are not due to a decrease in the
calcitriol (vitamin D) responsiveness of the osteoblasts. There is no change in the loca-
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tion or number of vitamin D receptors. Calcitriol effectively induces alkaline phosphatase
and osteocalcin expression in senescing osteoblasts. (Kveiborg et al., 2001b). Insulin-
like growth factors are known stimulators of osteoblast function and bone formation.
Although IGF-2 mRNA remains unchanged in senescing osteoblasts, expression of
IGF-1 mRNA falls by 50%. Levels of binding proteins fall: IGF-3 binding protein
(IGFBP-3) mRNA falls by 70% and its protein production by 84%; IGFBP-4 mRNA
falls by 30%, and IGFBP-5 mRNA by 40% (Kveiborg et al., 2000).

Many other changes in gene expression occur during osteoblast senescence. These
changes might, perhaps with less justification, be linked to clinical outcome in patients
with osteoporosis, despite scant theoretical and almost no experimental basis for doing
so. These additional changes in gene expression include up-regulation in so-called
gerontogenes, such as Apo J and GTP- (Gonos et al., 1998). Changes are found in trans-
forming growth factor beta (TGF-b). When calcitriol is present, TGF-b normally induces
osteoblast differentiation and formation of bony matrix, but inhibits osteocalcin pro-
duction, which is necessary for osteoblast differentiation (Kassem et al., 2000). Like-
wise, there is a dramatic decline in the gene expression for the mRNAs of CBFA 1 (a
transcription factor known as polyoma enhancer-binding protein, or PEBP2aA) and
topoisomerase I mRNA. Neither decrement occurs in immortalized osteoblasts. While
it is clear that the dysfunction that occurs in aging human osteoblasts is paralleled by
alterations in gene expression (Christiansen et al., 2000a), the direction of causation is
unproven. Extrapolating from what we know of other senescing cells in other tissues, it
is most likely that changes in gene expression cause the age-related clinical pathology
(osteoporosis). The contrary remains possible: the clinical pathology might cause the
observed changes in gene expression.

Osteoporosis and arthritic disease are considered distinct disease processes, but a
curious blend of pathology occurs in periarticular bone. Rheumatoid and osteoarthritis
often demonstrate osteopenia in bony tissue underlying and surrounding affected ar-
ticular surfaces. Here again, cell senescence may play a role. Periarticular osteoblasts
from patients with rheumatoid or osteoarthritis demonstrate decreased telomere lengths,
replicative lifespans, rates of cell proliferation, and common osteoblastic markers (al-
kaline phosphatase activity, osteocalcin and C-terminal type I procollagen secretion,
and cAMP response to parathyroid hormone). While these changes correlate with age,
they are more pronounced in patients with osteoporosis and most pronounced in pa-
tients with rheumatoid arthritis, suggesting that osteoblast replicative senescence con-
tributes to periarticular osteopenia (Yudoh et al., 2000).

Osteoarthritis depends on normal chondrocyte function. Good evidence exists that
chondrocytes senesce during osteoarthritis (Aigner et al., 2002; Martin et al., 2002b).
Overall, the correlation between disease and age (between or within species, including
humans) is poor, while that between disease and cell senescence is excellent (Yudoh
et al., 2000; Martin et al., 2002b). Chondrocyte senescence occurs in vivo in human joints
(Parsch et al., 2002). The association supports the hypothesis that chondrocyte senes-
cence plays a role in osteoarthritis (Martin and Buckwalter, 2001b). Osteoarthritis is
not related so much to age as it is to other histological measures. These include fibril-
lation of the articular surface, decrease in the size and aggregation of proteoglycan
aggrecans, increased collagen cross-linking, and a loss of tensile strength and stiff-
ness in the matrix. These are the result of changes in chondrocyte function that de-
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crease the ability of the cells to maintain the tissue. As chondrocytes senesce, they
demonstrate decreased synthesis, more frequent synthesis of dysfunctional proteins
(e.g., smaller, less uniform aggrecans), and a decreased response to chondrocyte growth
factors. They show a decrease in telomere length, a marked decline in mitotic activity,
and (as do other aging fibroblasts) an increased expression of b-galactosidase (Martin
and Buckwalter, 2001a, 2001b; Martin et al., 2002b).

Osteoarthritis is a cascade of failure: the ability of the joint to incur and repair re-
petitive trauma is limited by the ability of the chondrocytes to replicate and maintain
homeostasis. As the chondrocytes senesce, their pattern of gene expression changes.
Replication and cell replacement are inadequate to the needs of the articular surface.
The matrix becomes less durable and more friable. As daily joint use continues, cell
senescence accelerates, as does the loss of tissue function and articular surface. The final
outcome is joint destruction; the diagnosis, osteoarthritis.

Rheumatoid arthritis is dependent on immune mechanisms and (periarticular
osteopenia aside) might therefore be expected to demonstrate correlations with im-
mune senescence (see Chapter 11). One hypothesis suggests that this is due to alter-
ations in tumor necrosis factor (TNF) in senescent cells (Crew et al., 1998). The role
of TNF in this disease has spawned a series of new drugs (see below). Telomerase
activity is prevalent in activated lymphocytes, particularly monocytes (Yamanishi et al.,
1998), and is found in 60% (28/47) of patients with rheumatoid arthritis, including
monoarticular arthritis. This is true of chrondromatosis and osteoarthritis, but not of other
forms of joint disease. Telomerase activity has a 96% (52/54) specificity for rheuma-
toid arthritis (Yamanishi et al., 1999). Moreover, the degree of telomerase activity cor-
relates with the severity of the disease (Yamanishi et al., 1998).

As noted above, receptor diversity is contracted in the lymphocyte population of
patients with rheumatoid arthritis. Contraction is characteristic of older patients. For
example, the percentage of CD4 T cells containing T-cell receptor rearrangement ex-
cision circles (TREC) is markedly reduced in patients with rheumatoid arthritis to levels
characteristic of matched control patients who are 20 years older. Even young patients
with rheumatoid arthritis show erosion of telomeres in their circulating T cells
(de Boer, 2002; Koetz et al., 2000). That this loss correlates with disease presence
but not duration or intervention (Koetz et al., 2000) and that naive T cells are equally
involved (Wagner et al., 1998) suggests an accelerated lymphocyte turnover in
these patients that probably occurs as a direct result of the abnormal autoimmune
response.

Cell senescence is far more likely an outcome than a cause of rheumatoid arthri-
tis, although it may play a critical role in how the pathology plays out within the ar-
ticular tissue. Genetic factors account for one-half to two-thirds of human osteoarthritis
and rheumatoid arthritis (Ho et al., 2000). These factors probably play a stronger role
than immune senescence, although genetic abnormalities might hasten immune se-
nescence by driving lymphocytic proliferation, for example, in autoimmune dysfunc-
tion and continual antigenic stimulation. There appears little doubt that rheumatoid
arthritis is more than merely cell senescence, although the expression of specific ge-
netic defects may become more prominent in senescent cells, thereby accelerating the
articular damage to increasingly senescent chondrocytes caused by increasingly se-
nescent lymphocytes.
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Intervention

As in other tissues, the complexity of the pathology creates a plenitude of targets for
therapeutic intervention (Kiberstis et al., 2000; Rodan and Martin, 2000). Although bone
density is a primary marker for bone health in the elderly, increasing the density is not
the point, nor necessarily an effective point of intervention (Haguenauer et al., 2001).
An intervention is useful if and only if it has clinical benefits (e.g., lowering the rate of
vertebral fractures). Exercise, for example, may increase bone density (Hagberg et al.,
2001; Kohrt, 2001), but has practical value only if it improves or retains bone function.
Most interventions in osteoporosis target osteoclasts and bone resorption, rather than
osteoblasts and bone formation. These interventions include estrogens, selective estro-
gen receptor modulators, and bisphosphonates. There are, however, a growing number
of drugs that focus on the osteoblasts and bone formation, including particularly the
statins, but also recombinant parathyroid hormone segments (Medical Letter, 2003a),
novel matrices, signaling molecules, and cultured stem cells (Service, 2000).

Some interventions have interactive effects on other common age-related and often
coincident pathology. For example, the most common cause of death among women
with osteoporosis is cardiovascular disease (Kado et al., 1999). Interventions, such
as statins (Meier et al., 2000; Wang et al., 2000e), aimed at osteoporosis must there-
fore be assessed in regard to their effect on cardiovascular risk as well as osteoporo-
sis (Cummings and Bauer, 2000).

Until now, osteopenia and osteoporosis have been treated with combined calcium
and vitamin D (calcitriol), estrogen, selective estrogen receptor modulators such as
raloxifene (Johnston et al., 2000a), bisphosphonates (Reid et al., 2002), calcitonin, HMG-
CoA reductase inhibitors (statins), parathyroid hormone and its recombinant segments,
isoflavones, and combinations with varying success (Alexandersen et al., 2001; Villareal
et al., 2001), costs, and side effects (Altkorn and Vokes, 2001; Hennessy and Strom,
2001; Medical Letter, 2000b; van Staa et al., 2001). Bisphosphonates (e.g., risedronate)
have been used in Paget’s disease and osteoporosis and may be effective (Harris et al.,
1999b; Eastell, 2001; Reid et al., 2002). It may prove more effective at reducing frac-
ture risk than estrogen replacement (Grady and Cummings, 2001).

Ironically, despite calcitriol and calcium being prerequisites for normal osteoblast
function (Kveiborg et al., 2000), clinical data do little to show that supplementing these
compounds beyond normal adult requirements has substantial benefit. None of these
are totally effective.

Hormone replacement has been considered relatively effective in preventing appen-
dicular fractures in the elderly patient and in preventing (but not necessarily treating)
the postmenopausal osteoporosis that underlies such fractures (Grady and Cummings,
2001; Torgerson and Bell-Syer, 2001; Nelson et al., 2002). Meta-analysis suggests an
additional trend toward decreasing efficacy of fracture prevention with increasing pa-
tient age (Torgerson and Bell-Syer, 2001). It may be that the greatest effects from hor-
mone replacement are found only in those age groups with the lowest risk of fracture. If
this is so, then the risks of long-term hormone replacement may prove to exceed its
potential benefits (Grady and Cummings, 2001). The potential cardiovascular risks and
benefits of estrogen have been discussed previously in the chapter on the cardiovascu-
lar system. Although some data suggest that hormone replacement increases the risk of
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breast or endometrial cancer (Chiechi and Secreto, 2000; Chen et al., 2002a), there has
been disagreement (Campagnoli et al., 1999; Leslie et al., 1999). Ironically, a minority
body of data suggest that hormone replacement therapy may be protective against cer-
tain forms of cancer, including ovarian (Ness et al., 2000b) and colon cancer (Crandall,
1999; Grodstein et al., 1999). Extensive and careful review of epidemiological data
suggest increased risk from use of estrogen therapy (Noller, 2002) and even higher risk
in combination with progesterone (Writing Group for the Women’s Health Initiative
Investigators, 2002; Fletcher and Colditz, 2002), although others have argued that data
are insufficient for accurate assessment (Beral et al., 1999). The overall balanced risk
(cancer risk versus osteoporosis risk) remains uncertain and doubtlessly varies with the
individual (Boroditsky, 2000; Crawshaw, 2000; Nelson, 2002; Noller, 2002), but hor-
mone replacement is still a standard therapy. The specific hormone replacement, such
as estradiol, estriol (Hayashi et al., 2000), or an estrogen analog, that will optimize bone
retention with minimal side effects remains an open issue, as does the optimal time to
initiate replacement (Cure-Cure and Cure-Ramirez, 2001) and most appropriate (and
perhaps safest) dosage (Lindsay et al., 2002). The ligand for the osteoporotic effect of
sexual steroids is apparently independent of the ligand in reproductive organs (Kousteni
et al., 2002). Although hormone replacement is more effective in lowering osteoporotic
risk than selective estrogen receptor modulators, the higher potential (cancer) risks of
hormone replacement and possible cardiovascular benefits of selective estrogen recep-
tor modulators (Umland et al., 1999) may make receptor modulators or bisphosphonates
(Harris et al., 1999b; Eastell, 2001; Reid et al., 2002) more appropriate clinical choices
(Genazzani and Gambacciani, 1999; Grady and Cummings, 2001).

More fundamental interventions remain for consideration. One of the only known
interventions in extending healthy lifespan, caloric restriction, fails to prevent osteoporo-
sis in aging male rats (Sanderson et al., 1997). The significance of this observation for
aging humans of either sex is obscure.

Intervention in osteoblast senescence is tempting but difficult (Fossel, 1996, 2001b;
Yudoh et al., 2001). Prime target for intervention in osteoporotic pathology or not, no
data have been published on in vivo intervention (except in mice), although such studies
are planned. In vitro, however, such intervention has already demonstrated its efficacy.
hTERT gene, transfected into human osteoblastic cells (from donors and from osteo-
blastic cell strain NHOst 54881), results in significant telomerase expression and activ-
ity. Moreover, these cells have elongated telomeres and continued alkaline phosphatase
activity and secretion of procollagen I C-terminal propeptide (PICP), thus supporting
the need to test this approach as an ex vivo therapy for human osteoporosis (Yudoh et al.,
2001). Other published work suggests that hTERT expression (coupled with SV40 T
antigen) not only extends the lifespan of osteoblast and osteoclast precursor cells but
that the resulting osteoblasts and osteoclasts have normal phenotypes (Darimont et al.,
2002).

When human bone marrow stromal cells are transfected with hTERT, they show
increased telomere lengths and continue to proliferate even at 10 times the normal number
of population doublings. These cells show normal osteoblastic markers, differentiation
potential, and karyotypes. Transfected human cells implanted subcutaneously in immu-
nodeficient mice form more bone than normal cells (Simonsen et al., 2002). That such
telomerized stromal cells maintain their osteogenic potential and are capable of gener-
ating normal mineralized lamellar bone structure and associated marrow suggests that
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telomerase therapy may be useful in bone regeneration and repair (Shi et al., 2002). While
much critical experimental work remains undone, initial data support the possibility that
osteoblastic senescence is a key mechanism in human osteoporosis and likely the single
most effective point of clinical intervention.

Although the complexity of pathology might be viewed as an opportunity, the
numerous roads that lead to human joint degradation, coupled with the extensive and
perhaps irreparable articular damage that occurs in osteoarthritis, have prompted some
researchers to conclude that a single cure is unlikely (Hagman, 2000). Current therapy
(beyond pain relief) devolves into questions of the timing and efficacy of joint replace-
ment. Nonetheless, alternative therapies have been tried (and found wanting) over the
years. There is extensive public interest in and a dismissive academic attitude toward
glucosamine (with or without chondroitin). The good news is that despite widespread
use, there are few known side effects. Surprisingly to many clinicians, the few animal
studies are largely supportive of beneficial effects, but initial results of the large-scale,
double-blind, human study are unimpressive (Medical Letter, 2001d).

Cell senescence of the chondrocytes is likewise a target. Ignoring senescent
chondrocytes may limit the efficacy of other interventions. Transplantation procedures,
for example, intended to restore osteoarthritic articular surfaces may, paralleling a
like problem seen with bone marrow transplantation, be limited by the replicative
lifespan of transplanted chondrocytes (Martin and Buckwalter, 2001b). More funda-
mental and effective therapy for osteoarthritis is intervention in chondrocyte senescence
(Fossel, 1996; Martin and Buckwalter, 2001a). The goal is to ameliorate, prevent, or
reverse chondrocyte senescence and thereby intervene in osteoarthritis. Initial trials of
transfection of human chondrocytes with hTERT show that these cells have extended
lifespans and maintain a normal cell phenotype (Piera-Velazquez et al., 2002). Given
these results, telomerase or some telomerase-independent intervention (Martin et al.,
2002b) in chondrocyte senescence might be clinically effective. Moreover, the aging
chondrocytes of the human joint are more approachable technically than are the aging
osteoblasts of the human bone.

Rheumatoid arthritis remains a common and disabling disease. Despite consider-
able recent progress in treating rheumatoid arthritis (Case, 2001a; Pisetsky and St. Clair,
2001; Wildy and Wasko, 2001), there is room for improvement. Current therapies in-
volve the use of common antiinflammatory medications or the less common and more
potent strategy of immune suppression. No nonsteroidal antiinflammatory (NSAID) is
consistently more effective than another, although individual patients may derive more
benefit from specific nonsteroidals (Medical Letter, 2000a). These drugs work by inhi-
bition of the two isoforms of cyclooxygenase: COX-1 and COX-2. The COX-2 inhibi-
tors cause less gastric toxicity than older, nonselective nonsteroidal antiinflammatory
medications (Medical Letter, 2000a; Silverstein et al., 2000), but may simultaneously
increase the risk of cardiovascular problems (Medical Letter, 2001a; Mukherjee et al.,
2001). Nonetheless, most clinical consultants recommend the use of COX-2 inhibitors
in treating rheumatoid arthritis, often in conjunction with other medications (Medical
Letter, 2000a). Although COX-2 inhibitors may be effective in osteoarthritis, these drugs
are less effective in rheumatoid arthritis.

There is a wide selection of other (often immunosuppressive) drugs that have been
used in rheumatoid arthritis and newer agents are coming into use (Case, 2001b). Current
disease-modifying antirheumatic drugs (DMARDs) include hydroxycholoquine and other
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antimalarials, steroids, gold compounds, penicillamine, cytotoxic drugs (azothioprine and
cyclophosphamide), sulfasalazine, methotrexate, leflunomide, etanercept, infliximab
cyclosporin, and TNF inhibitors, as well as combination therapy and apheresis (Gabriel
et al., 2001; Kremer, 2001; Laan et al., 2001). Several agents (infliximab, etanercept, and
adalimumab) inhibit TNF-a, which induces fibroblast proliferation and the cascade of
inflammation that causes rheumatoid arthritis (Medical Letter, 2003b). Despite gradually
increasing clinical optimism, no approach is considered totally effective nor free from side
effects (Wollheim, 2001).

In osteoarthritis, chondrocyte cell senescence may be central to the pathology, but
this is not likely true of rheumatoid arthritis. Senescent cells are abundant in affected
rheumatic joints, but the senescent cells are immune in origin rather than indigenous to
the joint. If cell senescence plays a role in rheumatoid arthritis, then that role is pre-
dominantly lymphocytic rather than chondrocytic, and secondary rather than primary.

Attempts to intervene in age-related disease in the skeletal system should most
profitably focus on osteoblast and chondrocyte senescence, with an eye toward osteo-
porosis and osteoarthritis, respectively. Senescence of these cells may be central to these
ubiquitous diseases.
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C H A P T E R 11

Hematopoetic and
Immune Systems

Structure and Overview

The hematopoetic and immune systems share a common cellular nursery in the bone
marrow and, largely for that reason, are considered here together. Such cells are usually
divided into red cells, white cells, and other miscellaneous cells, not all of which are
true cells in that they may lack nuclei (e.g., mature red cells) and other intracellular
organelles (e.g., thrombocytes). Red cells are responsible for ferrying oxygen from the
lungs to distant cells without allowing the molecules to oxidize and damage molecules
en route. Conversely, they carry carbon dioxide back from distant cells back to the lungs
for exhalation. White cells are largely involved with infection control and what might
loosely be termed “janitorial functions,” i.e., cleaning up antigens and other insoluble
and otherwise unrecyclable molecules throughout the body. Platelets are a primary com-
ponent of clotting and for this reason a target for drugs (such as aspirin) aimed at low-
ering mortality in the aged by preventing clots.

Most blood cells are transitory and continuously replaced. Although prenatally
much of the blood is made in the liver, by halfway through gestation the balance begins
to shift to production within the developing bones. The volume of bone marrow is about
the same as the volume of the liver, but the marrow is spread throughout the bones of
the body. At birth, the bone marrow is almost uniformly active in all bones, but after
birth the marrow becomes less metabolically active and gains fat, becoming less red
and more yellow. Adult marrow is less active in producing blood cells, especially within
the long bones of our extremities. In the adult, most blood cells are produced within
ribs, sternum, pelvis, and vertebral bodies. This shift in marrow activity is reversible
and responds rapidly to the need for new blood cells.
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Although red blood cells, granular leukocytes, and platelets are each different, they
all derive from a common pluripotent stem cell within the marrow. These common stem
cells divide, one cell perhaps remaining pluripotent, the other progressing a step further
down the road to differentiation. This more differentiated cell, though no longer pluri-
potent, is still a unipotential stem cell for a single cell line. Thus, there may be separate
unipotential stem cells for platelets, erythrocytes, lymphocytes, myelocytes, and mono-
cytes. Each unipotential stem cell remains separate once diverging from the pluripotent
stem cell. Each will divide and may differentiate more fully, committing to a particular
cell line. Some unipotential stem cells may remain in reserve, while daughter cells dif-
ferentiate fully and enter peripheral circulation. This process—cell division, cell differ-
entiation, and stem cell reserve—is under complex, active, and exacting control.

Erythrocytes are anuclear “cells” that derive from the marrow and that have a cir-
culation half-life of approximately 20 days in the blood. They are usually removed by
the spleen as they finish their 3-week span and become less functional. In erythrocytes,
the unipotential stem cells in the bone marrow respond rapidly to transfusion, hemor-
rhage, high altitude (with the consequent fall oximetry), and other distant changes in
the body and in its requirements for erythrocyte transfer of oxygen. Such control of
erythrocyte cell-line division is maintained by several mechanisms, the primary among
them being erythropoietin, a glycoprotein produced in the kidney and that acts directly
upon unipotential erythrocyte stem cells to promote division and differentiation of eryth-
rocyte precursors. Speed and degree of response is dictated by three main variables:
erythropoietin stimulation, available nutrients (primarily iron), and capabilities of mar-
row and its component cells. Healthy adult marrow is capable of increasing erythrocyte
production to four to five times the basal replacement rate (Bloom and Fawcett, 1975).

T and B lymphocytes are the major cellular components of the immune system.
Like erythrocytes, they derive from hematopoetic stem cells in the bone marrow, but
unlike erythrocytes, they retain their nuclei and have no fixed term for cellular survival.
Thanks to a complex recombinant system, the lymphocyte can generate an incredible
number of antigen receptors, estimated in excess of 108 different receptors (Effros and
Valenzuela, 1998). The immune system is therefore capable of recognizing far more
antigens than could be directly coded for a limited number of available genes, even if
they were dedicated solely to antibody generation. This amplification of available di-
versity allows for the recognition of antigens, even if never previously encountered
during evolution. Differentiated lymphocytes and their progeny express multiple cop-
ies of a single antigen receptor (Janeway and Travers, 1997). At least as important as
antigen receptor generation is clonal selection. The immune system needs to weed out
receptors for indigenous antigens (that might otherwise result in autoimmune disease)
and clonally expand lymphocytes that recognize foreign antigens (and so prevent in-
fection). These tasks must be performed without flaw; the latter task, clonal expansion,
must be rapid and must result in a lifelong recognition (immunity) of foreign antigens.

Aging and Other Pathology

Hematopoesis keeps up with our needs, despite some decrements in performance
(Fig.11–1). There is only a slight decrease in the number of circulating activated hema-
topoetic stem (CD34+) cells, a well-maintained capacity for response to appropriate
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cytokines, and a slight decrease in the ability of leukocytes to produce some cytokines
(e.g., granulocyte/macrophage-colony stimulating factor and interleukin-3; Bagnara
et al., 2000). In consequence, older patients not only maintain an appropriate numbers
of circulating erythrocytes and leukocytes (Sansoni et al., 1993) but preserve a modi-
cum (albeit diminished) ability to respond to stressors, such as blood loss or infection,
by producing new cells to match their need. Although there are changes in the erythro-
cyte supply, these changes are negligible (Effros and Globerson, 2002).

The immune system shows more robust changes with age. There have been attempts
to construct models in which the immune system causes aging in the entire organism
(Walford, 1969, 1970). While such models have foundered on a lack of supporting and
consistent data, the immune system does show pronounced aging changes (Makinodan
and Kay, 1980), specifically in lymphocyte function (Globerson and Effros, 2000),
and these changes have demonstrable clinical significance in multiple organs (Gardner,
1980; Tarazona et al., 2002). Despite agreement on these findings, the magnitude and,
to a greater degree, the mechanisms of immunosenescence are vigorously argued
(Bruunsgaard and Pedersen, 1999, 2000). Such changes cannot fairly be character-
ized as simple failure of the immune system, as though aging were equivalent to other
forms of immunodeficiency. It is not. The alterations are not so much quantitative as
qualitative, as, for example, in the shift in the relative proportions of immunoglobulins
(Igs; in favor of low-affinity autoreactive IgM antibodies) and likewise in proportions
of T-cell type (in favor of killer cells) as well as T-cell phenotype and response charac-
teristics (Laux et al., 2000). Although the term immunosenescence remains in general
use, its simplicity is misleading and ignores the adaptive and complex changes that occur
in the aging immune system (Effros, 1998a, 2001a). Many changes remain poorly under-
stood, although major coordinated efforts are in progress to clarify immune system aging
(Pawelec et al., 2000b).

Among other changes, autoimmunity (particularly non-organ-specific) increases
with age, although this may represent a secondary response to increased cellular dam-
age rather than primary dysregulation of the immune system (Candore et al., 1997).
Innate immunity (Ginaldi et al., 1999b) and adaptive (Ginaldi et al., 1999a) immunity
suffer with age, though adaptive immunity undergoes the greater losses (Pawelec et al.,
2000a). The mechanisms underlying functional losses are argued (Pawelec et al., 1998c,
1999d). Some changes are not so much a matter of aging as of increased immune

Figure 11–1 Aging hematopoetic tissue. As aging progresses, there is a correlated, gradual, and
increasingly profound loss of bone marrow cells due to accruing senescence among stem and
other hematopoetic cell populations of the marrow.
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experience (Franceschi et al., 1999, 2000). With age, we retain fewer naive T cells and
achieve a preponderance of memory cells (Ginaldi et al., 1999a; Romaniukha and Iashin,
2001), although with increasing B-cell variance (Breitbart et al., 2002). Moreover, on
average, memory cells have shorter telomeres than naive T cells, regardless of donor
age (Weng et al., 1995). This shift reflects immunological experience and normal func-
tion—not so much loss of naive T cells as of naivete among cells (Hodes, 1997; Linton
et al., 1997; Pawelec et al., 2002a). The concomitant loss of CD4+ cells with age, by
contrast, occurs irrespective of immunological experience.

Age-related deterioration in innate immune function, though less impressive than
in acquired immune function, is significant. Such changes have been reviewed in detail
(Ginaldi et al., 1999b) and include changes in granulocyte and natural killer (NK) cell
activity, adhesion molecules, and cytokine production. Neutrophils become less capable
of phagocytosis, but NK cells show less consistent change and show efficient killing in
centenarians. The expression of cell adhesion molecules increases and cytokine network
regulation alters, shifting from Th1 to Th2 production and increasing proinflammatory
cytokines.

Acquired immune senescence is more dramatic. Although a simple numerical as-
sessment of the circulating blood cells shows few uniform or reliable changes with age,
the functional outcome, immunosenescence, is “one of the most dramatic physiologic
changes associated with aging” (Effros and Valenzuela, 1998). Indeed, for equivalent
infectious diseases the ratio of mortality in the elderly compared to the young adult ranges
from approximately threefold in sepsis, meningitis, pneumonia, endocarditis, and sep-
tic arthritis to as much as 10- to 20-fold in tuberculosis, urinary tract infections, and
appendicitis. To an extent, this is due to barrier losses in the skin, but much of the dys-
function is attributable to immunosenescence (Effros, 2000a). Such changes are found
not only in the dermis but in mucosal immune response (Beharka et al., 2001b). De-
spite these clinical observations, much of the immune system remains unchanged with
aging and it is difficult to find functional deficits in phagocytosis, complement activity,
and NK cells, although the NK response to cytokines may diminish (Yoshikawa, 2001).

The clinical loss of function (Hodes, 1997) is most dramatically seen in the T-cell
compartment (Pawelec et al., 1995, 1997a, 2002a; Miller, 1996) and may be respon-
sible for the increasing morbidity and mortality due to infectious (Effros et al., 1991b;
Effros and Pawelec, 1997; Pawelec and Solana, 1997) as well as malignant disease among
the elderly (Effros and Valenzuela, 1998; Pawelec et al., 1998b; Effros, 2000a). The
same loss of immune efficacy with aging is seen in natural and vaccine-induced influ-
enza immunity in mice (Bender et al., 1998; Klinman et al., 1998) and humans (Bernstein
et al., 1999; Remarque, 1999). Functional losses include decreased responsiveness to
T-cell receptor stimulation, an impaired T-cell proliferative capacity, a decline in the
frequency of CD4+ T cells that produce IL-2, a decreased expression of IL-2 receptors,
a decrease in the early events of signal transduction, a decrease in activation-induced
intracellular phosphorylation, and a decrease in the cellular proliferative response to
T-cell receptor stimulation (Ginaldi et al., 1999a). Although the functional losses may
be the more critical, changes do occur in proportions of T-cell subsets (Potestio et al.,
1999). For example, the number of CD16+, CD95+/CD28+, and CD95+ lymphocytes
increase with age, whereas CD19+ and CD28+ lymphocytes decrease. The latter cells,
CD28+, tend to be hTERT positive (Speiser et al., 2001), correlating with the observa-
tion that telomerase is less common in circulating leukocytes from older individuals.
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With growing (and more careful) data, even immune cells that have not previously been
seen as vulnerable to aging problems, such as macrophages, show diminished presenta-
tion of antigens and declines in interleukin (IL-1 and IL-6) and tumor necrosis factor
(TNF-a) production (Effros et al., 1991a). Evidence for changes in IL-6 remains con-
troversial and recent work suggests no age-associated increase in humans (Beharka et al.,
2001a). There is no evidence for age-related changes in mitochondrial DNA with age
(Ross et al., 2002). Curiously, caloric restriction has little effect on the impairment of
cytokine response, although it does normalize baseline, constitutive cytokine expres-
sion (Spaulding et al., 1997a).

Other specific and uncommon diseases have some bearing on aging in the hema-
topoetic system. The striking absence of immune senescence in Hutchinson Gilford
progerics has already been noted, as has the presence of early immune senescence in
trisomy 21 (vide supra). Bone marrow transplant recipients have likewise noted on as
showing pronounced initial accelerated telomere loss, although this loss becomes asymp-
totic and therefore has limited clinical consequence. Transplantation with hematopoetic
stem cells obviates such risk (Roelofs et al., 2003). Patients with Shwachman-Diamond
syndrome show (age-adjusted) loss of telomere length within the leukocyte compart-
ment, which may explain their hematopoietic dysfunction ranging from single-lineage
cytopenia to severe aplasia and/or myelodysplasia. The degree of telomere loss does
not correlate with severity, suggesting that the disease may be due to an initial (prior to
clinically apparent disease) phase of leukocyte stem cell “hyperproliferation”(Thornley
et al., 2002a).

The Role of Cell Senescence

When Milton (1652) said those “also serve who only stand and wait,” he did so in ap-
position to the more active of God’s retainers: “thousands at his bidding speed, and post
o’er land and ocean without rest.” Some cells stand and wait, some divide ceaselessly
and “post o’er land and ocean without rest.” These are the cells of the blood—red and
white, hematopoetic and immune—that ceaselessly travel the body, ceaselessly divide,
and just as ceaselessly senesce.

The immune system is much like the brain: it starts young, vigorous, and ignorant,
it finishes old, slow, and knowledgeable. The senescent immune system has a broad
experience with antigens and pathogens, but a contrasting tendency to be sluggish and
less specific than is necessary for long-term survival. This lack of specificity includes
an increased propensity for autoreactivity and autoimmune disease. Several lines of
evidence suggest that cell senescence is involved in immune senescence (Effros and
Pawelec, 1997; Pawelec et al., 1997a; Effros, 1998b), but how central a role is arguable
(Robertson et al., 2000). The suggestion has even been made that cell senescence, much
as it plays a physiologically beneficial role in limiting malignant cell growth, along with
apoptosis, may regulate and limit activated T-cell accumulation in the body (Soares et al.,
2000).

The major question, however, is not the potential benefits of cell senescence in
normal immune function but the potential costs of cell senescence in the abnormal im-
mune function of the elderly (Weng, 2001). One substantially flawed line of argument
against cell senescence in immunosenescence—that the longer telomeres of rats and mice
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should (but do not) preclude immune senescence in such species (Miller, 2000)—
unfortunately misrepresents the biology of cell senescence and this error has already
been dealt with in earlier chapters and in the literature (Blasco, 2002a). The appropriate
variable is not absolute length of telomeres but relative shortening of telomeres com-
pared to the younger animal. The more appropriate and operational question is if changes
in gene expression, which accompany and define senescence in immune-related cells,
play a causal role in immune senescence. The answer to this more accurately phrased
question is the fundamental issue.

Although most immune system cells senesce as do other somatic cells, the pres-
ence of stem cells capable of expressing telomerase upon stimulation (Weng, 2002)
results in a slower overall rate of aging in the immune system (Edelstein-Keshet et al.,
2001) than might be expected from consideration of (1) the number of divisions required
to produce circulating lymphocytes over the human lifespan or (2) the telomere lengths
found in the human hematopoetic stem cell population at birth.

Nonetheless, immune senescence does occur in the elderly and does so in parallel
with clear evidence of both telomere shortening (Cawthorn et al., 2003) and cell senes-
cence, particularly in memory (CD8+) T cells (Effros, 2000b). This feature of immune
senescence (failing immune memory) is documented clinically on the basis of recur-
rent herpes zoster infections, poor response to immunization, and high morbidity to
influenza infection. Cancer surveillance is impaired in the elderly, putatively due to
immune senescence (see below; Effros and Valenzuela, 1998). If we look at lympho-
cytes directly, the most profound effects of senescence are seen within the T-cell popu-
lation, profoundly diminishing its ability to defend against not only infections but cancer.
T-cell senescence is associated with the loss of expression of critical signaling molecules
and has been reviewed by Effros (Effros and Valenzuela, 1998). Although a great many
markers do remain invariant with T-cell senescence (surface markers reflecting lineage,
adhesion antigens, and receptor structures), CD28, which is responsible for an essential
activation signal in these cells, shows a profound decline (Valenzuela and Effros, 2002).
In neonates, only 1% of T cells lack CD28, whereas in centenarians, nearly 40% lack
the marker (Boucher et al., 1998), making immune senescence one of “the most dra-
matic cases of examples of in vivo replicative senescence” (Effros and Valenzuela, 1998).
CD28 has a multitude of critical functions, but in this context it is worth noting that it is
crucial for stimulated expression of telomerase in lymphocytes. Senescing cells lose the
ability to express telomerase; senescence accelerates in aging lymphocytes, as they can
no longer slow telomere loss.

Paralleling the immune system, the nature and function of the hematopoetic sys-
tem requires lifelong replacement of cells through cell replication (Weng et al., 1998).
The erythrocyte requirements in the average adult may be greater than 1012 cells per
day (Moore, 1997). The lifetime requirements have therefore been estimated at between
4 × 1015 (252 cells, hence 52 divisions; Lansdorp, 1998) and 4 × 1016 (255 cells, hence 55
divisions; Lansdorp et al., 1997). To provide for these stunning requirements, cell senes-
cence might be delayed (though not necessarily prevented). Although replicative poten-
tial falls with age (Jiang et al., 1992), senescence within the bone marrow pleuripotent
stem cell compartments is delayed, paralleling their ability to express telomerase in re-
sponse to proliferative signals (Hiyama et al., 1995d; Chiu et al., 1996). The requirements
for maintaining hematopoetic cell division cannot be met within the limits to cell repli-
cation imposed on most other somatic cells. It should come as little surprise, therefore,
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to discover that some stem hematopoetic stem cells express telomerase to stimula-
tion, though not constitutively. Moreover, telomerase activity correlates with the ca-
pacity of such stem cells to reconstitute the hematopoetic system: so-called short-term
hematopoetic stem cells have lower activity than long-term hematopoetic stem cells
(Morrison et al., 1996).

Telomerase in stem cells was first identified within the hematopoetic system (Chiu
et al., 1996). Averaging millions of such cells together, telomerase is expressed at a basal
level; in reality it is induced in hematopoetic stem cells by cytokine stimulation and down-
regulated again with the proliferation and differentiation of hematopoetic cells (Weng
et al., 1995; Chen et al., 2000a; Otsuka et al., 2000; Weng, 2002). The intermittent, low
level of telomerase activity is insufficient to maintain stable telomere lengths through-
out the human lifespan. Although telomere lengths among hematopoetic stem cells may
be on the average longer than those found in other somatic cells with an equivalent
number of population doublings, stem cells themselves show a slow but significant ero-
sion of telomeres over time (Vaziri et al., 1994; Lui et al., 1998; Effros and Globerson,
2002) as well as an age-related slowing in cell turnover time and a loss in population
numbers (Leber and Bacchetti, 1996; Lansdorp et al., 1997; Lansdorp, 1998). There is
uncertainty and disagreement regarding the proliferative lifespan of hematopoetic stem
cells. Likely candidate cells show a loss of telomere length associated with increased
proliferation, which suggests that the proliferative potential of such stem cells is lim-
ited and decreases with age (Pawelec, 1999b and c). Although stem cells can be har-
vested from the elderly patient, they are fewer, have shorter telomeres, and are less
effective than those taken from fetal marrow. Among circulating leukocytes, telomeres
shorten with age (Hastie et al., 1990; Frenck et al., 1998; Rufer et al., 1999).

Many of the features observed in senescent T lymphocytes (Wolf and Pendergrass,
1999) could plausibly explain immune senescence (Pawelec et al., 1996). In vitro, se-
nescent T cells respond poorly to stress stimuli, are more prone to activation-induced
cell death, are less likely to express CD28, are less likely to express or respond appro-
priately to several interleukins, have shortened telomeres, and lack detectable telomerase
(Pawelec et al., 1996; Spaulding et al., 1999). In vivo, T cells likewise show shortened
telomeres with age, although they can express telomerase (Allsopp et al., 2002) and tend
to have longer telomeres than neutrophils that lack telomerase (Robertson et al., 2000).
The loss of the CD28 marker on T cells occurs during normal in vivo aging and may be
the outcome of repeated immune stimulation and represent senescence in T lympho-
cytes (Effros, 1997). This observation and others like it support the suggestion that rep-
licative senescence underlies immune senescence in the elderly (Effros, 1998c; Blasco,
2002a). The mechanism of this relationship is not only unclear but may involve differ-
ent levels, including defective stem cell maintenance, thymus involution with decreased
production of naive T cells (Andrew and Aspinall, 2002), defects in antigen-presenting
cells, postmitotic aging in resting immune cells, disrupted activation pathways, or rep-
licative senescence of clonally expanded cells due to extensive antigen-induced activa-
tion (Solana and Pawelec, 1998; Pawelec et al., 1999a). The relative contributions are
undefined, although likely each plays some role in immunosenescence (Solana and
Pawelec, 1998).

Immune cells senesce and lose telomere length in vivo (Frenck et al., 1998; Rufer
et al., 1999; Lee et al., 2002b) and many immune functions may decline with age, but
are these related phenomena? After all, cell senescence might not be causally related or
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even correlated with the observed failure of clinical immune function. CD4+ T lym-
phocytes, CD8+ T lymphocytes, and B lymphocytes all show telomere shortening with
age, although at differing rates, and their mean telomere lengths differ (Son et al., 2000),
perhaps due to induced telomerase expression (Hathcock et al., 2003).

Senescent T cells are not only dysfunctional but, as might be predicted, they ac-
cumulate with age, as well as with chronic infection (Effros and Valenzuela, 1998).
Although cloning conditions may play a role in proliferative capacity (Pawelec et al.,
2002b), the telomere length of circulating CD+4 T cells decreases with age, as it does
during differentiation from naive to memory cell in vivo (Weng et al., 1995) and with
cell division in vitro. Overall, telomere lengths correlate with lymphocyte replicative
history and with the remaining replicative potential (Weng et al., 1997c).

Inducible telomerase expression (Allsopp et al., 2002) remains observable even in
T cells from older patients, although the degree of induced cell activity declines with
repeated antigenic stimulation (Valenzuela and Effros, 2000), presumably causing an
accelerated telomere loss in this cell population (Vaziri et al., 1993). Although senes-
cent T cells lose replicative response to stimulation (Perillo et al., 1993a), cytolytic
activity does not decrease in kind. To the contrary, senescent T cells recognize foreign
cells and initiate normal T-cell responses in vitro (Perillo et al., 1993b) and in vivo,
including T-cell recruitment during exercise (Bruunsgaard et al., 1999). This suggests
that at least in T cells, senescence might not be associated with a generalized loss of
function. Even supportive data may be difficult to interpret. For example, there are losses
of T-cell function, such as the production of heat shock protein (HSP70), and this fail-
ure correlates nicely with senescence but is unrelated to proliferative activity at the time
stimulation (Effros et al., 1994b). There remains the possibility that the gradual loss of
proliferative response is not directly attributable to cell senescence but to another inde-
pendent proliferative control mechanism. In some hands (Hooijberg et al., 2000), hTERT
is sufficient to achieve T-cell immortalization, while in others, transgenic human CD8+
T lymphocytes which express hTERT and maintain telomere lengths nevertheless dem-
onstrate the same loss of proliferative potential seen in untreated control cells (Migliaccio
et al., 2000). Ironically, these last two references were published, with opposing titles,
2 weeks apart in the same journal; the field has far to go. T cells serve as a model for
cell senescence (Effros, 1996; Pawelec et al., 1999e), and as we overcome the barriers
to in vitro cultivation (Pawelec et al., 1998a), they may help bridge the gap between
cell senescence and clinical immune senescence, as well as serve as a screen for future
interventional trials (Pawelec et al., 2000b).

The degree of telomerase expression varies within the immune system. It is found
in relatively high levels in thymocyte subpopulations, intermediate levels in tonsil T
lymphocytes, and low to undetectable levels in circulating, peripheral blood T lympho-
cytes (Weng et al., 1996). While the role of IL-2 is disputed (Soares et al., 1998; Natarajan
et al., 2002), IL-7 appears to stimulate and control telomerase expression within T cells,
permitting extrathymic proliferation of certain subpopulations of neonatal T cells and
maintenance of the adult T-cell pool despite extensive cell division over a lifetime (Soares
et al., 1998). Other leukocytes, such as myelocytes, show similar down-regulation of
telomerase (and TRF1) in parallel with differentiation (Otsuka et al., 2000). Although
there are species that contain leukocyte subpopulations that constitutively express
telomerase (Barker et al., 2001), the same is not true of humans. The human leukocyte
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stem cell does not express telomerase constitutively, only under limited circumstances.
Nonetheless, all leukocytic subtypes appear capable of such expression with appropri-
ate stimulation (Broccoli et al., 1995).

Considering the cited need for cell division, it may be surprising that most hema-
topoetic stem cells in adult bone marrow are quiescent rather than actively dividing
(Lansdorp, 1998; Cheng et al., 2000b). Clinically, the rationale for this relative quiescence
has been implied by animal experiments in which stem cell division is artificially accel-
erated (by interfering with p21, which serves as a brake on stem cell cycling). The re-
sult of this acceleration is premature death of the animal via “hematopoetic cell depletion”
(Cheng et al., 2000b). In the extreme case, continual cell division can exhaust the stem
cell’s potential for division.

Although most pluripotent, hematopoetic (CD34+ CD38–) stem cells are found in
the marrow, a few are found in the peripheral circulation and their numbers can be in-
creased by using cytokines, which play a role in inducing transient telomerase expression
(Chiu et al., 1996; Englelhardt et al., 1997). Stimulation with phytohemagglutinin, for
example, increases, telomerase activity by greater than 10-fold. Stimulation of the T-cell
receptor (TCR)/CD3 complex and costimulatory CD28 receptor increase telomerase ac-
tivity. On the other hand, rapamycin (an immunosuppressant that blocks the T cell recep-
tor prevents this increase in telomerase activity (Buchkovich and Greider, 1996).

Upon stimulation with lymphokines, the stem cell transiently expresses telomerase,
reextends its telomere, shuts down telomerase expression, then goes through one cell
cycle (Feist et al., 1998). Typically, one daughter cell then begins to proliferate dra-
matically; its offspring “inexorably move toward terminal differentiation” (Cheng et al.,
2000b). Simultaneously, these dividing cells become insensitive to further effects of
lymphokine stimulation on telomerase expression. They are no longer capable of reset-
ting their telomere lengths, which shorten progressively as in other somatic cells (Vaziri
et al., 1993).

The other daughter cell remains a member of the undifferentiated reserve stem cell
population and is fully capable of responding to lymphokine stimulation by reexpression
of telomerase, although is does not do so constitutively. The mechanisms of arrested
differentiation in this reserve daughter cell are gradually being clarified (Fearon et al.,
2001). These stem cells may be the “crucial location” of senescence in the immune system
(Pawelec, 1999b). Telomerase activity in these cells is sufficient to slow but not halt
telomere erosion. Telomere length in this stem cell population continues to degrade,
albeit at a far slower rate than is typical of somatic cells.

Contradicting the assumption that such telomerase-expressing cells reside solely
within the marrow, a few circulating lymphocytes can express telomerase to stimula-
tion (Counter et al., 1995). Their number or ability to express telomerase falls with age
(Vaziri et al., 1993). Overall telomere lengths likewise fall in correlation with donor
age (Slagboom et al., 1994) and this correlates with both death from infectious disease
and overall life expectancy (Cawthorn et al., 2003). Circulating peripheral blood mono-
cytes demonstrate telomerase activity that declines with age (Iwama et al., 1998). Par-
enthetically, unpublished data on two Hutchinson-Gilford progeric children showed that
the telomerase expression and telomere lengths of their circulating leukocytes were
identical to those of a single age-matched normal volunteer (Shay and Fossel, unpub-
lished data).
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Regulation of Telomerase Expression

Not only are cell division and differentiation carefully controlled, so is telomerase ex-
pression in the stem cells (Hodes et al., 2002). Initial telomerase expression is triggered
within specific cells by antigenic or cytokine stimulation. In T cells, the subsequent
telomerase expression partially compensates for the telomere loss incumbent upon cell
division (Hiyama et al., 1995d; Weng et al., 1997c; Allsopp et al., 2002) and in B cells
it may more than compensate for such loss (Weng et al., 1997a; 1997c). As discussed
previously, telomerase expression carries a significant though merely permissive risk
of malignancy. As a teleological consequence, evolution ensures that telomerase ex-
pression is stringently regulated. The regulatory mechanisms are complex and vary with
cell type and cell fate. For example, stem cells that remain pleuripotent and resident
within the marrow down-regulate telomerase expression through a transcriptional re-
pression pathway. In response to mitogenic or growth factor signaling, these quiescent
but telomerase-competent stem cells reenter the cell cycle and reacquire telomerase
activity independent of DNA synthesis. In cells that differentiate and leave the stem cell
compartment, however, proteolysis alone is the more likely mode of regulation (Holt
and Shay, 1999).

Within the stem cell compartment, telomerase activation occurs early in cell pro-
liferation, allowing more effective leverage in telomere maintenance during the ensu-
ing wave of cell division (Bodnar et al., 1996). The RNA component, hTR, is regulated
in normal T cells during development and after activation. Although hTR probably plays
some role in telomerase regulation within hematopoetic stem cells (Weng et al., 1997b),
whether this is merely secondary to hTERT regulation is unknown.

A rewarding distinction can be made between the stem cell’s response and its abil-
ity to respond to these telomerase-inducing signals. As stem cells age, they stop prolif-
erating (in response to autocrine signals) before losing their ability to do so (as regulated
by telomere length). The normal T-cell proliferative response is actively (but not irre-
vocably) lost because of ill-defined mechanisms prior to being passively (and irrevoca-
bly) lost from mere telomere loss. Cultures of aged T cells show well-documented growth
cessation (Weng et al., 1995). However, such cells stop replicating and lose the capac-
ity to secrete IL-2, long before they lose their ability to replicate and to respond to ex-
ogenous growth factors (Adibzadeh et al., 1995). These cells have not reached critically
short telomere lengths and they continue to respond to exogenous signals, but they
no longer respond equivalently and they no longer proceed to division. Data showing
that telomere lengths decrease during autocrine expansion, and with fewer popula-
tion doublings in memory than naive phenotype cells, measured autocrine response
rather than replicative potential (Weng et al., 1995). It is therefore uncertain and per-
haps unlikely that the cessation of growth seen in these cells can be attributable to a
blockade of replicative potential secondary to shortened telomeres. There are many steps
from autocrine availability to cell proliferation. Autocrine response is a complex prod-
uct of the stimulation of growth factor secretion, up-regulation of the growth factor
receptor, and correct signal transduction, among other things, and is not merely an out-
come of telomere length. The potential relationship between telomere shortening and
blockade of autocrine proliferation remains unknown (Pawelec, 1999b).

Telomerase induction and subsequent activity are themselves complex. Although
telomerase shows initial increase in expression beginning within 24 hours and extend-
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ing up to 72 hours after stimulation, it then falls again barring restimulation (Yamada
et al., 1996). This is sufficient to prevent telomere erosion initially but, perhaps because
of subsequent down-regulation, not during long-term culture (Bodnar et al., 1996; Weng
et al., 1997).

Optimal induction requires stimulation (via CD3) and costimulation (for example,
with CD28). Defects in this mechanism such as age-associated defects in costimulation
result in poor telomerase induction. Age-associated loss of telomerase up-regulation may
be the result of a decrease in the expression of CD28 or of costimulatory molecules.
The mechanisms regulating telomerase expression are incompletely defined; age-related
declines may be attributable to changes in poorly understood mechanisms. The result
will ultimately be failure of T-cell competence (Pawelec et al., 1997b). This complex-
ity may account for the failure to find a clear correlation between the efficiency of
T-cell cloning and donor age (up to 95 years and as long as the donor is healthy). These
mechanisms hide the explanation to more striking discrepancies (Adibzadeh et al., 1996).
Even from the same donor and under the same conditions, some T-cell clones are ca-
pable of generating only 105 progeny, while others may generate up to 1024 (Pawelec
et al., 1999c).

Whatever the mechanisms, age-related failure of T-cell response is not merely due
to restrictions of telomere length but is complexly mediated and interacts upstream with
the maintenance of telomere length and telomerase expression and downstream with
T-cell proliferation and response in general. If cell senescence plays a major role (as
appears likely), it does so via relatively early changes in gene expression (potentially
attributable to partial telomere loss) rather than via late changes attributable to puta-
tively complete loss of telomere length.

There are a wealth of changes in gene expression, although the causal relationship
to the altering proliferative response is uncertain. Characteristic of replicative failure in
T cells, c-fos is repressed (Sikora et al., 1992). There are increases in several mitotic
inhibitors, including p16-INK4a, p21-WAF, and p27-kip1, relative to control mRNAs,
such as b-actin. While these increases do not necessarily imply changes in function and
will require further investigation, they do suggest a mechanism that might down-regulate
continued proliferation of old T cells (Pawelec, 1999b).

Telomerase activity probably increases during B-cell activation (Weng et al.,
1997c), although dynamics may differ from that of T cells (Martens et al., 2002) and
less is known about telomerase response trajectory during aging (Effros, 2001b) and
differentiation (Jung et al., 2001; Schaniel et al., 2002), or indeed, about how differ-
entiation is controlled in selected long-lived mature B cells (Schiemann et al., 2001;
Thompson et al., 2001; Waldenschmidt and Noelle, 2001). Surprisingly, in B cells
telomere lengths may increase in some circumstances (Martens et al., 2000a), even
without reference to malignant transformation. Such increases have been seen during ton-
sillar B-cell differentiation and formation of germinal centers in lymphatic nodes (Norrback
et al., 2001). The level of telomerase was more than 100-fold higher in germinal center B
cells than in naive or memory B cells, correlating with their longer telomeres. Within less
active lymphatic nodes, resting lymphocytes retain the ability to up-regulate telomerase
activity upon activation (the B-cell antigen receptor in the presence of CD40 engagement
and/or IL-4) and this capacity shows no decline with age. This mechanism is presumed
necessary in maintaining the replicative potential of B cells in the humoral immune re-
sponse over the entire human lifespan (Weng et al., 1997a, 1997c).
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Cell Senescence in Other Hematologic Disease States

To the extent that stem cells may require telomerase under normal circumstances to keep
up with quotidian replacement and minor infectious challenges, they will require it
a forteriori under truly pathologic circumstances. A modicum of data on pathologic states
bears on this specific issue, including a-thalassemia, myelodysplastic disease, bone
marrow transplantation, aplastic anemia, trisomy 21, and HIV. a-thalassemia is a singular
anomaly and may involve an increase, rather than a decrease, in telomerase expression
and telomere stability. Suggestive evidence attributes the pathology to inappropriate
telomerase expression in the germ cell line, resulting in an undesirable stabilization of
terminal deletions and loss of critical gene loci (Morin, 1996b).

In myelodysplastic syndrome, for example, in which cell turnover is accelerated,
telomere shortening not only occurs but is associated with higher risk of leukemic trans-
formation, perhaps due to increased genomic instability. The increased risk of leuke-
mia is better correlated with telomere length (as measured by telomerase restriction
fragments) than with telomerase activity (Ohyashiki et al., 1999). Baseline ability of
hematopoetic stem cells to divide and maintain blood cell populations remains intact.
However, the ability of hematopoetic stem cells to respond appropriately to hemato-
logic stress, such as massive blood loss, is eroded. The degree to which patients lose the
ability to respond rapidly and fully to such stresses depends not only on age but history.
A lifetime of prolonged or recurrent infectious disease, for example, may have no ef-
fect on baseline hematologic parameters (hematocrit, reticulocyte count, total leuko-
cyte count, neutrophil percentage), while having profound but occult effects upon the
ability to respond to further stress. In short, the ability of stem cells to meet hemato-
logic challenges gradually declines with age (Globerson, 1999).

The same effect occurs when senescence is accelerated iatrogenically, as in bone
marrow transplantation (see discussion Chapter 5). Here, the marrow is forced to undergo
cell division on a massive scale to reconstitute the entire hematopoetic system, with
resulting rapid senescence (Podesta, 2001). The number of cell divisions that such stem
cells must undergo to replace the blood cells in the recipient is unknown. Cell divisions
should be the outcome of the number of cells transplanted and their functional efficacy
(e.g., adequacy of HLA-match, survival, ability to divide, response to growth signals,
division potential, normal differentiation). Data match these expectations. The telomeres
of granulocytes from recipients are shorter than those of matched cells from the donors.
The loss of telomere length occurs within the initial year post-transplantation and is stable
thereafter (Brummendorf et al., 2001b; Robertson et al., 2001).

One alternative is the use of circulating stem cells (“allogenic peripheral blood
progenitor cells”) in lieu of bone marrow stem cells, since these CD34+ CD38– stem
cells show earlier engraftment and immune reconstitution following transplantation and
may therefore be preferred to whole marrow (Lansdorp, 1998). Telomere shortening
might occur in either case (Robertson et al., 2001). Although some have argued against
the value of stem cells to prevent telomere loss (Sakoff et al., 2002) and despite the
substantial replicative stress on the donated stem cells (Thornley and Freedman, 2002),
the use of stem cells apparently prevents telomere loss (Roelofs et al., 2003). Regard-
less, clinical success is not solely a matter of telomeres but of a cell’s ability to success-
fully home to the marrow and seed germinal marrow centers.
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Absolute success is another matter, however. In bone marrow rejection, for example,
telomere loss and cell senescence accelerate, which may play a causal role in subse-
quent transplant failure (Multani et al., 2001). Overall telomere shortening occurs in
recipients, averaging perhaps 200 kbp in T cells and 300 kbp in neutrophils (Robertson
et al., 2001). Various estimates have been published, but the suggestion has been made
that marrow transplantation is (by estimates of telomere length) is equivalent to 40 years
of in vivo aging (Moore, 1997; Shay, 1998b; Wynn et al., 1998). This places (and ex-
plains the) severe limits upon serial autologous marrow transplantation, limits that might
be overcome by inducing increased telomerase express in these cells (Allsopp and
Weissman, 2002).

In aplastic anemia, the issue of cell senescence should predictably hinge on the
cause of the pathology: is the pathognomonic abrogation of cell production secondary
to cell senescence or vice versa? We might consider three predictable possibilities:

1. If the pathology is a unique event resulting in wholesale cell loss and consequent cell
senescence (as in infection or radiation, with marrow depletion), then telomere short-
ening should precede conspicuous clinical disease and be found in all diagnosed pa-
tients, regardless of how advanced their course. All patients have short telomeres;
progressive loss is not characteristic.

2. If the pathology is continual and due to accelerated cell turnover, then cell senescence
is a late outcome of the disease process and telomere shortening may or may not be
found in patients with frank clinical disease. In this case, telomere lengths in affected
cells should correlate with the course. Most patients have short telomeres; progressive
loss is characteristic.

3. If the pathology involves the telomere, as in impaired telomere maintenance, then once
again telomere lengths will vary in diagnosed patients and correlate with the course of
the disease. Most patients have short telomeres; progressive loss is characteristic.

As in the second case, telomere shortening should be (and is) typical of patients with
advanced aplastic anemia (Vulliamy et al., 2002). As a curious exception, while granu-
locyte telomeres of untreated and nonresponding aplastic anemia patients are shorter
than normal, successfully treated immunosuppressed patients have approximately nor-
mal telomeres. While initially surprising, this finding meets the second prediction given
above and is likely due to the suppression of a subgroup of cells that had extensively
proliferated (and had shorter telomeres) and repopulation of the peripheral blood by other
cells with a less extensive history of cell division (Brummendorf et al., 2001a, 2001c).
The accelerated cell turnover has been stopped, allowing relatively quiescent, residual
stem cell populations with normal telomere lengths to come out of hiding.

This parallels events occurring in chronic myelogenous leukemia (CML) patients,
with marked expansion of myeloid cells, a positive Philadelphia chromosome (Ph+),
and hence shortened telomeres. Lymphocytes negative for the Philadelphia chromosome
(Ph–), however, have perfectly normal telomere lengths. Moreover, the second predic-
tion above is again validated: the telomere lengths of affected lymphocytes show a con-
tinued and significant fall as the disease progresses to late chronic phase (Brummendorf
et al., 2001c; Terasaki et al., 2002).

Trisomy 21 patients are examples of the third case, in which telomere maintenance
is impaired, although only in specific cell lines, such as leukocytes. Moreover, rescue,
in the sense seen in immunosuppressed aplastic anemia patients, is impossible: there
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are no phenotypically appropriate, residual, unaffected stem cell populations that can
reemerge after putative intervention. Shorter leukocytic telomeres are typical of young
trisomy 21 patients and length of their telomeres correlates with their immune dysfunc-
tion (Vaziri et al., 1993). Although risk of dementia is increased (perhaps due to im-
paired microglial telomere maintenance?), the bulk of clinical problems typical of trisomy
21 patients are attributable to the abnormally rapid erosion of leukocytic telomeres. They
demonstrate leukocyte-derived pathology, with increased infection (typically pneumo-
nia) and hematologic malignancy (typically leukemia) rates. Not surprisingly, solid tumor
incidence does not increase, although their risk of leukemia goes up as much as a
56-fold (Hasle et al., 2000).

Additional clinical relevance is found in HIV disease and AIDS. Even in the asymp-
tomatic patient (with HIV infection, but without frank clinical AIDS), estimates suggest
that lymphocytes are destroyed at the rate of 1–2 billion cells per day and replaced at the
same rate. Given the accelerated (CD4+ T-cell) lymphocyte loss in HIV disease, this might
reasonably be expected to imply accelerated cell senescence (Cohen, 1996; Effros et al.,
1996; Wolthers et al., 1998). More to the point, such cell senescence might be blamed for
the underlying immune failure, the hallmark and clinical problem of AIDS.

Although CD4+ cells reliably decline during the course of AIDS, no clearly corre-
lated senescence occurs among these cells (Wolthers et al., 1996; Wolthers and Miedema,
1998; Richardson et al., 2000). In experimental infections with simian immune virus in
primates this appears to be true, although here the outcome appears to result from up-
regulation of telomerase and stable telomere maintenance. Animals lacking this response
rapidly succumb to the immune virus (Bostik et al., 2000). Whether this occurs in hu-
mans is unknown. Curiously, however, CD8+ cells do show an apparent acceleration
of cell senescence (Effros, 2000c), particularly (and not merely in CD8+ cells) in pa-
tients undergoing highly active anti-retroviral therapy (HAART) therapy (Sondergaard
et al., 2002). In HIV patients, the length of their telomere restriction fragments approxi-
mate those of centenarians (Effros et al., 1996). This difference between CD4+ and CD8+
cells is supported by a twin study, in which HIV patients had CD4+ T cells with longer
telomeres, while the telomeres of their CD8+ T cells were shorter. In keeping with this
finding, the replicative response of the CD4+ cells was normal. Although it was induc-
ible, constitutive telomerase activity was not found in either cell type. This study (Palmer
et al., 1997) and others like it (Tucker et al., 2000) suggest that while cell senescence
might play an indirect role through the effect of senescing CD8+ cells on nonsenescing
CD4+ cells, not much evidence supports cell senescence as a direct cause of the decline
in CD4+ T-cell numbers typical of HIV patients. This does not directly address the tan-
talizing findings of transient telomerase expression in simians (Bostik et al., 2000),
however, which might reserve the importance of cell senescence for normal CD4+ func-
tion in HIV.

Supporting the possibility that cell senescence plays some role, albeit indirectly, is
a growing body of data showing that therapeutic interventions affects AIDS and vari-
ous measures of cell senescence. Highly active anti-retroviral therapy, for example,
results in an increase in the mean length of the CD8+ T-cell telomeres, as measured by
telomere restriction fragments (Aladdin et al., 2001). Younger patients show better CD4+
restoration after HAART than that of older patients (Pomerantz, 2001; Viard et al., 2001),
a result that might be attributable to differences in cell senescence between young and
old patients. In a study that looked at those who responded poorly (or well) to a year of
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HIV therapy, after therapy, poor responders had shorter (3.8 vs. 5.3 kbp) CD4+ telo-
meres than those who responded well. Poor responders were older, had higher initial
CD4+ and CD8+ counts, and after therapy had fewer naive T cells and less thymic tissue
(Teixeira et al., 2001). Again, compare these results to the simian data (Bostik et al.,
2000) cited above, in which transient telomerase expression maintained telomere lengths
and appeared to play a role in surviving viral infection.

Other interesting data support the relationship between cell senescence and HIV
disease. The proportion of CD28-negative lymphocytes correlates directly with disease
progression (Effros et al., 1996; Wolthers et al., 1996), suggesting that stem cell exhaus-
tion may play a role in progression from HIV+ status to clinical AIDS, although there
remains substantial disagreement about this role (Feng et al., 1999). Peripheral mono-
nuclear cells show an inverse correlation between their telomere lengths and progres-
sion of immunosuppression. Telomere loss correlated with disease progression and loss
of replicative ability of the mononuclear cells, though not with telomerase activity
(Bestilny et al., 2000).

These results support suggestions that cell senescence plays a role in clinical HIV
disease, although not a simplistic one in which CD4+ cells are killed, their progenitors
divide repeatedly, the population progressively senesces, and the result is immune dys-
function. More likely, the mechanisms are more complex, involving transient CD4+
hTERT expression or interactions between several cell populations, with some cell types
senescing (e.g., CD8+ cells) and others not (e.g., CD4+ cells), but with an overall loss
of effective immune function indirectly mediated through cell senescence.

Just as abnormal human physiology (disease) may teach us something about nor-
mal function, so to do animal experiments. The results from knockout animals support
cell senescence in immune and hematopoetic aging. Telomerase (mTERT) knockout
reduces proliferative capacity in B and T cells, causing abnormal hematology and splenic
atrophy (Herrera et al., 1999b). These animals do not respond normally to immuniza-
tion, perhaps because their germinal centers (in which B lymphocytes normally prolif-
erate during the immune response) are dramatically reduced compared to those in normal
animals. As noted above, the telomeres of normal human B lymphocytes may increase
in length during immune stimulation (Martens et al., 2000a), as do those in normal mice.
In the knockout, however, these telomeres shorten after immunization. These results
demonstrate the likely mechanism and importance of cell senescence (and its modula-
tion) to the antibody-mediated immune responses (Herrera et al., 2000).

The hypothesis that cell senescence is central to immune and hematologic aging
(and relevant diseases) has strong and growing experimental support. We lack, how-
ever, a clear understanding of the mechanisms. The outlines are apparent, details re-
mains uncertain. Only among details will we discover an ability to intervene.

Intervention

In a gentle tack from hematopoetic to merely poetic stem cells, we might quote Shake-
speare (Sonnet 19) in hoping that “Devouring time would . . . burn the long-lived phoenix
in her blood.” So far, his entreaties have had an equal effect to those of modern science
on renewing hematopoetic and immune function as aging inexorably “blunt’s the lion’s
paws.”
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Over the years, several approaches to treating immunosenescence have surfaced.
A perennial candidate, caloric restriction has beneficial effects on the normal age-related
loss of T-cell proliferative capacity in mice (Grossmann et al., 1990; Pendergrass et al.,
1995; Spaulding et al., 1997b). Even if not fundamental in their effects, some approaches,
such as estrogen replacement, may prove to have some beneficial effects on immune
function. In estrogen, these may include improvements in B-cell numbers, mitogen-
induced T-cell proliferation, and induced TNF-a availability (Porter et al., 2001). Other
approaches have already been discounted by contradicting data or may be appropriately
relegated to the category of grandmotherly advice. To suggest, as some journal articles
do, that effective immune function in the aged requires (as an example) adequate nutri-
tion is unarguably true, but nutritional supplementation scarcely speaks to the issue of
aging (Graat et al., 2002) nor to the seemingly immutable loss of protective function.
The issue at hand is to identify therapies that affect the processes that underlie aging in
the immune and hematologic systems and that cause human clinical problems. As these
changes are probably related to aging within the cells comprising these systems, we turn
our attention to the issue of intervening at the cellular level.

Cell senescence has been studied in long-lived lymphocytes (Siwicki et al., 2000)
and a large body of work reflects attempts to intervene in immunosenescence within
cells, usually in vitro (Pawelec, 1999b). These have included manipulation of oxidative
stress (Flescher et al., 1998), culture conditions (Freedman et al., 1994), CD28 expres-
sion (Vallejo et al., 1998), DNA repair (Moritz et al., 1995), apoptosis (Effros and
Valenzuela, 1998), costimulatory molecule expression on the T-cell surface (Effros et al.,
1994a; Monteiro et al., 1996; Boucher et al., 1998; Vallejo et al., 1998), CD134 and
CD154 (Pawelec et al., 1997b; Lio et al., 1998; Weyand et al., 1998), and telomerase
expression (Vallejo et al., 1998; Kiyono et al., 1998). As a result of the recent work
showing that hTERT can be safely and effectively inserted in human cell lines with good
results (Bodnar et al., 1998; Vaziri, 1998), there is a strong interest in moving this ap-
proach to ex vivo or in vivo trials (Fossel, 2001b; Lord et al., 2002).

Some authors (Effros and Pawelec, 1998; Effros and Valenzuela, 1998) have re-
marked on their interest in the hematologic and immune systems as a primary choice
for therapeutic trials of interventions in cell senescence. This is largely, though not
exclusively, because the technical hurdles are less severe here than they are in many
alternative organ systems, such as the nervous system. In blood, for example, we can
remove circulating stem cells, transfect them with human telomerase (hTERT), and return
them to the body with almost ridiculous technical ease. It is, however, in the simplicity
and power of the approach that complications—regulatory, ethical, and human—arise
(Fossel, 2003). Capability of intervening in immune aging is one thing; doing so care-
fully, appropriately, and safely is another.

Human blood cells are eminently available with no more technical difficulty than
a sharp, hollow needle to penetrate the skin and a syringe to withdraw a sample. Most
cells—erythrocytes—lack nuclei and are unqualified for hTERT transfection. The leu-
kocytes, however, normally about 0.2% of the circulating human blood cell population,
are available. Within this population are numerous CD34+ CD38– stem cells, and their
numbers can be increased by preparing the patient beforehand with cytokines (Lansdorp,
1998). Once drawn, the sample can be spun down and concentrated. Even without trans-
fection, T cells might serve as a useful measure overall immunosenescence and a marker
for potential interventions (Pawelec et al., 2000). Such cells, once transfected, not only
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express telomerase and maintain their telomeres but have normal karyotypes, normal
cytotoxic properties, and no indications of apoptosis or malignant transformation (Rufer
et al., 2001). The possibility that hTERT could be used to manipulate T-cell senescence
in vitro and that this technique might ameliorate the decline in immune function that
characterizes aging (Effros and Pawelec, 1998) explains why this approach to interven-
tion is likely in the near future.

In each of the cases discussed in this chapter—normal immunosenescence, mar-
row transplantation, HIV, and other diseases—cell senescence (and thereby the clinical
problem) might be ameliorated by use of transfection. The Bodnar work (Bodnar et al.,
1998) establishes our ability to reset cell senescence. Technically, we are capable of
identifying stem cells in peripheral circulation, transfecting them, and replacing them
ex vivo. The obstacles to such clinical experimentation on these groups (and trisomy 21
patients for reasons discussed above) are largely ethical, not technical. Do the risks
(malignancy, immune dysfunction) justify genetic alteration of circulating lymphocytes?
The problem is a catch-22. Healthy patients have no indication justifying the risk; se-
verely ill patients lack time to transfect and reconstitute immune function. The same is
true in trisomy 21 patients. In HIV or marrow transplantation, however, the risks of the
disease are acutely higher and may justify this sort of immune reconstitution under cer-
tain conditions. Telomere-based therapy for immunosenescence (Lord et al., 2002) is
not only technically feasible (Effros and Valenzuela, 1998) but justifiable on ethical
and clinical grounds.

In terms of our technical ability, we are already at the point where, particularly in
immune senescence, we can test the therapeutic utility of the theory that cell senescence
underlies age related disease. It remains only to try.
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C H A P T E R 12

Endocrine Systems

Structure and Overview

The endocrine system is, in most ways, a conceptual conglomeration of several physi-
ologically unrelated and anatomically disparate systems. Nonetheless, the striking par-
allels in organization, function, and intent of such systems, to say nothing of their subtle
interactions, make this notional melting pot an appropriate one, albeit with some
caveats.

The endocrine system communicates between and coordinates the functions of 100
trillion body cells. The form of communication is chemical and such hormonal “infor-
mation packets” are generally, but not exclusively, carried throughout the body by the
blood. The exceptions to the vascular medium include local intercellular hormonal
messages (e.g., trophic factors), neurotransmitters (between neurons or between neu-
rons and muscles), and intrapituitary hormonal transfer (e.g., hormonal releasing fac-
tors from the posterior to the anterior pituitary which employ a specialized, local capillary
bed rather than trusting to a more diluted delivery via the entire vasculature). Most
hormonal communication is from a few local to the many distant cells, coordinating
metabolic functions between cells. For example, insulin is released by the pancreas in
response to elevated serum glucose and permits cells to take up and use glucose. Thy-
roid is released by a gland in the anterior neck to coordinate and regulate the metabolic
rate of cells in the entire body. The action of most hormones is not direct and causal but
indirect and modulatory. Thyroid hormone, for example, doesn’t affect metabolic rate
directly; it acts as a signal, ordering the cell to alter its metabolic rate. In so doing, thy-
roid hormone not only has the effect of raising the metabolic rate but coordinates meta-
bolic rates among different cell phenotypes throughout the body.
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In the grander sense, the aim of the endocrine systems is survival of the organism
and species. The first is accomplished by optimizing the body’s homeostasis, the sec-
ond by optimizing reproduction success. Hormonal systems accomplish the former by
coordinating growth, cell division, energy metabolism, electrolyte levels, cardiovascu-
lar function, and immune function. They accomplish the latter if they ensure that sperm
or ova are prepared, that menses and pregnancy succeed, and that the organism has
sexual, and ultimately parental, success. Genetically, such systems have been selected
to maximize individual and species survival and they do so in a complex, interrelated,
and effective fashion.

The endocrine systems are not a simple, single organ. They are linked historically
and conceptually only in their roughly common teleology (communication and coordi-
nation) and mechanism (secretion, excluding interneuronal or neuromuscular contacts
usually considered part of the nervous system). They share no single molecular type
(protein, glycoprotein, steroid), nor a common anatomic location. The endocrine sys-
tems might be and often are lumped together as a single system (“the endocrine sys-
tem”) or might literally (and not altogether irrationally) encompass every cell in the entire
body as part of a unified endocrine system. For practical reasons, however, endocrine
systems are usually divided into an arbitrary but small number of axes. While other
divisions might be (and have been historically) used, one example (Strollo, 1999) di-
vides endocrine systems into nine axes: (1) bone mineralization axis (e.g., parathyroid
and other hormonal effects on calcium and phosphorus metabolism), (2) hypothalamic–
pituitary–adrenal axis (e.g., glucocorticoids), (3) hypothalamic–pituitary–gonadal axis
(e.g., estrogen and testosterone), (4) hypothalamic-pituitary-somatomammotrophic axis
(e.g., prolactin and growth hormone), (5) hypothalamic–pituitary–thyroid axis (thyroid
hormones), (6) renin–angiotensin–aldosterone axis (e.g., antidiuretic hormone and two
natriuretic peptides), (7) erythrocyte mass regulation (e.g., erythropoietin), (8) glucose
metabolism (e.g., insulin and glucagon), and (9) the sympathetic system (e.g., circulat-
ing epinephrine, norepinephrine, and dopamine). Initially, and arbitrarily, we will di-
vide endocrine axes by anatomic origin. In discussing endocrine systems in aging and
pathology, we will focus on those with known relevance to aging and age-related dis-
eases. Some endocrine systems deserve discussion primarily because of public notoriety
as putative aging interventions.

Hypothalamic hormones are small polypeptides with effects on the pituitary gland
and most distant structures. These include antidiuretic hormone (ADH), oxytocin,
thyrotropin-releasing hormone (TRH), corticotropin-releasing hormone (CRH), luteiniz-
ing hormone–releasing hormone (LHRH); gonadotropin-inhibiting hormone (GnRH),
somatostatin (GIH), growth hormone–releasing hormone (GRH), prolactin-inhibiting
hormone (PIH), and prolactin-releasing hormone (PRH). As is apparent from their names,
these neuroendocrine hormones have disparate actions ranging from electrolyte mainte-
nance, to metabolic coordination, to the control of menstrual cycling, pregnancy, and labor.

Pituitary hormones are all polypeptides, such as adrenocorticotropic hormone
(ACTH), prolactin (PRL), and growth hormone (GH), or glycoproteins, such as follicle-
stimulating hormone (FSH), luteinizing hormone (LH), and thyroid-stimulating hormone
(TSH). Their functions, like those of they hypothalamic hormones, are disparate and
cover roughly the same areas of homeostasis and of reproduction.

Although many of the common steroid hormones are synthesized predominantly
within the adrenal glands, they are not only synthesized (or interconverted) elsewhere
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(e.g., the liver, testes, ovaries, placenta, and peripheral body cells) but often extensively
so. These steroids are a grab bag set of hormones with a common origin from the choles-
terol molecule and two main synthetic pathways that (depending on the specific synthetic
branch) part company at the division between pregnenolone and progesterone. One
branch is the corticosteroids and the second, more complex branch, the sexual steroids.
The corticosteroids (e.g., cortisol) have potent effects on electrolyte levels, glucose
metabolism, and immune function. The genetic absence of glucocorticoids, if uncor-
rected, is fatal. The sexual steroids, including dehydroepiandrosterone (DHEA), are
considered reproductive hormones yet have a host of other functions, some probably
unknown. Dehydroepiandrosterone, for example, has the highest serum level of circu-
lating steroids (Drucker et al., 1972; Gordon et al., 1999), yet to say that its functions
(except as a synthetic intermediary) are poorly defined exaggerates our knowledge.
Curiously, this branching point defines an aging difference (Parker, 1999). Aging women
have a defect in the d-5-steroid pathway (to DHEA and its sulfate), but no correspond-
ing defect in the cortisol pathways (Parker et al., 2000).

The thyroid secretes thyroxine (T4) and triiodothyronine (T3), amino acids with
bound iodine that control body metabolism. Secretion is initially controlled by the
pituitary release of TSH, which is in turn controlled by hypothalamic peptides. Dietary
iodine, feedback from circulating free thyroid hormones, and other factors play a role.
Too little thyroid results in a progressive hypometabolic state, culminating in myxe-
dema, coma, and death (Bailes, 1999). To much thyroid results in hypermetabolism,
putting the elderly at greater risk (from cardiac dysrhythmias, for example) than the
young adult.

The anatomic neighbor of the thyroid, the parathyroid gland, excretes calcitonin
and parathyroid hormone. These hormones control bone metabolism through their ef-
fects on the intakes, metabolism, and renal excretion of calcium, phosphorus, and vita-
min D, but have profound (though less often addressed) effects on cardiac, skeletal
muscle, and neuronal function.

Clinically, the most common endocrine disease and most common endocrine in-
tervention are the result of pancreatic cell loss. Islets of Langerhans produce insulin;
lack of insulin produces diabetes. Despite devastating long-term consequences of dia-
betes, insulin, a simple polypeptide molecule, is rightfully considered the success story
of endocrinology. No other hormone is so remarkable in its rapidity and efficacy as
insulin. Without it, patients die in a matter of days, with too much, they can die in a
matter of minutes. The extensive morbidity (especially renal, vascular, cardiac, and
retinal) attached to the diagnosis of lifelong diabetes is largely the result of our medical
inability to maintain appropriate physiological glucose and insulin over the lifetime of
diabetics. We are never as smart as a normal pancreas.

Descartes was right in calling the pineal gland the “seat of the soul,” as it is at least
the seat for melatonin. Melatonin, a tryptophan-derived neurotransmitter, was discov-
ered less than 50 years ago and its functions remain arguable. The clearest role is to
synchronize the body to a single diurnal clock, based on environmental light; it also
functions as a free radical scavenger (Reiter et al., 1999). Although it has effects on
menarche, behavioral arousal, the menstrual cycle, thyroid function, and probably a good
many other tissues and organs, it probably plays no fundamental role in determining
the rate or progress of aging. Approaches that alter maximal lifespan and aging at a
fundamental level, for example, caloric restriction, have no effect on the age-related
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decline in melatonin normally found in rats (MacGibbon et al., 2001). This implies that
melatonin’s role in aging, if it has a role, is secondary and not causal. A large and showy
body of data claims melatonin affects aging (e.g., Pierpaoli and Regelson, 1995; Pierpaoli
and Bulian, 2001), but the more extreme claims are disputed (Reiter et al., 1998) and in
disrepute (Fossel, 2001c). Although some evidence suggests that melatonin supplemen-
tation may have physiological benefits (at least in mice), including a marginal increase
in lifespan, other evidence supports increased tumor incidence (Anisimov et al., 2001).

There is an indefinitely large potpourri of other hormones. Not only are there other
commonly known hormones, such as epinephrine (largely from the adrenal) or insulin-
like growth factor (IGF; peripheral and hepatic in origin; Arvat et al., 2000), and a few
less commonly known hormones, such as relaxin (from the ovary), but a complete list
grants trophic factors and growth factors circumscribed status as hormones. Nerve growth
factor (NGF), colony-stimulating factor (CSF), lymphokines, cytokines, and literally
hundreds of other hormones serve the same basic function that classic hormones do:
they communicate between cells and coordinate cell function. In a sense, the entire body
is one large endocrine system, with no cell excluded. For brevity and clarity, however,
and in keeping with our own venue, clinical aging, we will restrict this chapter to the
more common hormones alone.

Aging and Other Pathology

Endocrine aging has, ironically and perennially, been a matter of “always the bride, never
the bridesmaid.” Since Brown-Sequard first began to use hormones therapeutically more
than a century ago (and incidentally failed to prevent his own aging in the experiment),
there has been an unfounded and repeatedly disproved belief that hormonal changes
cause aging and that replacement causes rejuvenation. Hormones are a prime mover in
weddings, but mere uninvited guests as we progress to death do us part.

The earliest attempts to relate aging to hormones tried using testosterone (or tes-
ticular extracts) to “rejuvenate” aging males (Morley and Kaiser, 1993). The literature
of the past century makes for fascinating sociology, as the use of hormones for rejuve-
nation waxes and wanes with fashion. Like the phoenix, endocrine therapy for aging is
notorious for rising again from its own ashes. Like some doomsday cult on the day after
the end of the world, overwhelmingly falsifying data make no difference whatever to
the true believers. Grandiose endocrine claims arise almost cyclically, as each genera-
tion pins its hopes again on the hypothalamus (Bernardis and Davis, 1996), testoster-
one (Bagatell and Bremner, 1998; Basaria and Dobs, 1999), estrogen (Martin, 1998),
thyroid, melatonin (Reiter et al., 1998; Bulian and Pierpaoli, 2000; Pierpaoli et al., 2000),
growth hormone (Bengtsson et al., 1998; Toogood and Shalet, 1998), or its secretagogues
(Walker and Bercu, 1998). Although in many cases, investigators have made serious
attempts to define the utility of hormonal interventions (O’Connor et al., 1999; Morley,
2001a), the public has shown little interest in the facts. In many cases, negative data
and an ironically mocking history are not only uninvited guests at the wedding of char-
latan and credulity but are actively bounced at the door.

Contrary to the public understanding, not all hormones decline with age. To the
contrary, many hormones don’t change significantly or predictably with age (Timiras,
1995a). In several cases, earlier claims for endocrine changes with age have not been



212 THE AGING ORGANISM

supported by more recent data. For example, although several endocrine cell types (those
secreting CCK, somatostatin, or serotonin) decline with age in the duodenum (Sandstrom
and el-Salhy, 1999a), earlier claims for age-related endocrine changes in the colon have
not been borne out by data (Sandstrom and el-Salhy, 1999b). Equally, recent work has
questioned earlier claims for a decline in melatonin with age (Kennaway et al., 1999;
Zeitzer et al., 1999). In the sympathoadrenal system, there is considerable controversy
regarding changes with aging, which species show such changes, and the level at which
such changes occur (Young, 2001). Naively (or sardonically) we could wonder if, per-
haps we wait long enough, careful data might show that none of our endocrine systems
age. Nevertheless, there are clear exceptions to such nihilism; certain age-related endo-
crine changes are not only accepted but supported by decades of confirmatory data.
Estrogen drops dramatically with menopause (Shifren and Schiff, 2000), testosterone
falls slowly and linearly with advanced age (Gray et al., 1991; Morley et al., 1997),
and other hormones (see below) are accepted as having slow, but inarguable declines
(Martin-Du Pan, 1999) (Fig. 12–1).

The changes in hormonal activity that do occur with age can each have various
and several causes: diminished secretion, increased clearance, fewer receptors, altered
receptor response, and altered intracellular response to the receptor. Nonetheless, most
overall changes (to the extent that such hormonal changes are uniform or predictable)
result in lower serum levels or in an altered pattern of secretion to normal stimuli. The
mean serum level may be “normal” (i.e., the same as in a young adult), but the pattern
of secretion, for example, the response to releasing factors (or other hormonal stimula-
tion), may be slower in onset or longer in duration (e.g., corticosteroids), of lower than
usual magnitude (e.g., insulin), or occur in an altered temporal pattern (e.g., growth
hormone). In addition, aging is marked by a loss of coordination, timeliness of response,
and appropriate pattern of response (Roth, 1995; Blackman, 2000) that goes beyond
mere changes in mean serum levels and may be the hallmark of endocrine aging (Banks
and Morley, 2000).

Although unlikely beneficial, age-related endocrine alterations do not necessarily
imply dysfunction. Assumptions that lower serum levels in aging individuals imply
failing endocrine systems and replacement will prove beneficial are unwarranted. While
this is consistent with what we know of aging endocrine systems, the conclusion de-
mands data, not irrational and enthusiastic inference. The notion that declining hormone

Figure 12–1 Aging endocrine tissue. Among endocrine tissues, the age-related histologic and
physiologic changes vary. In the ovary, thymus, and pituitary, these changes are likely to in-
volve multiple inputs and causes. Nonetheless, cell senescence plays a role (even the predomi-
nant role) in age-related endocrine change.
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levels require replacement is neither logically exclusive nor justifiable without data to
support it. Physiology is complex; what we take for a cause of failing health is, a priori,
equally likely the body’s healthy response to the problem. Consider an analogy in which
the error is more apparent. When the body has an infection, a rising white cell count is
not the cause of the problem but the body’s healthy response. It is a defense, not an
offense. It would be foolish to treat an infection by removing the abnormally numerous
white cells. Using pheresis to remove them only increases, not decreases, morbidity. In
cases such as this, we should not treat the (healthy) response, but the (unhealthy) cause.

Equally, we might imagine an endocrine system whose diminished secretory rate
is an appropriate and protective response to aging in other organ systems. This occurs
in the hormonal response to dietary restriction, for example (Morley, 2000b). Similarly,
decline in a growth factor might be the body’s response to an increasing age-related
risk of cancer. Were that the case, then attempting to replace the missing growth pro-
moter could be not only foolish but potentially fatal. In the same minatory vein, many
have suggested that replacing hormones in the elderly might increase the risk of car-
cinogenesis (Martin-Du Pan, 1999; Morley, 1999). Although the potential risk of ma-
lignancy has been investigated with some vigor for estrogen (Gillum et al., 2000; Van
Hoften et al., 2000), data are relatively lacking for other hormones, despite concern.
An exception may be the risk of prostate cancer in the face of growth hormone supple-
mentation, with a modicum of suggestive evidence (Colao et al., 1999b) though little
firm data (Untergasser et al., 1999). Even without definitive data it remains possible
that evolution may have selected for protective lowering of growth hormone levels to
increase likelihood of survival, rather than being a primary hormonal deficit requiring
replacement.

Similarly, if hormone X was the body’s response to osteoporosis, atherosclerosis,
or glial cell inflammation, imagine the consequences of naive replacement: aggrava-
tion of the underlying problem. The common belief that declines in hormone levels are
a problem (rather than the body’s solution to more fundamental problems) might be
correct, but it is naive to defend generic replacement without evidence of benefit. This
issue comes to the fore in discussing the putative benefits of growth hormone in aging.
In mice, a genetic absence of growth hormone correlates with longer than normal
lifespans (Brown-Borg et al., 1999); transfection with a gene for growth hormone de-
creases lifespan and decreases the proliferative potential of several cell phenotypes
(Pendergrass et al., 1993). This beneficial effect of a genetic absence of growth hor-
mone may be mediated by several specific mechanisms (including fewer cell divi-
sions), but there are broad changes in gene expression (Bartke et al., 2001b). Whatever
the mechanism, the contradiction between publicized claims for growth hormone supple-
mentation and available scientific data remains surprisingly complex (Bartke et al.,
2001a). As with the segmental lifespan effects of genes in Caenorhabditis elegans
(Johnson et al., 2001b), the effects of growth hormone may alter markedly, depending
on when it acts during the lifespan. It might, for example, be detrimental early in life,
but beneficial later (Bartke et al., 20001b). Despite concerns, little is certain. Growth
hormone–releasing factor antagonists might even have potential in oncotherapy (Kiaris
et al., 1999), again begging the (unanswered) question of the potential cancer risk of
secretagogues.

Understanding endocrine function in aging requires thoughtful questions and careful
data, rather than rapid and reckless answers. The first question is how hormonal levels



214 THE AGING ORGANISM

and patterns of hormonal response change with age. The second question is the clinical
outcomes of proposed therapeutic interventions in endocrine aging. We know too little
to accurately answer either question.

Some hormones, such as antidiuretic hormone, have little dispute about outcome
(a less concentrated urine) but considerable uncertainty about mechanisms involved (less
secretion, diminished renal response, or other factors?). Brain and kidney may become
more sluggish and less capable of normal endocrine responses (Timiras, 1995a), but
the interaction between these organs remains arguable. Even data are in dispute: opin-
ions range from no change in antidiuretic hormone to severe changes. Judging from the
literature, the mechanism of hormonal dysfunction in antidiuretic hormone may be any-
where (if it occurs). Worse, we can’t discuss single hormone function in isolation: hor-
mone function is part of an axis, such as the hypothalamic–pituitary–adrenocortical axis,
a complex cascade of causes and effects (Timiras, 1995a). It is difficult (perhaps im-
possible) to tease out isolated effects of aging in such complex systems and attribute
them to a particular endocrine organ (Veldhuis et al., 1999).

In discussing thyroid function, for example, metabolism may decrease, but where
does the dysfunction lie? We may laugh at the old joke about the frog who jumps pro-
gressively less distance with each loud noise as his limbs are amputated one by one,
until with no legs he goes deaf, yet this is the logical error we condone if we agree too
naively on the cause of thyroid aging. Is age-related thyroid change attributable to a
dysfunction in temperature sensors, neurons, the pituitary, the circulation, the thyroid
gland, hormone clearance, or the receptor response of the distal cells? Is autoimmune
thyroid disorder (Mariotti et al., 1999) a cause or a result of immune system aging? The
outcome may be clear—the metabolism no longer “jumps,” but to attribute the cause to
aging names but fails to explain it. To attribute age-related thyroid dysfunction to a
particular portion of the endocrine axis (e.g., the cell receptors are “deaf” to thyroid
hormone) requires data. Unfortunately, clinicians may attribute thyroid changes to aging,
remaining blind to correctable disease (Bailes, 1999). There are intrinsic, age-related
changes in the thyroid axis, including alteration in diurnal variance and reaction to hor-
monal stimuli (Chakraborti et al., 1999). Normal, nondiseased thyroid glands probably
shrink slightly and T4–T3 conversion, secretion, and clearance probably decrease trivi-
ally. Serum thyroid levels do not change with age in any widely accepted, predictable
way. While there are both changes in patients (Nardi et al., 1999) and an increase in the
variance between patients (Maugeri et al., 1999; Ognibene et al., 1999), it is not clear
that aging (as opposed to disease, malnutrition, or lack of activity) causes predictable
change in circulating thyroid hormones (Timiras, 1995b). The aged show a clear loss of
thermoregulatory control and an elevation in heat- and cold-related mortality rates, but
scant evidence for uniform and reliable impairment in the thyroid axis to which we might
attribute the loss of control or the elevated mortality. Increased heat- and cold-related
mortality is at least as attributable to vascular, cardiac, dietary, and other aging changes
as it is to thyroid or endocrine aging.

The same general pattern might be expected in any broad review of endocrine aging
(Timiras et al., 1995). There are few reliable endocrine changes. Some of the most bruited
“facts” of endocrine aging may be erroneous. Growth hormone generally declines with
age (Rudman et al., 1981; Veldhuis, 1998; Blackman, 2000), although with variance.
Growth hormone levels may decline with age, but also with inactivity, changes in sleep
cycles, malnutrition, or disease (von Werder, 1999). The cause of the decline may be a
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decline in growth hormone–releasing factor (Mulligan et al., 1999b; Russell-Aulet et al.,
1999), suggesting a central nervous system basis for the decline, or even an underlying
decline in other hormonal systems, such as the thyroid axis (Tagawa et al., 2000). There
have been repeated suggestions that declining growth hormone might play a role in
age-related diseases, including atherosclerosis, even independently of lipid-related risk
factors (O’Connor et al., 1999). This parallels work suggesting that growth hormone
supplementation may have beneficial effects on myocardial blood flow (in aging rats)
by increasing the capillary density (Khan et al., 2001). Paralleling growth hormone
and playing a role in the age-related decline (Span et al., 1999), levels of insulin-like
growth factor fall (Savine and Sonksen, 1999), although its relationship to disease (Arvat
et al., 2000) or even cell senescence (Sell et al., 1993) is largely unknown. Some de-
crease is simply attributable to poor nutrition (Hall et al., 1999).

Among the hormones reported to decline with age, melatonin has become a royal
favorite. Current literature assumes this decline in serum levels and focuses on the
mechanisms (Benot et al., 1999) or associated endocrinological abnormalities (Morales
et al., 2000). It may, however, be a case of the emperor’s new clothes. Recent data sug-
gest that while melatonin decreases from its peak in adolescence, it may not decrease
thereafter in normal, healthy individuals (Kennaway et al., 1999; Zeitzer et al., 1999).
During menopause, it may even rise, apparently due to falling estrogen levels (Okatani
et al., 2000). Decreasing serum melatonin may be simply a secondary marker of ill health,
probably unrelated to aging. In short, a fall in serum melatonin may correlate with ad-
vancing years, but the decline may be caused by other factors, not necessarily including
age. Moreover, although caloric restriction is one of the only interventions known to
affect aging, it has no effect on the normal decline in melatonin seen in aging rats
(MacGibbon et al., 2001). A decline in melatonin, if it occurs, may even be protective
against malignancy, as melatonin supplementation increases the incidence of murine
tumors (Anisimov et al., 2001).

The clearest age-related endocrine change is in sexual steroids. Androgens fall
progressively in males, but may reflect a parallel decrease in other hormonal systems
rather than independence (Morales et al., 2000). The adrenal glands (a major source of
steroid production) change with age, even absent disease. The cortex (particularly the
inner zone, the zona reticularis) shrinks, lipofuscin accumulates (Cheng et al., 1999),
and a host of other changes occur. Despite this, basal glucocorticoids vary little as
aging occurs in humans and other species. Dehydroepiandrosterone and its sulfate
(DHEAS), aldosterone, and sex steroids, however, decrease (Timiras, 1995a; Stomati
et al., 1999; Kiechl et al., 2000) and each has been speculatively linked (with little
data) to the aging process (Harper et al., 1999). These changes are apparently the result
of diminished rates of steroidogenesis rather than higher rates of clearance (Romanoff
et al., 1961; West et al., 1961).

Within the testes, there is a loss of germ cells and a decrease in the rate of sperm
production (Syntin et al., 2001). Whether this is the direct result of aging of the germ
cells themselves or aging of the Sertoli cells that support the germ cell development
and differentiation is unclear. At least in rats, there are changes in the seminiferous tubules
and in the Sertoli cells, but whether this represents primary cellular senescence or is
secondary to hormonal or cellular changes elsewhere is unclear (Wright et al., 1993;
Zirkin and Chen, 2000). With age, there is gradual depletion of Leydig cells and a con-
sequent decrease in their testosterone production; again, the etiology is unclear. In rats
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this is probably secondary, due to the effects of trophic or hormonal factors (but not
luteinizing hormone) on gene expression in these cells (Luo et al., 1996, 2001; Syntin
et al., 2001), rather than to intrinsic Leydig cell aging (Chen et al., 1996). While there
is evidence of an increase in free radicals (specifically superoxide) and a decrease in
mitochondrial volume in older rat Leydig cells (Chen et al., 2001a), this may be pri-
mary or due to changes in gene expression that precede and cause the alteration in
metabolic efficiency.

Of sexual steroids, estrogen demonstrates the most apparent and profound tempo-
ral changes. Estrogen cycles on a monthly basis, becomes less predictable as menopause
approaches, then declines precipitously at menopause. Secondary changes are attrib-
uted to this decline because they often parallel its course. These include changes in skin
and mucosal membranes, breast characteristics, and risk of osteoporosis, cancer, heart
disease, and Alzheimer dementia. Menopause, natural or surgical, is likewise correlated
with a decrease in the ability to perform quotidian physical activities (Sowers et al., 2001).
Multiple increases in risk occur at menopause. Men show no similar inflection, although
risks increase at a more leisurely pace and may be correlated with less striking estrogen
(Khosla et al., 1999) or androgen declines. Menopause is not simply related to exhaus-
tion of ovarian follicles (Wise et al., 1994; Wise, 1999) but is a complex failure of com-
munication between ovaries, brain, and pituitary gland. The primary player in this
age-related change, variously attributed to each organ, remains uncertain, as does the
precise role this change plays in various clinical syndromes likely related to declining
serum estrogen levels.

From an interventional perspective, insulin was the first success story and might
therefore be the most clinically understood hormone, yet its role in aging remains a
complex and fascinating mystery. Given the increased incidence of diabetes in the eld-
erly, one might suppose that serum insulin levels fall with age. However, the increased
incidence is predominantly in non–insulin-dependent diabetes and things are a bit more
complex than a simple decline in islet cell synthesis. The central issue is not that serum
insulin levels fall with age (on the average they rise), but that the response of insulin
levels to normal stimuli and cellular response to insulin become erratic and, from a clini-
cal perspective, inappropriate. We might generalize by suggesting that age-related
changes in insulin are not quantitative but qualitative: insulin no longer responds ap-
propriately to physiological needs. At a given sampling time, serum insulin may not
differ significantly between a centenarian and a 20-year-old. Exposed to an oral glu-
cose load, exercise, infection, or hormonal changes, their responses often diverge mark-
edly. Moreover, even if the insulin responses (rises in serum levels) were perfectly
matched, the secondary effects of the insulin rise on cells, organs, and secondary hor-
monal release may diverge markedly between the old and young. For example, as a
primary effect, oral glucose will often induce a slower and less effective rise in serum
insulin in the elderly, partially due to a slower insulin clearance (Minaker et al., 1982a).
As a secondary effect, even if we control for insulin rise, there will be a much more
modest effect on serum norepinephrine release in the elderly than in the young, even
though the direct effect of a rise in serum glucose on norepinephrine release is accentu-
ated in the elderly (Minaker et al., 1982b). With age, insulin levels do not so much fall
(or rise) as they wander about without regard to need and without inducing the appro-
priate secondary effects on which normal body function depends.
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With regard to insulin, as perhaps in so many other endocrine systems, aging is
accompanied by a gradual loss of the tight, responsive coupling that normally occurs
between hormonal stimulus and tissue response. If the job of endocrine systems is to
provide communication and coordination, aging undermines both. The central problem
in communication failure is not volume but fidelity of the message. In endocrine aging
the problem is not serum level but appropriateness of the endocrine response. With aging,
messages becomes degraded and responses inappropriate, often independently of en-
docrine levels.

In summary, the aging endocrine systems show fairly well-defined but poorly
understood changes (Perry, 1999) that may have profound effects on cell function and
cell survival (Lockshin and Zakeri, 1990). These include a loss of reserve capacity to
stimulation as well as declines in the baseline of several hormones, including growth
hormone, insulin, dehydroepiandrosterone, antidiuretic hormone, and sexual steroids.
The clearest age-related endocrine level changes are menopause in women, androgen
decline in men, and decreased growth hormone and a major increase in the risk of type
2 diabetes in both sexes (Morley, 2000a). Several age-related diseases are directly (dia-
betes) or indirectly (cardiovascular disease, bone fractures) attributable to these changes
and to the more subtle changes in endocrine communication, independent of serum levels.
Potentially, disease risk factors, such as sarcopenia, hyperlipidemia, and osteoporosis,
might be attributable to endocrine changes, if indirectly. Although much is known about
age-related changes in the endocrine systems, sweeping generalizations about falling
hormonal levels are misleading and often simply false. Such changes are complex and
involve all endocrine functions, including production, secretion, transport, clearance,
temporal regulation, and target tissue response (Bartke and Lane, 2001). The aging
endocrine system might best be characterized as having poor homeostasis; its action is
characterized by increasingly inappropriate and inadequate temporal characteristics and
a clumsy and ineffective physiological response, rather than a simple, linear alteration
with age. Endocrine aging is not so much a decline in endocrine levels as it is a decline
in endocrine communication leading to a critical degradation of normal endocrine co-
ordination of cellular and tissue functions.

The Role of Cell Senescence

Models of aging based solely on endocrine decline falter on endocrine clocks. If endo-
crine failure causes (even a significant portion of) aging, then what causes the endocrine
failure? As the Romans once asked, in a political system, who guards the guards? Why
should serum growth hormone levels decline? What times the fall of testosterone? Why
do some hormones, apparently central players in our physiology, diminish with age? In
other words, an endocrine theory of aging merely begs the deeper question of what caused
endocrine aging in the first place. Here, as elsewhere, is an opportunity to invoke cellular
senescence as the prime mover, the final guard from the political analogy.

Until recently, however, while an endocrine theory of aging begged the question,
a cell senescence theory of aging begged the data. This was especially true of attempts
to apply cell senescence theory to the endocrine system (Kontogeorgos and Kovacs,
1998). The theoretical outline is clear enough. If the role of an aging clock was played
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by cellular senescence, then we might expect that some cells that synthesize hormones
(or cells that physiologically support such synthesizing cells) divide and thereby senesce.
Such candidate cells should show shortening telomeres and an altered pattern of gene
expression correlating with and underlying the known changes in the aging endocrine
system. Ultimately, the hypothesis predicts that resetting such cells should return hor-
mone synthesis, secretion, and serum levels (and, more importantly, tissue function) to
those typical of a much younger organism.

The theory is simple, but not the data. The major problem is that we know too little
of the origin of the observed changes in the aging endocrine system. We might, for
example, attribute changes in the hypothalamic–pituitary axis to glial cell senescence,
but not only is there little evidence that glial senescence occurs, there is no agreement
that declining hormones levels are attributable to primary CNS changes in the first place.
We know far too little about the mechanisms of endocrine changes that occur with age.
To the extent that growth hormone levels decline, the “clock” that times this decline
might be located within the posterior pituitary or the hypothalamus, but we have insuf-
ficient data to support either candidate. In estrogen and menopause, there is good evi-
dence that the hypothalamus orchestrates (in a complex interaction with the ovary and
pituitary) the timing and course of menopause (Wise, 1999), but this is not sufficient. If
we did have convincing data, what cells time such a decline? There are changes in hy-
pothalamic cells with age (Lloyd et al., 1994; Romero et al., 1994; Bernardis and Davis,
1996), but are these changes the primary “endocrine clock” or secondary to some more
fundamental aging clock located elsewhere? The location and mechanism of the prime
mover (or movers) in endocrine aging remains at large. It is therefore reasonable to
suggest, but unreasonable to assume, that cell senescence functions as the underlying
clock. To test the hypothesis, which cells should we look at and why these particular
cells?

This problem is especially acute within the female reproductive system. Menopause
is fairly well understood, but the complex interrelationship between the ovaries and
hypothalamus leaves us uncertain of where the timer lies (Dorland et al., 1998). Is it the
geometrically increasing loss of ova that triggers the hypothalamus to shut down the
cycles, or is it the hypothalamus that ages and causes the accelerating loss of ova and
ends the menses? More likely, neither accurately characterizes the complex timing func-
tion that regulates the menses or menopause. Brain and ovaries are menopausal pace-
makers (Wise et al., 1996, 1999), but which, if either, contains cells that senesce and
time menopause?

The suprachiasmatic nucleus, in which light-induced Fos expression is blunted in
middle-aged rats and which may be the synchronizing clock for many endocrine cycles
(Harney et al., 1996), is a prime candidate (Cai and Wise, 1996). Some (vasoactive in-
testinal polypeptide secreting), but not all (arginine vasopressin secreting) cells within
the suprachiasmatic nuclei, which play a role in maintaining the cycles on which menses
and estrogen secretion depend, show clear changes with age and a loss of cyclicity
(Forsling et al., 1998; Krajnak et al., 1998). These cells lose their ability to synchronize
the critical neuroendocrine signals on which menstrual cyclicity depends, contributing
to the accelerated rate of follicular loss that occurs during middle age. This damping
and destabilization of the ultradian, circadian, and infradian neural cycles lead to ova-
rian failure (Wise et al., 1997). Regarding the issue of cell senescence in the ovary,
oocytes do show age-related changes (Kirkwood, 1998). Correspondingly, the little data
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available show that while oocytes (Wright et al., 1996b) and primordial follicles do not
demonstrate telomerase activity, such activity is seen in the granulosa cells of growing
follicles (Lavranos et al., 1999).

A similar centrally mediated failure apparently occurs in the gonadotropin-releasing
hormone production in men (Mulligan et al., 1999a). Could these neurons fail because
of vascular or glial cell senescence (see Chapter 13)? At least in rats, there is an overall
change in the pattern of gene expression in relevant hypothalamic neurons (activated
gonadotropin-inhibiting hormone neurons, which may explain the falling amplitude of
the luteinizing hormone surge that may parallel the mechanisms triggering menopause
in humans), but it is unclear if this represents age-related primary changes in neuronal
gene expression or primary effects of an altered pattern of neuronal activation with sec-
ondary changes in gene expression (Lloyd et al., 1994). Although the ovary does show
aging changes and although cell senescence in the ovarian stroma cells may play some
role in menopause, the overall mechanism is not one of simple ovarian failure. The mecha-
nism of menopause is not merely neuronal but an interactive one between hypothalamus,
pituitary, and ovary, yet triggering events may be predominantly neuronal (Wise, 1994).
Though part of this complex system might contain cells whose senescence is responsible
for menopause, we have little or no data to support this possibility.

Within the adrenal glands, and relevant to most the aging changes of most other
steroidal systems, there is evidence for lifelong cell division. Changes in DNA, RNA,
and protein synthesis are consistent with senescence. In rat adrenal gland cortical cells,
for example, there are characteristic age-related changes in DNA, RNA, and protein
synthesis. Thymidine labeling shows a steady decrease in DNA and RNA synthesis of
cells in the medulla and cortex (zona glomerulosa, zona fasciculata, and zona reticularis)
as the animal ages. Moreover, human adrenocortical cells show an age-associated loss
of telomere length reversible by transfection with hTERT. Normal human adrenocorti-
cal cells show a decline in TRFs from 12 kb in fetal donors to 7 kb in the oldest donors,
a value consistent with senescence in human fibroblasts. Barring hTERT transfection,
adrenocortical cell division occurs slowly over the human lifespan and is associated with
a progressive loss of telomere length. This may result in proliferative defects in vivo
and explain the age-related changes in the structure and function of the human adrenal
cortex (Yang et al., 2001c).

While these latter results might explain the age-related changes in serum steroid
hormones, similar changes apparently do not occur in aging Leydig cells in the testes
(Nagata et al., 2000). The relevance of this to the lack of senescence in germ (and per-
haps Sertoli) cells of the testes (Yashima et al., 1998b) is unknown, as are most mecha-
nisms by which Sertoli cells ensure germ cell survival (Akama et al., 2002), but this
begs our interest. Adult spermatozoa do not express telomerase (Wright et al., 1996b).
As in estrogen control, discussed above, there is evidence for age-related changes within
the hypothalamus and pituitary that may be the basis for adrenal aging. Although there
has been speculation that the clock for adrenal aging may reside in the hippocampus
(Magri et al., 2000), there is at least good evidence for an age-related decrease in gluco-
corticoid sensitivity of the pituitary corticotrope cells (Revskoy and Redei, 2000). If
cell senescence plays a role in the age-related loss of feedback regulation in the
hypothalamic–pituitary–adrenal axis, such senescence might occur at almost any level.

Although perhaps less dramatically, the issues discussed above in several endo-
crine axes should play out in other axes. Assigning overall causation to cell senescence—



220 THE AGING ORGANISM

in any endocrine system—is feasible and consistent with known data, but unprovable
because of the complexity of the endocrine systems involved and recurrent lacunae in
our knowledge of endocrine function within each axis. If the complexity of the endo-
crine systems is the major obstacle, making it difficult to interpret available data re-
garding cell senescence in the endocrine system, the minor issue has been the lack of
data to interpret.

Exceptions to this pessimism are growing. Data support senescence in specific
endocrine cells. Cells within the thyroid and parathyroid tissues show telomere loss,
particularly later in life (Kammori et al., 2002b). Initial human results on in vivo
adrenocortical cell senescence and in vitro hTERT transfection (Yang et al., 2001c)
have not (yet) been used for in vitro human intervention. Recently, however, hTERT
was cotransfected (along with SV40 T antigen, neo, and green fluorescent protein)
into primary bovine adrenocortical cells. The resulting immortalized clones were then
transplanted into immunodeficient (SCID) mice. The recipient animals then success-
fully survived adrenalectomies. The normal murine corticosterone was replaced by
(transplant secreted) bovine cortisol. Transplanted adrenocortical tissue was similar to
normal bovine adrenal cortex. These adrenocortical cells had low proliferation rates and
no indication of malignant transformation (Thomas et al., 2000a). One cannot help but
wonder what will happen when hTERT transformation is attempted in vivo in human
trials (and when?).

Models such as this, where immortalized endocrine tissues are observed not for
mere normalcy of function but for prolonged normalcy within the aging animal recipi-
ent may allow us to experimentally test the hypothesis that cell senescence plays a role
in intrinsic aging changes within the endocrine system. Although animal testing will be
the most direct test, the prevalence of human endocrine diseases, notably diabetes,
prompts considerable investment in endocrinological interventions that have a bearing
on the same theoretical issues addressed in animal studies. There are current plans for
parallel human interventions, for example, using pancreatic islet cells in insulin-
dependent diabetic patients. Given the concern over senescence limiting the utility of
transplanted cells, these cells are likely to be transfected with hTERT, undergo telo-
mere lengthening via promoter, or derive from early stem cell sources. In each option,
such cells are relatively juvenile (from the standpoint of cell senescence) and offer use-
ful information regarding cell senescence in aging endocrine systems. Although the major
concerns are safety and efficacy, the background work for this and long-term outcomes
could teach us a good deal.

Intervention

The most popular (and largely ineffective) interventions in aging and age-related dis-
ease are endocrinological. Not only are there are clear and glaring exceptions to the
general rule that such interventions in age-related diseases lack supportive data (e.g.,
insulin works reliably and effectively in diabetes), but there are data that hormonal
replacement in the aging patient does have some benefits. There are two concerns:
(1) there are insufficient data on the cost/benefit ratio, and (2) the public, anticipating
benefits, opts for the experimental group without appreciation of the risks. These two
observations have been equally true historically for at least the past century, although
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the current focus has shifted from estrogen and testosterone to melatonin, dehydro-
epiandrosterone, and growth hormone.

Although such interventions, such as growth hormone supplementation, might
have clinical benefits (perhaps even after balancing the risks; Vance, 1998), this does
not imply that endocrine supplementation affects aging. There is no evidence that
hormones affect aging. With few exceptions, there is little evidence that hormone
replacement affects lifespan or mortality. The most notable exception is insulin re-
placement, which has profound effects on morbidity and mortality. Type 2 diabetes
is linked epidemiologically to advancing age (and independently to obesity and other
factors). Although there are data that replacement of other hormones (e.g., thyroid)
have clinical benefits, this applies to pathological conditions, independent of aging.
Even taking counterbalancing risks into account (and though it does not affect aging),
hormonal replacement in aging (even excepting type 2 diabetes) may have net bene-
fits in some well-defined patients (Perry, 1999). Indications include defined hormonal
deficits (e.g., hypothyroidism), but emotional thinking and social pressures increase
the complexity.

In the elderly, hormonal deficits are often not well defined: we don’t know what a
healthy normal serum level means in an elderly patient. Equally, we don’t know the
risks, the efficacy, nor, therefore, the potential net clinical benefit (if any). Not giving
hormonal supplements is equivalent to deciding that the optimal dose should be zero—
a recommendation nonetheless, and one of ignorance. We are often more comfortable
giving nothing and defending such a decision on the (illogical) grounds that we don’t
know enough (Hermann and Berger, 1999), rather than admitting that any dose recom-
mendation (even the conservative figure of zero) is uncertain and as equally based on
ignorance as is the recommendation of replacement therapy. A more honest (but no more
useful) appraisal is that we prefer the devil we know (aging with no hormone replace-
ment) to the one we don’t (after all, who knows what might happen?). Many patients
know aging too well and are willing to take an uncertain risk.

The most common current attempt to intervene in aging is growth hormone. This
intervention rests on the observation that growth hormone levels decline in many elderly
patients, although this decline, to the extent that it is age related, might be incidental,
secondary, or even protective. Most reviews of the literature recommend against the
routine use of growth hormone or growth hormone–releasing factors, citing the flawed
logic behind their use and specific, legitimate concerns about clinical risks (Welle,
1998; Wolfe, 1998; Morley, 1999; von Werder, 1999; Blackman et al., 2002).

Although many of those spending their money on growth hormone (or its releas-
ing factors) have allowed fashion to consign them to an experimental group of
pharmaceutical lemmings, others have been equally unsympathetic toward hormone
replacement without fairly considering data. Momentarily ignoring caveats, growth
hormone, its releasing factors, or insulin-like growth factor may have potential bene-
ficial effects (Savine and Sonksen, 1999). It has been cited as increasing exercise
endurance, bone, and collagen turnover (Wallace et al., 2000); muscle mass, strength,
and protein synthesis (Welle, 1998); bone density (Mosekilde et al., 1999) and mood,
and perhaps lowering cardiac risk (Colao et al., 1999a; O’Connor et al., 1999). In many
cases, the effects may be weak or dependent on additional variables, as in bone den-
sity (Christmas et al., 2002). Growth hormone may increase insulin-like growth fac-
tor, though not dehydroepiandrosterone sulfate levels (Aimaretti et al., 2000).
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The downsides remain (von Werder, 1999): (1) growth hormone is given by sub-
cutaneous injection, (2) dosage calculation is difficult as elderly patients may show in-
creased sensitivity or be resistant, (3) the risk of diabetes may increase, (4) it enhances
the risk or progression of malignant disease (IGF-I levels correlate with the incidence
of prostatic cancer and acromegalic patients have a higher frequency of colonic polyps
and gastrointestinal malignancies), and (5) the present cost is high and may not be re-
imbursable (Biller et al., 2000). In Ames dwarf mice, animals genetically deficient in
growth hormone live longest, while those mice that overexpress it live the shortest
lifespans (Brown-Borg et al., 1999). These data (while not offered as necessarily rele-
vant to humans) scarcely underscore growth hormone as a way to extend lifespan. As
with any pharmaceutical, there is unpredictable risk. Cardiac risk versus benefits, for
example, may vary widely among individuals (Colao et al., 2001). We might say, with
some flippancy but equal insight, that nature has a considerable head start on us in under-
standing physiology. If more growth hormone were better, then evolution should have
selected for it and didn’t. Perhaps nature knows something that we should know. Caveat
emptor.

Dehydroepiandrosterone and its sulfate have enjoyed a strong public (Hinson and
Raven, 1999) interest, but limited scientific or medical support (Huppert et al., 2000),
despite some intriguing early data (Schwartz, 1979). The relationship between age and
dehydroepiandrosterone has been known for half a century (Pincus et al., 1955; De Neve
and Vermeulen, 1965). There have been suggestions that dehydroepiandrosterone or
the sulfate might have beneficial clinical effects over about the same period (Kiechl et al.,
2000; Tagawa et al., 2000); the field has enjoyed a renewed interest in the past few years.
There have been claims that dehydroepiandrosterone might be protective against cardio-
vascular disease, cancer, immune-modulated diseases, dementia, or aging (Tummala
and Svec, 1999; Tagawa et al., 2000). Some suggest that dehydroepiandrosterone might
protect against glucocorticoid side effects, including diabetes, amino acid deamination,
fattiness, hypertension, immune suppression, myopathy, osteopenia, osteoporosis, and
avascular necrosis (Robinzon and Cutolo, 1999). Although some proponents have ex-
plored the cell biology (Baulieu, 2000; Williams, 2000)), putative mechanisms are largely
ignored in optimistic acceptance of the claims (Dhar, 1999).

Evidence is less spectacular. There is a good correlation between serum dehydro-
epiandrosterone (or dehydroepiandrosterone sulfate) and vascular diseases, presence
of dementia, diabetes mellitus, malignancies, musculoskeletal disorders, and clinical
measures of disease, but these correlations may not be causal or predictive (Tilvis et al.,
1999). There is growing evidence that it has no protective effect against atherosclero-
sis (Mazza et al., 1999; Kiechl et al., 2000). With regard to immune function, there is
some evidence that it can have beneficial effects (Solerte et al., 1999). There is a corre-
lation between dementia and low serum dehydroepiandrosterone (Hillen et al., 2000;
Magri et al., 2000), but no evidence that dehydroepiandrosterone is protective here
(Carlson et al., 1999). Despite suggestions that dehydroepiandrosterone might have
beneficial effects on mood based on correlational findings (Barrett-Connor et al., 1999;
Young, 1999), perhaps via effects on b-endorphin responses (Stomati et al., 1999),
interventional studies do not support the suggestion (Huppert et al., 2000). At least in
perimenopausal women, there is no demonstrable effect on severity of perimenopausal
symptoms, mood, dysphoria, libido, cognition, memory, or well-being (Barnhart et al.,
1999). There remains the possibility that it may be effective in preventing osteoporotic
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bone loss in aging (Gordon et al., 1999). Some interventional studies have shown few
results and almost no clinical benefit (Flynn et al., 1999). Other studies (Baulieu et al.,
2000) demonstrate some improvement in elderly women in their bone turnover (assessed
by the dual-energy X-ray absorptiometry [DEXA] technique), decreased osteoclastic
activity, increased libido (in women), and an improvement in skin parameters (hydra-
tion, epidermal thickness, sebum production, and pigmentation). The overall evidence
that dehydroepiandrosterone has benefit is minimal (Nippoldt and Nair, 1998; Pugh et al.,
1999b) and its significance, clinically or to our understanding of endocrine aging, remains
speculative.

The upshot is that the endocrine system is, and always has been, an arena for inter-
vention. Over the past century, it has witnessed some clear winners, such as insulin.
Despite extensive public interest and usage (and expectation that something dramatic
should have been proven), there are surprisingly few data that endocrine supplementa-
tion affects aging or age-related diseases (Fisher and Morley, 2002). Hormone use for
defined deficit is well grounded. Aging deficits, however, are largely unproven, and
data do not support the dramatic effects claimed for supplementation.

Exceptions, where hormone supplementation may have accepted beneficial effects
on age-related diseases, are interesting, but annoyingly uncertain. Estrogen supplemen-
tation may have indications, previously including atherosclerosis risk (Schwenke, 1998),
but it may likewise increase the risk of some cancers (Rodriguez et al., 2001; Stephenson,
2001) and have complex risks and benefits on coagulation (Gottsater et al., 2001) and
quality of life (Hlatky et al., 2002; Rexrode and Manson, 2002). Meta-analysis suggests
that the risk of ischemic stroke may increase (Gillum et al., 2000), but other data find
no increase or decrease in stroke risk (Simon et al., 2001). In this, as in most other aspects
of endocrine aging, the complexity of the interactions (Straub et al., 2001) precludes
easy generality and encourages contradictory data sets. This is more true of interventions
incompletely understood in the first place, such caloric restriction. One of the most
commonly accepted interventions in aging, caloric restriction has effects on the endo-
crine system (Wise, 1995; McShane and Wise, 1996), but the direction of causation and
mechanisms involved remain largely guesswork.

Overall, our ability to intervene in endocrine aging has an illusory quality that
contradicts the public perception. Endocrine supplementation may not work (and may
not affect aging), but it is available. In contrast, cellular or genetic interventions may
work, but are unavailable because of the difficult technical issues involved in such inter-
ventions and because of our ignorance in the face of endocrine complexity specifically.
Experimental transplantation of hTERT transfected cells (Thomas et al., 2000a; Condon
et al., 2002) may clarify cell senescence in intrinsic aging of the endocrine system and
endocrine-responsive organs. Given the results of human in vitro work (Yang et al.,
2001c), human in vivo trials cannot be far behind. Moreover, such transplants are likely
to prove immensely effective, although they are not in clinical use. As a result of the
enormous impetus for such interventions, it may be that we solve the technical issues
and even successfully reverse endocrine aging long before we fully understand how the
endocrine systems work, what is responsible for its aging, or even that the system dem-
onstrates primary aging in the first place. It would be ironic if we were to solve the prob-
lem before we can all agree that there is one to solve.
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C H A P T E R 13

Nervous System

Structure and Overview

The human nervous system is ignorant when young, stores a great deal of information
as it matures, but has considerable problems with access and processing that informa-
tion as it grows older. The basis of this failure is known in outline, but the causes of
aging and age-related disease in the central nervous system largely escape us. The bulk
of our clinical interest lies in the central nervous system, most attributable to two major
categories of disease: the dementias and cerebral infarcts.

Even though aging changes in the peripheral nervous system are largely slighted,
the peripheral nervous system is important nonetheless and deserves at least paren-
thetical mention. Although there is evidence for peripheral neuronal aging, many of
the clinical changes that we attribute to aging in peripheral neurons are more accu-
rately the result of peripheral vascular disease or reflect diffuse metabolic problems
in the elderly, such as chronic hyperglycemia secondary to diabetes. All of our sen-
sory input arrives through the peripheral nervous system. All of our volitional (and
much of our autonomic) activities are accomplished by it. The most widely appreci-
ated aging dysfunctions of the sensory system are probably those of retinal degenera-
tion (addressed in Chapter 17) or neural deafness, but the most common is probably
a gradual (perhaps we may say, insensible) loss of our dermal receptor input. We no
longer feel the world effectively. The most clinically prominent of our motor prob-
lems in old age are probably more related to the loss of central dopaminergic motor
control (i.e., substantia nigra neuron loss in Parkinson’s disease or striatal neuron
dysfunction; Roth, 1997) or muscle loss (disuse and idiopathic sarcopenia) than to
primary aging changes in our peripheral, secondary motor neurons. Nonetheless, the
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peripheral nerves do show changes, such as lipofuscin accumulation (Sosunov et al.,
1997), whose functional importance (if any) is unknown.

The central nervous system has an estimated 100 billion neurons, but this prob-
ably represents only a small percentage (perhaps 10%) of the total number of cells. The
majority of the cells making up the brain are glial (from the Greek for glue) cells. Neurons
are considered the more important active cells, which they are from the electrophysi-
ological perspective, and are considered responsible for all perception, learning, memory,
intellectual, and all motor activity. The glial cells, which have historically been given
the short shrift with regard to assigned functions and importance (Aschner et al., 1999),
have gradually begun to assume a more prominent and less passive role in our limited but
growing understanding of brain function (Aschner et al., 1999; Nichols, 1999). Although
glial cells provided a physical framework, particularly during neurodevelopment when
they act as guides to migrating cortical neurons, their role as insulators and metabolic
support units for the intertwining neurons has long been recognized. More recently we
have begun to realize that glial cells play some ill-defined role in learning and memory,
perhaps by shaping synaptic numbers and location (Ullian et al., 2001), although the
limits of such roles remain indistinct and largely unexplored.

Typically the cortex of the human brain comprises layers of distinct neuronal types.
Input arrives from peripheral sensory or other neurons, ascends through the subcortical
white matter, and is processed by the neurons, and final output descends back into the
white matter, bound for other neurons.

The axons, long neuronal arms that carry most neural information (as electrical
impulses) away from the neuron, are surrounded by oligodendrocytes whose high lipid
content make them good insulators for the rapid electrolyte shifts that the axons depend
on for transmitting waves of electrical current to the next neuron. This high lipid con-
tent renders the oligodendrocytes whiter than the gray colored (though pink in fresh
tissue) neurons, hence dividing the brain into gray (cortex with highs concentration of
neurons) and white matter (subcortical axons with high concentrations of oligodendro-
cytes). Although the oligodendrocytes are numerous and necessary, the brain is replete
with astrocytes, microglia, and other cells whose functions have historically attracted
less interest.

Astrocytes and oligodendrocytes make up the macroglia. Astrocytes are the larg-
est and most numerous neuroglial cells in the brain and spinal cord. They regulate ex-
tracellular ion concentrations, respond to injury, have immune functions (Aschner, 1998),
and are capable of releasing (and taking up) some neurotransmitters.

Microglia are inordinately variable in appearance. Having immune functions (Aloisi
et al., 2000b), they respond to damage and are capable of phagocytosis, as well as se-
cretion of cytokines and growth factors. Together, the glia comprise the majority of cells
in the brain and while most are probably astrocytes, a large percentage of the glial cells
(Stoll and Jander, 1999) are microglia.

Electrical impulses travel down axons, often in small but rapid jumps occasioned
by a series of nodes between spans of glial insulation, and result in the release of neuro-
transmitters from the end of the axon. Classically (and to a large degree accurately),
each specific neuron releases only a single specific transmitter (e.g., dopamine, acetyl-
choline, serotonin, and now literally dozens of other transmitter substances) that crosses
the synapse separating the axonal button from the dendrite of the next neuron and causes
electrical changes: information processing in action. Although the axons are the trunk
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lines of the brain, it is in the synapses and dendrites that we find the complexity and
heart of the processing of information. While the average peripheral neuron may have
less than a hundred synapses, the central neurons, the foundation of our ability to think,
are more likely to have at least tens of thousands of synapses, resulting in a complexity
without intracellular parallel in other systems. In this complexity, somehow, lies our
ability to learn, to move, to sense, and to think. And this complexity fails.

Classic teaching was that neurons divided in the fetal organism, but not beyond
birth. We learned not by adding or subtracting neurons in this vast web of cells, but by
adding or subtracting (or altering the efficacy of) our synapses. In reality, new neurons
do form from neural stem (“neural precursor”) cells present in all adult mammals, in-
cluding humans (Shihabuddin et al., 1999; Svendsen et al., 1999; Gage, 2000), and this
process is responsive to neural growth factors (Wagner et al., 1999) and probably to
environmental stimulation (Nilsson et al., 1999). There are some initial data suggesting
that (at least in rat hippocampus) as many as half of all adult neurons are capable of
division and proliferation, given the right conditions (Brewer, 1999). Similar though
less impressive data are found in human ex vivo cells (Brewer et al., 2001). Nonethe-
less, in measuring telomere lengths in patients ranging from neonates to centenarians,
cortical neurons remain stable in this regard (Takubo et al., 2002). The numbers of neu-
rons generated in adult human cortex, location of such stem cells (Ourednik et al., 2001),
mechanisms controlling such stem cells (Groszer et al., 2001), and practical significance
of neuron replacement (Kornack and Rakic, 2001), particularly as a mechanism for learn-
ing or to a noticeable degree for regeneration after infarction or trauma (Eriksson et al.,
1998; Kempermann et al., 1998; Brewer et al., 2001) remain argued and largely un-
known. Part of this conclusion lies in our lack of sufficient data, but part is necessarily
implied by almost incomprehensible complexity of neural structures and correspond-
ing incomprehensibility of replacing such structures (Horner and Gage, 2000). Consider,
for example, the frontal lobe secondary motor neuron just under the skull, whose axon
must find its way down into the spinal cord and meet a specific primary motor neuron
located within the spine and just below the posterior ribs. The scale is about equivalent
to that of a 6-foot-tall man in Los Angeles reaching out one arm, across North America,
and shaking hands with a specific group of a dozen people located on a specific street in
New York and then linking hands permanently with only one of them. To a degree, these
connections are established prenatally (when the two men are, as it were, standing be-
side one another in St. Louis). If we lose these neurons in adulthood, how can such in-
credibly specific connections be reestablished? Even allowing for reprogramming and
rerouting (plasticity), it remains unlikely from a theoretical point of view that newly
divided neurons play a significant role in adult learning or in adult healing in the central
nervous system.

If we assume, conservatively, that neuronal replacement plays no role in the adult
nervous system, then what of the glial cells? Do they divide and, in doing so, play some
role in learning, repair, or aging? Here too, there are initial problems. The oligodendro-
cytes that invest and insulate neurons within the central nervous system are themselves
(like neurons) complex in morphology and might be thought incapable of division in
the adult organism. If they divide, their complexity might run afoul of the same con-
ceptual stumbling block that we impose on neural division: could new cells assume the
complexity of shape and function of the cells that they replace? We know that oligo-
dendrocytes can be reprogrammed, becoming multipotential central nervous system cells
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(Kondo and Raff, 2000), and such cultured oligodendrocytes apparently do not senesce
(Tang et al., 2001). The question is to use these observations clinically.

Glial cells comprise astrocytes and microglia, a different story. Not only are they
less complex, and hence easier to envision as replaceable elements, but at least micro-
glia are already known to divide into old age (Schipper et al., 1993). Microglia are small,
capable, protean cells that divide readily and are ubiquitous in the nervous system (Streit,
2000). They derive from bone marrow cells (Rezaie and Male, 1999) and at least the
perivascular microglia are probably replaced regularly from hematopoetic stem cell lines
(Stoll and Jander, 1999), although the issue remains open (Thomas, 1999). Microglia
are basically immunocompetent monocytes that reside within and are specific for the
central nervous system (Engel and Kohn, 1999; Rezaie and Male, 1999; Aloisi et al.,
2000a; Streit, 2002). Although circulating monocytes demonstrate telomerase activity,
as least in those under 40 years of age (Iwama et al., 1998), whether microglia demon-
strate such activity is unknown. Although having immune functions, microglia have
many other nonimmune functions. For example, microglia have hormonal receptors and
secondary effects on neighboring neurons through cytokine and growth factor release
(Mor et al., 1999). This suggests not only nonimmune regulatory functions for micro-
glia (Rabchevsky and Streit, 1997) but a remarkable complexity and interdependence
of their relationship with neurons (Bruce-Keller, 1999; Streit, 2000).

Aging and Other Pathology

If age is a thief, then the greatest treasure we lose is ourselves. Despite social changes
over the past century mitigating against home care for elderly, demented relatives, in-
creasing lifespan and consequent increasing incidence of Alzheimer dementia has made
it more likely that many of us have parents whom we love and lose—day by day—
forever. It is difficult to understand the tragedy until we come face to face with it. Gerard
Manley Hopkins (1985), monk and poet, once said that the “mind has mountains; cliffs
of fall, Frightful, sheer, no-man-fathomed. Hold them cheap, May who ne’er hung there.”
More and more of us hang there as we live longer lives, whether poets, parents, or our-
selves. The dementias have been variously defined in different studies and incidence
depends to a degree on the medical infrastructure of the country in question. In devel-
oped nations dementia is rare before age 60, affects 5% of people over age 65, and 20%
of those over age 80 (Livingston, 1994). Cognitive impairment in general, and Alzheimer
disease in particular, may be unavoidable no matter what the general health of the pa-
tient: live long enough and dementia may be the inevitable outcome (McNeal et al.,
2001). Moreover, patients with Alzheimer dementia incur additional morbidity and
mortality through their increased risk of non-dementia illnesses (Brauner et al., 2000).

The aging central nervous system has two primary pathologies: the loss of its vas-
cular supply—strokes and microinfarct dementias—and loss of neurons without appar-
ent vascular cause—primarily Parkinson and Alzheimer dementias (Fig. 13–1). This
age-dependent loss of neurons occurs in other primates as well as in humans (Morris
et al., 1999). In addition, there are the less common dementias due to hormonal (e.g.,
hypothyroidism and, ultimately, myxedematous dementia), infectious (e.g., Lewy body
disease), metabolic (e.g., Pick disease), nutritional, or toxic etiologies (e.g., Wernicke-
Korsakoff syndrome). The syndrome of cognitive impairment without dementia has been
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identified in the elderly (Ebly et al., 1995), although further work (Di Carlo et al., 2000)
may sort it into one of the above etiologies. In this same context, minimal nutritional
deficits have been suggested as playing some role in such cognitive impairment (Calvaresi
and Bryan, 2001). When the primary pathology is located within the central nervous
system, however, the basic etiology is overwhelmingly vascular or neuronal. Alzheimer
disease, for example, is the most common cause of dementia in the elderly (Mayeux
and Schofield, 1994), and Parkinson disease affects perhaps 1% of the world’s popula-
tion (de Rijk et al., 1997). By some estimates (Olson, 2000), between 5% and 10% of
all individuals over age 60 may have some degree of Parkinson disease. First-degree
relatives have a 17% chance of developing Parkinson disease (Marder et al., 1996; Jarman
and Wood, 1999).

The pathology of the vascular system is discussed largely in Chapter 9. These dis-
eases fall into three partially overlapping categories: strokes (usually thrombotic), intra-
cranial bleeds (including hemorrhagic stroke), and microinfarct or vascular dementias
(Gorelick et al., 1994; Yanagihara, 1999; Erkinjuntti et al., 2000), including Binswanger’s
disease (Roman, 1999; Ramos-Estebanez et al., 2000; Margolin and Balko, 2001) and a
motley collection of other eponyms and abbreviations (Rafalowska, 1999; Loeb, 2000;
Thomas et al., 2000b). Vasculitic strokes occur secondary to viral or bacterial infection
(Mattila et al., 1998). In all cases, the primary pathology lies within the aging or dis-
eased vessel and risk factors are those of atherosclerotic disease (Gorelick, 1997). In
these pathologies, the neuronal loss, while of overwhelming clinical importance, is sec-
ondary to the vascular pathology. Nonetheless, vascular changes do occur and there is
a large body of data on such changes within the central nervous system. Note that even
in disease presentations, such as stroke, that we regard as predominantly vascular in

Figure 13–1 Aging nervous system. Aging brain commonly incurs a gradual loss of brain tis-
sue, often apparent on routine CT scans. Such loss may occur (to a degree) without observable
clinical pathology, although the most extreme losses are those in Alzheimer’s patients. The pa-
tient at the left (with an IQ >180 and three graduate degrees) has barely visible sulci and mini-
mal ventricles; the patient to the right has wide sulci, enormous ventricles, and an obvious loss
of brain tissue, correlating with a stunning clinical loss of higher cortical function.



NERVOUS SYSTEM 229

etiology, there is substantial reason to believe that nonvascular factors, such glial cell
reactions that change with age, determine the outcome (Kharlamov et al., 2000).

There is a large catalog of changes that occur in the capillary beds and small-caliber
arterioles in aging humans (Kalaria, 1996). The composition of connective tissues and
arterial smooth muscles alters, there is a thickening of the vascular basement membrane
(De Jong et al., 1997), a thinning of the endothelium in some species, and a loss of en-
dothelial mitochondria with an increase in pericytes. Multiple other abnormalities are
seen in aging vascular beds within the central nervous system, including unique pro-
teins and membrane lipids and “massive bundles of collagen fibrils” within the blood–
brain barrier (De Jong et al., 1997). Although the functional significance (if any) is
unknown, age-related changes in the blood–brain barrier (Shah and Mooradian, 1997)
might put neurons at risk in some areas, perhaps playing a role in even nonvascular
dementias, such as Alzheimer’s, in which such changes are more frequent (De Jong et al.,
1997). Some authors have suggested that b-amyloid may be the trigger for vascular free
radical damage with resultant neuronal damage (Stamler, 1996; Thomas et al., 1996).
As the correlation is notable (Goldstein and Reivich, 1991), some have even suggested
that Alzheimer’s might even be primarily due to an impaired vascular supply (Crawford,
1998; Shi et al., 2000). They suggest that this is consistent with what we know of the
association of Alzheimer’s with apolipoprotein E4 (Strittmatter et al., 1993; Rosenberg,
2000), effects of drugs (haloperidol, antiinflammatory agents), studies of intellectual
function as an independent variable, and pathology (de la Torre, 1997). Moreover,
apolipoprotein E4 (apoE4) is underrepresented (Wang et al., 2001c) and E2 is over-
represented in some centenarian populations (Hazzard, 2001). The latter is associated
with a lower incidence of Alzheimer and atherosclerotic diseases (Davignon et al., 1988).
Alternatively, amyloid deposition might contribute to the decline in vascular function
(Kalaria, 1996), although there is no correlation between the stage of Alzheimer dis-
ease and degree of capillary abnormalities, suggesting that Alzheimer’s does not cause
the aberrations (De Jong et al., 1997).

The cells in the vessels and meninges that compose the blood–brain barrier are
sources of insulin-like growth factor-1 (IGF-1) for the brain. Although expression of
the gene does not change with age, IGF-1 declines (perhaps due to translation or trans-
port defects). Although messenger RNA for corresponding receptors remains constant,
receptor count decreases with age (Sonntag et al., 1999a).

Overall, it is clear that vascular abnormalities occur (Mrak et al., 1997), but not
what they mean. Such abnormalities correlate clinically with Alzheimer dementia, but
the problem of what constitutes the more fundamental cause remains intriguing, yet
unanswerable.

In discussing what are (at least superficially) nonvascular pathologies, such as
Parkinson’s or Alzheimer dementia, we tend to think of them as fundamentally neu-
ronal in etiology: neurons as trigger and target. To a degree, this reflects our current
ignorance: we are awash in data, but short on convincing interpretations. Although we
know much about the cascade of processes that describe Alzheimer dementia (Selkoe,
1997), we lack an understanding of many issues. Absent postmortem tissue (Fillenbaum
et al., 1996; Naslund et al., 2000), and despite encouraging trials (Etcheberrigaray et al.,
1998; Mayeux et al., 1999; Friedland et al., 2000; Riemenschneider et al., 2002) and
the use of magnetic resonance imaging (MRI; Bartzokis et al., 2000) or positron emis-
sion tomography (PET) scans (Rapoport, 1999; Silverman et al., 2001), Alzheimer dis-
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ease is still not a laboratory or radiologic diagnosis but a clinical one, and even then a
diagnosis of exclusion (McCleary et al., 1996) and difficulty (Beck et al., 2000; Knopman
et al., 2000; Sternberg et al., 2000). This makes cross-cultural and international epide-
miologic studies difficult (Farrer, 2001), although behavioral and lifestyle correlations
have maintained support across geographic boundaries (White et al., 1996; Hendrie et al.,
2001). In some ways, we know more about what it isn’t than what it is. For example,
the mechanism of neuronal death is probably apoptotic (Dragunow et al., 1997) and may
be stochastic (Lipsitz, 2000). But although we know something of how b-amyloid
(Sopher et al., 1996; MacManus et al., 2000) and presenilins (Kim et al., 1997c; Kim
and Tanzi, 1997) trigger the apoptotic cascade, and despite an excellent theoretical frame-
work for the overall process (Tanzi et al., 1996; Mattson et al., 1998b; Mattson and
Pederson, 1998), there is no consensus on what triggers the amyloid abnormalities. It is
a disease in which much is known but little is understood. We have a good grasp of the
descriptive pathology at almost all levels. What is not understood is how various etiolo-
gies (genetics, viral and bacterial infections, diet, tobacco use, diabetes, vascular dis-
ease, toxin exposure, behavior) interact, if some do so (Debanne et al., 2000), to produce
Alzheimer disease.

What we do know is profound and represents a large body of knowledge. We know
much about the fine pathology, biochemistry, and genetics of this tragic disease. It is a
disease of gradual loss of intellectual (Elias et al., 2000) and personal function without
clear environmental, hormonal, nutritional, infectious, or vascular etiology (above dis-
cussion notwithstanding). It is irreversible and has no current therapy with significant
and accepted value.

Histology shows inflammation, neuronal loss (Price et al., 2001), especially of
cholinergic neurons (Henderson, 1996), areas of necrosis, neurofibrillary tangles (NFTs)
composed of tau proteins, and amyloid plaques throughout affected areas, largely fron-
tal and limbic structures. Curiously, our closest primate relatives, chimpanzees and or-
angutans, demonstrate b-amyloid deposition, but not the neurofibrillary tangles(Gearing
et al., 1994, 1997) and same pattern of substantial neuronal loss (Erwin et al., 2001)
common in human central nervous system aging and dementia. Moreover, in fly mod-
els, the tau protein and neurodegeneration occur without neurofibrillary tangles, which
suggests that such tangles are the outcome, not the cause of the pathology (Wittmann
et al., 2001). These and other findings have raised the issue of which effects are pri-
mary and which are secondary. More recent work (Gotz et al., 2001; Lewis et al., 2001)
suggests an interactive effect between the tau proteins and b-amyloid deposition, in which
tau tangles and aggregates are prerequisite to neurogeneration (Lee, 2001). There is an
apparent correlation between the level of tau protein expression in oral epithelial cells
and incidence of Alzheimer disease; whether this is constitutive or increases during the
disease process is unknown (Hattori et al., 2002).

Central to the human pathology is an aberrant metabolism of a protein, b-amyloid
(Naslund et al., 2000), whose precursor (Irizarry et al., 1996) is apparently cut inappro-
priately (Mayeux et al., 1999), aggregates, and becomes insoluble, forming plaques. The
mechanisms that control the truncation and aggregation of the precursor protein are
debated (Webster and Rogers, 1996; Leveugle et al., 1997; Lin et al., 2000b), although
the cleaving enzyme is increased in affected areas (Fukumoto et al., 2002). Whether
plaque formation is a primary or merely a secondary event remains arguable (Fowler
et al., 1997). Aberrant presenilins (Cook et al., 1996; Kovacs et al., 1996; Page et al.,
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1996) correlate with the pathology and genetics (particularly the early-onset familial
form) of the disease (Gomez-Isla et al., 1997; Seeger et al., 1997; Athan et al., 2001),
although their role is controversial (Xia et al., 1998). Likewise, neurofibrillary tangles
play a role (Kim et al., 1997b; Mattson and Guo, 1997; Stege and Bosman, 1999), at
least in early-onset familial Alzheimer disease, which accounts for approximately 10%
of all cases (Mattson et al., 1998a; McGeer et al., 1998). Interactions between estrogen
and presenilins may explain the putative protective effect of estrogen against Alzheimer
disease (Mattson et al., 1997b). Although the importance, even correlational validity,
of any relationship between presenilins and late-onset Alzheimer disease has been ques-
tioned (Romas et al., 2000), the presenilins may play a role in calcium homeostasis
(Leissring et al., 2000) and risk of ischemic neuronal damage in early-onset Alzheimer
disease (Mattson et al., 2000b).

Although the b-amyloid precursor protein is probably essential and beneficial to
normal neuronal and glial function, the altered form found in Alzheimer’s disease is
not (Mattson, 1997). Some investigators have even argued that the damage that occurs
in Alzheimer disease is a product of the decrease in the normally secreted b-amyloid
precursor protein and increase in A b-amyloid (Mattson and Pedersen, 1998). There is
evidence supporting the benefits of precursor proteins, whose release is activity-
dependent.b-Amyloid precursor modulates neurite growth, synaptic plasticity, and
neuronal survival and affects glucose and glutamate transport (Mattson et al., 1999b).

The normal precursor is beneficial (and its loss therefore part of the pathology).
There are genetic variants of the precursor that are pathologic (Nilsberth et al., 2001)
and A b-amyloid protein is cytotoxic (Sopher et al., 1994, 1996), not only in Alzheimer
disease but in other diseases, such as Down syndrome (Koudinova et al., 1999), and in
other cells, such as melanocytes (Yaar and Gilchrest, 1997; Yaar et al., 1997). This tox-
icity occurs through several mechanisms, including plasma membrane lipid peroxidation
(Joseph, 1992) and other membrane changes (Roth et al., 1995b), impairment of ion-
motive ATPases, glutamate uptake, uncoupling of a G protein–linked receptor, impair-
ment of glucose transport, and generation of reactive oxygen species (Mark et al., 1996,
1997; Mattson et al., 1999c). There is evidence (Bence et al., 2001) that the “clumped”
form of the protein is taken up by proteosomes, which normally degrade damaged pro-
teins, but the tangled strand then blocks the proteosome, putting it out of commission
(Helmuth, 2001). Even a slight degree of down-regulation in amyloid catabolism may
play a role in promoting Alzheimer’s, and numerous molecular pathways that may play
such a role have been explored (Mah et al., 2000; Iwata et al., 2001).

There is a genetic predilection in the 10% of the cases characterized as familial
Alzheimer’s (Tanzi et al., 1996; Blacker and Tanzi, 1998; Devi et al., 2000), in which
three gene abnormalities predominate: the amyloid precursor protein, presenilin 1, and
presenilin 2 (Harman, 2000). Expression of the apoE4 allele has been linked to Alzheimer
disease (Slooter et al., 1997; Mayeux et al., 1998) and, curiously, the same gene predi-
lection is found in the vascular dementias. Patients who are homozygous for this allele
have the highest risk (50% at age 90), heterozygotes have an intermediate risk, while
those lacking the allele altogether have a minimal incidence of Alzheimer disease
(Henderson et al., 1995). Rate of progression is not strongly correlated with the gene
dose (Corder et al., 1995). The lack of full penetrance in the homozygous patient im-
plies that the apoE4 allele is not solely determinant in Alzheimer disease (Zubenko et al.,
1996): there are other genetic (Dewj and Singer, 1999; Tang et al., 1998; Devi et al.,
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1999), racial (Green et al., 2002), behavioral (Stern et al., 1999; Wilson et al., 2002),
toxic (Merchant et al., 1999), physically traumatic, or environmental factors at work
(Tang et al., 1996b; Gun et al., 1997; Schofield et al., 1997). ApoE may not be a mere
genetic marker, but may play a direct role in the pathology of some forms of Alzheimer’s.
There is a metabolic link between apoE4 and b-amyloid precursor protein (Kounnas
et al., 1995). apoE4 is neurotoxic (Tolar et al., 1999), while apoE2 allele protects against
apoptosis induced by the lipid peroxidation product 4-hydroxynonenal (Pedersen et al.,
2000). The utility of genetic markers is in flux (Rosenberg, 2002), but they are already
in use clinically, with benefits and risks (Tanzi and Blacker, 2000).

Since the mid-1990s (Leveugle et al., 1995; McGeer and McGeer, 1995; Rogers
et al., 1996), inflammation in Alzheimer dementia has been brought to center stage
(Akiyama et al., 2000a; Halliday et al., 2000) and recent work supports inflammation
as being central to the etiology of Alzheimer disease (McGeer and McGeer, 1998b,
1999a; Tan et al., 1999), although with the same caveat regarding the primacy of cau-
sation (Eikelenboom et al., 1998). This caveat is undermined by the growing observa-
tions on the efficacy of anti-inflammatory compounds in treating or preventing the
disease (Broe et al., 2000). Moreover, and despite such caveats, the correlation (with
neuronal damage and decreased synapse density) is better for measures of inflamma-
tion than it is for b-amyloid deposition or neurofibrillary tangles (Lue et al., 1996), the
two classic correlates in Alzheimer pathology. The primary inflammatory cells within
the nervous system in general and in Alzheimer disease in particular are the microglial
cells (McGeer and McGeer, 1998d; Streit, 2000). Although found predominantly at the
periphery of the senile plaques and neurofibrillary tangles (Blain et al., 2000), we do
not know if this is because they lead or follow the neuronal damage, although animal
studies support the former (Hauss-Wegrzyniak et al., 2002; Jantzen et al., 2002). Curi-
ously, however, inflammation as exemplified by increased microglial expression of
interleukins and appears to trigger increased amyloid precursor protein synthesis in
astrocytes (Rogers et al., 1999), which suggests that inflammation may be upstream from
amyloid deposition in the cascade of Alzheimer pathology.

Microglia are activated by tissue damage, which results in macrophage recruitment
and debris clearance (Streit, 1994). Microglia, and to an extent astrocytes (Stege and
Bosman, 1999), play an active part in Alzheimer disease (Walker and Beach, 2002) and
may be involved in plaque formation (Stoll and Jander, 1999; Streit and Sparks, 1997).
But do the microglia cause Alzheimer dementia? Within the central nervous system, dam-
age triggers activation of astrocytes and microglia (Aschner et al., 1999; Streit et al., 1999),
and although each may play a central role in the cellular destruction, the core of Alzheimer
disease (McGeer and McGeer, 1998c), their roles may not be antagonistic. Perhaps pres-
ence of activated glia is merely a reaction (even a beneficial one) to the damage that begins
in the neuron (e.g., from advanced glycation end products; Li et al., 1998a) and not in the
glial cell. Although either explanation might suffice, data suggest that glia contribute to
the pathology (de Vellis, 2002; Walker and Beach, 2002). The same dilemma occurs with
regard to HIV dementia (Glass et al., 1995) and central nervous system lesions in simian
immunodeficiency virus (Zink et al., 1999a), in which the best correlation with clinical
disease and cell damage is not with the presence of viral DNA within the brain but with
the presence (and numbers) of macrophages. The recruitment of monocytes, the precur-
sors of macrophages, may be associated with the development of disease (Gartner, 2000),
but which is primary, cell destruction or the inflammatory cells?
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It remains unclear whether the inflammation is a trigger for the neuronal losses
and abnormalities of protein metabolism or whether it is merely a normal, though ap-
parently substantially damaging, response. The possibility remains that the bulk of the
damage is attributable to the microglia themselves (Tan et al., 1999), as occurs in other
diseases such as multiple sclerosis (Gehrmann et al., 1995; Trapp et al., 1999; Becher
et al., 2000). The microglia themselves are an increasing source of inflammatory
mediators in older human brains, particularly after exposure to amyloid-b peptide (Lue
et al., 2001; Brunden and Frederickson, 2002).

One possible mechanism for microglial damage is suggested by the role of glial
cells and particularly astrocytes in clearing glutamate at synapses (Lino et al., 2001; Oliet
et al., 2001), whose delayed clearance may play a substantive role in neural damage.
Perhaps the pathology is even a ping-pong ball effect in which an underlying neuronal
metabolic defect is tolerable until the microglial cells alter (senesce?), triggering inap-
propriate inflammation, which causes damage, which in turn increases glial activation,
etc. In this case, plaque formation may be only a by-product—a marker for but not a
cause of pathology (Stege and Bosman, 1999). One function of the microglia (Vekrellis
et al., 2000) is degradation of b-amyloid through insulin-degrading enzyme (IDE), a
function known to falter in Alzheimer disease (Bertram et al., 2000). This function is,
to a degree, shared by the neurons themselves and it remains unclear to what degree
this process and other potentially critical and similar microglia functions (Viel et al.,
2001) play a causal role in the pathology.

For whatever reasons, the usual reciprocal relationship between neurons and glia
is disturbed, contributing to neuronal damage and neurotoxicity (Aschner et al., 1999).
Curiously, this same cell lineage—the monocytes—plays a role not only in microglial
inflammation in Alzheimer dementia but as foam cells in atherogenesis, and osteoblasts
in osteoarthritis. The significance of this is unknown.

Some authors have suggested that, just as free radical damage may play a general
role in aging (Harman, 1999), perhaps corresponding to the accumulation of lipofuscin
in neurons, so too might free radicals play an equally important role in age-related dis-
eases, such as Alzheimer dementia (Benzi and Moretti, 1995; Lezza et al., 1999; Smith
et al., 2000d). This might be attributable not so much to the free radicals themselves as
to an age-related metabolic inability to compensate for and respond to such normal free
radical production and consequent cellular damage (Perry et al., 2000; Smith et al.,
2000b). Circumstantial evidence suggests that free radical damage plays a role (Atwood
et al., 1999; Huang et al., 1999a; Castellani et al., 2000), including mitochondrial ab-
normalities (Smith et al., 2000c), higher than normal oxidized proteins (Smith et al.,
1996b; Lyras et al., 1997), and oxidized RNA (Nunomura et al., 1999) and DNA
(Mecocci et al., 1994; Lyras et al., 1997). There is a correlational link between free
radical damage and b-amyloid deposition (Nunomura et al., 2000) as well as a corre-
lation with the cell cycle (Raina et al., 2000a, 2000b; Zhu et al., 2000b, 2000c). Cu-
riously, there are cell cycle–related proteins (e.g., cyclin-dependent kinases) whose
prevalence falls with age but is increased in Alzheimer disease patients compared to
that in controls (Zhu et al., 2000d).

Just as aluminum was once believed to play a central role in Alzheimer’s disease,
many have attempted to resuscitate a similar role for other metal ions, particularly tran-
sition metals such as copper or iron (Rottkamp et al., 2000; Smith et al., 2000c). Caloric
restriction appears to ameliorate many of the changes (Moore et al., 1995; Forster et al.,
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2000), as well as having a protective role for neurons and neural stem cells (Lee et al.,
2000b). This effect may be mediated through the corticosteroid stress response (Lee
et al., 2000c), although the protection is found in many cell functions (Guo et al.,
2000b).

The evidence for lipid peroxidation is less clear (Lovell et al., 1995; Lyras et al.,
1997), but growing (Keller and Mattson, 1998). If the overwhelming majority of free
radicals derive from faulty mitochondrial respiration, then the putative oxidative cause
of Alzheimer’s might be mitochondrial damage (Stephenson, 1996; Bonilla et al., 1999;
Wallace, 2000), perhaps induced by calcium shifts (Harman, 2000). It is even possible
that free radical damage may shorten neuronal telomeres (von Zglinicki et al., 2000a),
thereby causing subsequent neuronal changes. Telomeres playing a role or not, there is
an increase in mitochondrial DNA (mtDNA) deletions (Lezza et al., 1999) and dysfunc-
tion (Mattson et al., 1999c) in neurons from areas of pathology in patients with Alzheimer
dementia, lending credence to the role of free radicals (Brewer, 2000; Brewer and
Wallimann, 2000). In addition, there is a general association between damaged cyto-
chrome-c oxidase (the key enzyme in mitochondrial respiration) and neurodegeneration
(Shapira, 1996) as well as with mtDNA deletions and presbyacusis (Seidman et al., 2000).
It has even been suggested that these data fit nicely into the putative role of microglia in
releasing free radicals that thereby activate astrocytes and cause the cascade of inflam-
matory damage in Alzheimer disease (Schubert et al., 1998a, 1998b).

The Role of Cell Senescence

There is no direct evidence that cell senescence plays a role in the causation of Alzheimer
dementia. As in the case made for vascular etiologies of Alzheimer disease discussed
above, the extant data are consistent with a multiplicity of explanations, while exclud-
ing none. Models that use cell senescence as the central player in explaining the pathol-
ogy of Alzheimer’s are consistent, but difficult to support preferentially and difficult to
disprove. Although at the other extreme some workers have suggested that cell senes-
cence could not possibly play a role in aging and age-related diseases in the central
nervous system (since most neurons are not replaceable by the division of neural pre-
cursor cells), this theoretical stance is indefensible and unwarranted.

Inaccuracies require addressing. The criticism that neuronal precursors don’t di-
vide in the mature nervous system is factually false but pragmatically true. Although
neuronal precursor cells do divide in the adult brain (Cameron and McKay, 1999) and
might even have telomerase activity (Prowse, 2002), there is no evidence that neu-
ronal replacement plays enough of a role to cause discernable cell senescence. To the
contrary, in vivo measurements of telomeres from adult human donors with ages rang-
ing from 32 to 75 years showed no significant difference (p = 0.087) as a function of
donor age. This contrasts with a significant (p = 0.0001) correlation between telo-
mere length and in vivo aging in mitotically active cells (Allsopp et al., 1995). Neu-
rons (and neuronal precursor stem cells) don’t senesce or don’t senesce enough to
matter. There is, however, some indirect evidence that neurons found in Alzheimer
lesions might divide. Many neurons found in regions of Alzheimer disease brain have
an increase in a protein related to MORF-4, which may arguably indicate mitotic re-
entry (Raina et al., 2001).
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Overall, however, the issue of neuronal cell replacement is a straw man and should
be disposed of as inadequate for argument against cell senescence in aging nervous
systems. No one has argued that neuronal division plays a role in brain aging. No one
has ever suggested that neuronal senescence occurs; no one has ever gone on to suggest
that neuronal senescence could explain part of aging or central nervous system disease.
There have, however, been clearly stated proposals that glial or vascular endothelial cell
senescence occurs and can explain aging and age-related neuronal disease (Fossel, 1996).
Such models remain unproven but are consistent with existing data and cannot be dis-
missed absent such falsifying data.

It remains appropriate to clarify a model (neuronal, vascular, glial, or combined)
consistent with what we know of aging and central nervous system disease. What is the
model and how does it explain the clinical findings? Although (most) adult neurons don’t
divide, many glial and vascular endothelial cells do. Such cells, whether through in-
flammatory damage or vascular insufficiency, can logically be tapped as candidates for
the primary cause of neuronal pathology. For example, there is correlational evidence
that the telomere lengths of circulating monocytes can serve as an independent predic-
tor in at least vascular dementia (von Zglinicki et al., 2000b). mTERT is neuroprotective
in the developing murine nervous system and its lack may play a direct role in Alzheimer
disease (Fu et al., 2000b; Zhu et al., 2000a). This effect includes specific protection
against vulnerability to amyloid-b peptide–induced apoptosis. Curiously, at least in rats,
older neurons are more sensitive to the toxic effects of b-amyloid as well as of glutamate
and lactic acid (Brewer, 1998), apparently due to an age-related decline in neuropro-
tective mechanisms (Viel et al., 2001).

One cell senescence model of central nervous system aging might (but need not)
rely on vascular aging, another on microglial senescence. Primary endothelial cell
aging might reasonably explain atherosclerosis, microinfarct dementia, and chronic
ischemic changes within the central nervous system, especially in light of data that
demonstrate endothelial senescence in some vascular structures (Chang and Harley,
1995). One could perhaps go further and suggest (as discussed above) that secondary
vascular aging underlies Alzheimer dementia. Those who credit a vascular etiology for
Alzheimer disease remain distinctly in a minority. Cell senescence could be plugged
directly into a theoretical foundation for this vascular rationale. Vascular abnormalities
exist in Alzheimer disease and in most age-related neuronal diseases, but to assign cause
to correlation is irredeemably naive. Such vascular abnormalities may be merely sec-
ondary to the neuronal damage, or vascular and neuronal damage may be secondary to
another, yet unspecified, more fundamental process.

Such a more fundamental process could easily involve cell senescence, but in
the microglia rather than in endothelial cells. A cell senescence model might explain
Alzheimer dementia without primary vascular involvement. Although there is good
evidence that glial cells change with age, we must bear in mind two caveats. The first
is that the linkage to cell senescence remains merely circumstantial. The second is that
there is no evidence that such putative senescence necessarily causes the observed neu-
ronal changes that we wish to explain.

Microglia have been implicated in the inflammation that occurs early in Alzheimer
pathology (Lemke et al., 1999), but we have thus far been technically unable to mea-
sure glial senescence in vivo, although there are indirect indicators that astrocyte cell
division may be accelerated in Alzheimer disease (Schipper et al., 1993). The theory
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that cell senescence lies at the heart of the pathological cascade of events that results in
Alzheimer’s is consistent with known data, parallel with what we know of age-related
diseases in other tissues, and even elegant but unproven.

Glial cells not only divide but are crucial to neuronal function and indeed to neu-
ronal survival. Glial cells change with age, paralleling their likelihood of accumulated
cell divisions and hence of cell senescence. Glial cells mediate normal synaptic remod-
eling and are involved in the substantial loss of synaptic connections that occurs (Nichols,
1999). Even minor disturbances in the central nervous system homeostasis, particularly
neuronal injury, can trigger microglial activation, in which the neuroglial relationship
changes dramatically. Activated microglia divide, change in morphology, and alter their
cell surface receptor expression and their production of growth factors and cytokines
(Streit, 2000). They show a corresponding change in their overall pattern of gene ex-
pression (Becher et al., 1996; Matsuo et al., 1996; Williams et al., 1996), becoming
central agents in inflammation. That they are players in neuronal damage is no longer
arguable, but whether they are the primary cause, simply caught up in the action, or, on
balance, a beneficial response team is open to reasoned argument (Stoll et al., 1998).
One possibility is that, though initially acting as buffers to neuronal damage, a point
comes at which their ability to respond is simply overcome and microglia then “add to
neuronal damage by the release of nitric oxide (NO) and by promoting toxic b-amyloid
formation” (Schubert et al., 2000).

Secreted or intracellular transcription factors, such as tumor growth factor beta
(TGF-b), tumor necrosis factor alpha (TNF-a), activity-dependent neurotrophic factor
(ADNF-9), basic fibroblast growth factor (bFGF), transcription factor nuclear factor
kappa B (NF-kB), and soluble b-amyloid precursor protein (b-APP) protect neurons
against excitotoxic, metabolic, and oxidative insults (Guo and Mattson, 2000b; Mattson
et al., 2000a). Microglial senescence, causing or prompted by inflammation, will change
gene expression and alter the neuroglial interaction. As these intracellular conditions
change, the altered pattern of secretion and altered cellular actions of TGF-b and TNF,
coupled with the inappropriate truncation and insolubility of b-amyloid, may lead to
neuronal and glial damage, culminating in neurodegenerative disorders (Mattson et al.,
1997a).

The incidence of microglia activation correlates with chronologic age, but this does
not imply a particular causation. Age-related microglial activation may be merely the
secondary result of (increasingly likely) age-related neuronal disease that triggers such
activation. It may equally be due to primary intrinsic changes within the glia themselves,
such as cell senescence due to cell division and telomere shortening. It is interesting to
note that microglial activation is more prominent in patients with known atherosclero-
sis than in those without disease (Streit and Sparks, 1997).

Other glial cell types, such as astrocytes, activate. Activated astrocytes hypertro-
phy, surround neurons, and are more likely to express glial fibrillary acidic protein
(GFAP). Microglia not only activate but demonstrate increased numbers of specific
microglial subsets (e.g., perivascular microglia) likely to be phagocytic and secrete
TGF-b1 (Nichols, 1999). Cellular adhesion molecules (selectins, immunoglobulins, and
integrins) found on the endothelial cells of brain capillaries change with age, and some of
the same changes occur on the adhesion molecules of activated astrocyte and activate
microglial cells. Activated microglia secrete low–molecular weight neurotoxins, oxidized
lipids, neurotransmitters, and cytokines (Bruce-Keller, 1999; Bacon and Harrison, 2000;



NERVOUS SYSTEM 237

Blain et al., 2000). To a degree, this process parallels that found in multiple sclerosis, in
which microglial cells attack neurons (Gilden, 2001), suggesting a parallel to the pa-
thology of Alzheimer dementia (Lee and Benveniste, 1999). A similar involvement of
glial cells in the neuronal destruction has been found in AIDS dementia (McArthur et al.,
1999; Miller and Meucci, 1999; Zink et al., 1999b).

Alzheimer disease, then, may be a process in which senescing microglial cells
become activated and trigger severe inflammatory changes, culminating in neuronal
destruction. This model is based largely on the microglial-inflammation work of the
McGeers (McGeer and McGeer, 1999a). Microglia attack the plaques and neurofibril-
lary tangles, but go on to secrete toxins that not only destroy their intended targets—
damaged neurons—but healthy cells. The result is a “feed forward” phenomenon, a
vicious cycle that irreversibly damages neural tissue (Jones, 2000) and propagates fur-
ther cell destruction. Theoretically, microglial cell senescence underlies the microglial
activation that causes Alzheimer disease. Microglial senescence results from cell divi-
sion and is probably driven by multiple, unknown factors, including viral infection, toxic
damage, genetic predisposition, endocrine changes, and vascular aging. Glial cells di-
vide, senesce, and alter their gene expression into a pattern with profound neuropatho-
logical results and severe clinical morbidity.

The activated microglia and astrocytes increasingly synthesize and secrete comple-
ment proteins, complement inhibitors, eicosanoids, cytokines (Marx and Blasko, 1999;
Luterman et al., 2000), acute-phase reactants, proteases, protease inhibitors (McGeer
and McGeer, 1998b), free radicals, nitric oxide, and arachidonic acid derivatives (Fawcett
and Asher, 1999). Many components are not only typically found in the cerebral amy-
loid plaques in Alzheimer dementia but have been suggested as triggers for further
b-amyloid synthesis, again initiating further pathology. Equally, microglial cells have
been shown to degrade b-amyloid protein (Qiu et al., 1998). Microglial senescence may
simply result in the passive accumulation of b-amyloid, without regard for direct micro-
glial inflammatory damage (Marx and Blasko, 1999), for example, by down-regulation
of neprilysin (Iwata et al., 2001), which plays a prominent role in amyloid catabolism
or effects on the proteosome (Bence et al., 2001). If the degradation is impaired in the
putatively senescent glial cells of patients with Alzheimer dementia, this alone might
account for the increased susceptibility of older neurons (Brewer, 1998) and, indeed,
the human clinical pathology. In short, there are multiple hypotheses—each consistent
with what little we know of the pathology—that might account for Alzheimer disease
as the outcome of microglial cell senescence. We may rule many out with good data,
we cannot rule them out with poor theory.

A curious parallel to Alzheimer disease is seen in Down syndrome (Takashima,
1997; Soliman and Hawkins, 1998a, 1998b; Petronis, 1999). The two diseases share
many of the same pathologic features (de la Monte, 1999; Sawa, 1999; van Leeuwen
and Hol, 1999), though there are clear differences (Fonseca et al., 1999; Nagy, 1999).
From the standpoint of cell senescence, the similarities are remarkable because patients
with Down syndrome have accelerated immune senescence (Cuadrado and Barrena,
1996) particularly in lymphocytes, potentially the same cell lineage as microglia. Em-
bryonic development of microglia from patients with Down syndrome is aberrant and
microglia show atypical proliferation compared to astrocytes (Wierzba-Bobrowicz et al.,
1999). This may explain the correlation between telomere shortening and Alzheimer’s
status in aging humans (Panossian et al., 2003).
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The case for Alzheimer disease as the result of senescing cells is conceptually ef-
fortless and a good fit for the pathology; the case for Parkinson disease is a less elegant
match. The pathology is not only more anatomically discrete (e.g., neurons of the sub-
stantia nigra) but perhaps more discrete in cellular location. The pathology is appar-
ently the result of intracellular processes, although local gliosis does occur. The
early-onset form is probably an autosomal mutation; later forms may be due to mul-
tiple genetic factors (Martin et al., 2001; Scott et al., 2001; Spillantini and Goedert,
2001). In any case, mutation of the genes for parkin, a-synuclein, or ubiquitin car-
boxyl-terminal hydrolase result in accumulation of protein inclusions containing
a-synuclein and ubiquitin, probably through a common pathway of impaired clearance
of glycosylated a-synuclein (Shimura et al., 2001). Cell senescence is not incongru-
ous to this pathology, but Occam’s razor might suggest we wait for further evidence
of glial involvement before invoking it as an explanation for Parkinson disease.

Cell senescence offers a conceptually broad, clinically enticing, and logically con-
sistent explanation for Alzheimer disease and central nervous system aging. Whether it
is true remains unproven. The synopsis of the model is simple. As in other organ sys-
tems, multiple factors (e.g., toxins, trauma, infectious agents, genetic risk factors) in-
duce accelerated cell division in a critical cell line, in this case the microglia. As a result,
the microglia undergo cell senescence with consequent changes in their pattern of gene
expression. This induces direct microglial and indirect neuronal dysfunction that result
in neuropathology. The direct changes involve microglial activation with changes in
the pattern of neurotrophic secretion, amyloid processing, and inflammation. The indi-
rect changes involve neuronal dysfunction in amyloid processing and an increased like-
lihood of neuronal apoptosis. These processes result in neuronal destruction, amyloid
deposition, and other hallmarks of Alzheimer disease, correlating with clinical outcome.

Intervention

Chief among our fears of aging is the fear of losing ourselves. Our fear of ending our
lives with a “brain of feathers and a heart of lead” (Alexander Pope, from Beck, 1968,
p 413), has prompted a wide search for therapies, often based more on hope than on
knowledge. Not only are the human costs high, but increasingly we have come to real-
ize that there are social and financial costs to Alzheimer dementia (Fillit and Cummings,
2000; Taylor and Sloan, 2000). After neuronal death (as opposed to transient ischemia,
inflammatory reactions, and swelling), and despite often impressive behavioral “rewir-
ing,” neurologic damage is characterized by its finality. Although we have so far had
almost no impact on the course of the disease (Cummings and Cole, 2002) and cannot
expect to undo the damage that has already occurred in the brain of a patient with
Alzheimer dementia, we can expect to prevent such damage (Mattson, 2000a), particu-
larly by targeting our interventions toward those who are at highest risk, based on ge-
netic and other risk factors (Post, 1999). As might be expected, the usual interventions
that affect aging may affect the onset of age-related diseases in the brain. Caloric re-
striction, for example, is neuroprotective, at least in rats (Bruce-Keller et al., 1999; Guo
et al., 2000b; Lee et al., 2000b) and mice (Zhu et al., 1999a). Caloric restriction may be
prudent for humans (Mattson, 2000b). Drugs that mimic caloric restriction may like-
wise have potential clinical value (Mattson, 2000c).
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One recurrent and controversial contender for prophylactic (or even therapeutic)
intervention for Alzheimer dementia has been estrogen therapy (Fillit et al., 1986;
Henderson et al., 1994; Friedrich, 2002b). The original observation was perhaps based
on the unremarkable fact that women didn’t tend to get Alzheimer disease until after
menopause. This was more a prosaic marker of getting old than a cause of age-related
disease, but other data supported the possibility that estrogen was no mere correlational
bystander in the pathology of dementia. For one thing, women are two to three times as
likely to get Alzheimer disease as men (Brinton, 1999). More to the point, women who
undergo surgical menopause were likely to demonstrate cognitive dysfunction and this
dysfunction responded to estrogen replacement (Henderson et al., 1996b). In twin studies,
those who had had a hysterectomy tended to develop Alzheimer disease earlier than did
the twin who had not had a hysterectomy (Nee et al., 1999). Intriguingly, the common
neuroanatomic sites of Alzheimer pathology matched the sites of estrogen receptors
within the brain (Maruyama et al., 2000). There is no significant evidence, however,
that a longer reproductive period and later occurrence of natural menopause is protec-
tive against Alzheimer dementia (Geerlings et al., 2001).

Assuming (as literature suggests) that estrogen does have a prophylactic (if per-
haps not therapeutic) role in Alzheimer disease (Zandi et al., 2002), and despite what
we know of estrogen and estrogen receptors (Cyr et al., 2000), its putative mechanism
and optimal use (Resnick and Henderson, 2002) are unclear. It has been variously sug-
gested that estrogen is a neuronal growth factor for specific estrogen-responsive neu-
rons, has protective effects on cerebral vasculature, or slows free radical production
(Fillit, 1995). It has shown interactional effects with gender (or at least estrogen levels),
b-amyloid, and apolipoprotein E (Henderson, 1997; Stone et al., 1997; Bretsky et al.,
1999). It may offer protection against the altered glucocorticoid response in aging hippo-
campal neurons (Sapolsky, 1992; Kudielka et al., 1999; Lupien et al., 1999). Most in-
triguing, in light of the likely role of microglia in Alzheimer disease, are data confirming
the potent effects of estrogens upon cell activation (Bruce-Keller et al., 2000) and their
pattern of gene expression (Mor et al., 1999).

Estrogen has a neurotrophic and neuroprotective role (Wise et al., 1999), although
it can equally induce apoptosis (Nilsen et al., 2000). Estradiol, for example, has a pro-
tective effect in cerebral ischemia (Dubal et al., 1998), apparently decreasing cell death
by preventing ischemia-induced down-regulation of Bcl-2, a proto-oncogene known to
promote cell survival in many tissues (Dubal et al., 1999). In trophic effects, estrogen
appears to maintain dendritic spines, help synapse formation, increase the secretion and
metabolism of amyloid precursor protein, and protect neurons from toxins (Maruyama
et al., 2000). It prevents cognitive and memory losses (perhaps through NGF-responsive
cholinergic neurons in the basal forebrain), but the specific role of estrogen in Alzheimer
disease is less clear (Thakur, 1999), unless it is mediated via the microglia (Mor et al.,
1999).

Initial clinical work suggested that estrogen might be used prophylactically and
large-scale studies supported these initial findings (Paganini-Hill and Henderson, 1996;
Tang et al., 1996a). Estrogen supplementation even appeared to have some clinical
benefits after onset of Alzheimer symptoms (Fillit, 1995; Schneider et al., 1996). This
observation suggested that, while the processes underlying Alzheimer disease might be
genetic, its disease expression and therefore its therapy might be endocrinological. Recent
data have been more equivocal (Mulnard et al., 2000; Zandi et al., 2002); in some cases
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this may be due to differing patient groups, lack of standardized testing protocols
(Doraiswamy et al., 1997), differences in the dose, route, or particular estrogen chosen
(Palacios et al., 2000), or other methodological limitations (LeBlanc et al., 2001;
Resnick and Henderson, 2002). However, women using estrogen demonstrate increased
central atrophy (as measured by an increase in ventricular size seen on MRI) as com-
pared to nonusers (Luoto et al., 2000), paralleling findings in rats (Marriott et al., 2002).
The human data might be attributable to vascular disease, rather than pathology due to
Alzheimer’s, and may additionally represent a selection bias in those who chose to use
estrogen for protection in the face of early clinical symptoms, thus biasing the result.

Overall, measures of specific cognitive skills show some improvement in Alzheimer
patients who are given supplemental estrogen (Henderson et al., 1996b) and estrogen
appears to improve the response to other Alzheimer therapy, such as tacrine (Schneider
et al., 1996), perhaps by boosting serum levels (Laine et al., 1999). A placebo-controlled,
double-blind pilot study of transdermal estrogen patches (Asthana et al., 1999) found
initial improvement in cognitive scores among the treatment (and not the control) group
and these benefits diminished when estrogen was withdrawn. Enhancement in verbal
memory correlated with plasma estradiol. Subsequent double-blind clinical trials, how-
ever, found no short-term benefits from estrogen supplementation for the symptoms of
Alzheimer disease (Henderson, 1997; Henderson et al., 2000a) or disease slowing over
a 1-year period (Mulnard et al., 2000). Even if confirmed, however, on the one hand
these results do not rule out longer-term, higher-dose, or prophylactic effects of such
supplementation. On the other hand, such recent double-blind, randomized, placebo-
controlled designs do not offer support for estrogen as a therapy.

Generally, Alzheimer disease is a “Humpty Dumpty phenomenon” (Fossel, 1996)
in which the impressive complexity of the nervous system is irremediably abrogated
and cannot be resurrected by, even theoretical, intervention. Even if this (realistic or
pessimistic) evaluation is correct, it does not restrict optimism. There remain the issue
of prophylactic therapy and therapies that might effectively slow or stop disease once
diagnosed. In short, the probable inability to reverse the existing damage of Alzheimer
disease does not prevent us from stopping further damage.

Studies support the notion that estrogen replacement is effective in stopping progress
of Alzheimer disease. Estrogen appears to protect against memory decline and cogni-
tive loss in nondemented women (Resnick et al., 1997). This finding is not only con-
firmed by neuropsychological tests of figural and verbal memory but by matching
findings in the activation of specific brain regions as measured by PET activation
(Resnick et al., 1998). These clear effects of estrogen on the altered blood flow in aging
patients recall our earlier question of a possible vascular role in Alzheimer disease, but
do not allow us an easy answer. Although studies support the efficacy of estrogen supple-
mentation in reducing the prevalence, degree, or progress of Alzheimer disease, they
beg the issue of relative risk (Baldereschi et al., 1999). Estrogen is effective because it
does have dramatic and widespread effects on gene expression and cell function. Its
potency is part of its danger. To the extent that there is consensus that it may decrease
the risk of Alzheimer disease and atherosclerosis, there is an equal consensus that it may
increase the risk of cancer, particularly ovarian (Rodriguez et al., 2001) and breast (Chen
et al., 2002a) cancer.

Although estrogen has been in the therapeutic limelight, there are other interesting
therapeutic approaches. These include acetylcholinesterase (or butyrylcholinesterase)
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inhibitors (Nordberg and Svensson, 1998; Krall et al., 1999), including donepezil,
rivastigmine, selegiline, metrifonate, physostigmine, eptastigmine, huperzine (Cheng
et al., 1996), tacrine, and galantamine (Medical Letter, 2001b). Many agents, such as
galantamine (Rockwood et al., 2001), have shown positive but unremarkable results (e.g.,
Tariot et al., 2001). This reflects two severe theoretical limitations. Cholinesterase in-
hibitors and similar interventions attempt to increase the generic effects of the remain-
ing relevant neurotransmitters without regard to fine signaling effects, i.e., they raise
the volume of the neural signal without regard for the information content. The second
limitation is that such approaches do nothing for the continuing damage, but constitute,
at best, a tragic and ineffective holding action, having only modest benefits (Trinh et al.,
2003) and not altering progression of the disease (Medical Letter, 2000c; Sramek et al.,
2001). Closing the barn door after the horse is gone is the less preferable therapeutic
intervention than prevention or intervention in fundamental causes. A compilation of
objective reviews (Warner and Butler, 2000) of the efficacy of drugs for Alzheimer
dementia suggests that some drugs are effective (donepezil, rivastigmine, and selegiline),
while others probably are not (tacrine). Ginkgo biloba has not lived up to early claims
that it enhanced memory (Solomon et al., 2002). Melatonin has attracted attention
(Pappolla et al., 1998a, 1998b) as a result of early clinical reports (Brusco et al., 1998).

Far more promising is the work with anti-inflammatory agents (Broe et al., 2000),
in line with the suggestion that inflammation (Nilsson et al., 1998; Antel and Owens,
1999), particularly microglial activation, underlies the progressive neuronal damage
(McGeer and McGeer, 1999b; Halliday et al., 2000). Certain nonsteroidal, specifi-
cally anti-inflammatory, agents have shown some degree of efficacy, such as dapsone,
ibuprofen, indomethacin, naproxen, and rofecoxib (and other cyclooxygenase-2
[COX-2] inhibitors), perhaps through the COX-2 system known to play a role in the
microglial immune response (Aloisi et al., 2000b). Dapsone has been used previously
in treating leprosy. Curiously, leprosy patients treated with such drugs had half the
incidence of Alzheimer disease of normal patients (McGeer and McGeer, 1999a; Jones,
2000). Initial work with HMG-CoA reductase inhibitors (statins) suggests that these
agents may work to reduce the risk of Alzheimer’s disease (Jick et al., 2000; Wolozin
et al., 2000), probably by modulating immune function (Kwak et al., 2000).

The hypothesis is supported by several studies, although most are relatively small.
Indomethacin appears to halt the progressive memory loss seen in Alzheimer’s (McGeer
and McGeer, 1999a) and at least 20 epidemiological studies suggest that anti-inflammatory
drugs may have beneficial effects on the clinical course of Alzheimer disease (McGeer
and McGeer, 1998b). Some studies have suggested that aspirin and other drugs that
selectively inhibit only the COX-1 arm of the inflammatory process offer little clini-
cal protection despite the association of COX-1 expression with the pathology of
Alzheimer disease (Yermakova et al., 1999). Other work, however, suggests that anti-
inflammatory medications, including aspirin, offer at least some generic protection even
at low doses (Broe et al., 2000).

Cyclooxygenase is expressed in the brain as COX-1 (the constitutive form) and
COX-2 (the inducible form), and although there are differences between cells, it remains
unclear which cell types express which form (Walker and Beach, 2002). COX-1 inhibi-
tors may interfere with only a portion of the inflammation caused (but not expressed)
by microglia and clinical data show them to be ineffective in reducing the formation of
senile plaque and neurofibrillary tangles (Blain et al., 2000). There is, however, a reduced
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risk of Alzheimer disease in patients taking nonsteroidal anti-inflammatory drugs
(NSAIDs), which inhibit COX-1 and COX-2 (Blain et al., 2000; Broe et al., 2000). Since
COX-2 appears to be the more effective intervention and since the side effects of
COX-1 drugs are less acceptable (particularly gastrointestinal bleeding), studies have
narrowed in on the newer selective COX-2 inhibiting agents, such as rofecoxib (Vioxx)
and celecoxib (Celebrex). This is consistent with the pathology: COX-2 expression is
up-regulated within the hippocampus and cortex in Alzheimer disease (Lipsky, 1999)
and in the immune response of microglial cells (Aloisi et al., 2000b), and is preferen-
tially expressed in the brain compared to the COX-1 isoform (Medical Letter, 2000a).

The complexity of the immune damage may be a blessing in disguise, as it sug-
gests multiple points of therapeutic intervention, such as the complement system
(Webster et al., 1997; McGeer and McGeer, 1998a), microglial activation, cytokine
function (Venters et al., 1999), and other components of the inflammatory process in
the brain (Nilsson et al., 1998; McGeer and McGeer, 1999a; Akiyama et al., 2000a).
Indeed, the complexity of the entire pathology, while daunting, is equally inviting thera-
peutically. There are a plethora of specific molecular targets including prostate apoptosis
response-4 (Par-4; Mattson et al., 1999a) and caspases (“bad guys”) and dozens of neu-
rotrophic factors and stress proteins (“good guys”) that might provide therapeutic le-
verage (Mattson et al., 1999c). There is even a separate literature on viral (Dobson and
Itzhaki, 1999) or chlamydial infections (Balin et al., 1998) that have periodically been
presumed to increase the risk of Alzheimer disease; antibiotics have therefore been
suggested as having a direct effect on the cascade of pathology (Howlett et al., 1999) or
indirect effects by preventing such infections. Infectious agents may play a role, but
data are meager (Renvoize et al., 1987; Nochlin et al., 1999; Gieffers et al., 2000).

To date, however, the attempts to use such trophic factors have been less than prom-
ising. Although cortical insulin-like growth factor declines by more than a third with
age (Niblock et al., 1998) and is correlated with declines in cortical vascular density
(Sonntag et al., 1997), the use of IGF-1 therapeutically in rodents has no effect on loss
of sensorimotor function (not Alzheimer disease) that occurs (Markowska et al., 1998).

Other non-estrogen steroids, specifically glucocorticoids, have been considered
therapeutic candidates, as they play a role in inflammation and have been used for de-
cades as potent anti-inflammatory agents. They regulate the interactions between glia
and neurons and have profound effects on glial gene expression (Tanaka et al., 1997),
including GFAP, TGF-b1 (Nichols, 1999), prostaglandins, and nitric oxide (Minghetti
et al., 1999). Unfortunately, long-term clinical use of glucocorticoids has overwhelm-
ing side effects and increasing morbidity and mortality. If anything, circulating gluco-
corticoids contribute to, rather than lowering the risk of, the early onset of Alzheimer’s
disease (Lupien et al., 1999), perhaps especially in the face of estrogen decline (Kudielka
et al., 1999). This field has been reviewed extensively and thoroughly by Sapolsky
(1992), whose thesis contradicts suggestions that glucocorticoids might be used thera-
peutically in this venue. On the basis of numerous lines of argument and independent
bodies of data, he suggests that the lifetime integral exposure to glucocorticoids may be
a cause of age-related neuronal loss (Sapolsky, 1999). Suggestions that glucocorticoids
might have a beneficial role are likely naive and at odds with Sapolsky’s clear formu-
lation. At least in rats, lower corticosteroids may restore adult production of hippocampal
granule neurons, a finding suggesting that the memory problems associated with high
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corticosteroids result from impaired granule cell replication in the dentate gyrus
(Cameron and McKay, 1999).

A different approach altogether has come from the observation that heparin ap-
pears to play a role in truncation of the b-amyloid precursor protein (Leveugle et al.,
1997). Low–molecular weight heparin has therefore been suggested as a potential thera-
peutic agent (Leveugle et al., 1998). Similarly, there has been extensive interest in using
dietary antioxidants, specifically and especially tocopherols, to delay or prevent
Alzheimer dementia (Pitchumoni and Doraiswamy, 1998; Morris et al., 2002c). Although
some data implicate a protective effect of antioxidants on some age-related brain changes
(den Heijer et al., 2001) and specifically for Alzheimer disease (Engelhart et al., 2002;
Morris et al., 2002b), the effects of higher antioxidant levels are not overwhelming clini-
cally (Mendoza-Nunez et al., 1999; Foley and White, 2002) or even in terms of lipid
peroxidation levels (Meagher et al., 2001). Our knowledge regarding antioxidant effi-
cacy is minimal. With use of tocopherols at least, side effects are also minimal. While
many recommend against tocopherol supplementation (Fitzgerald and Meagher, 2001),
clinical recommendation based on judicious assessment of the relative risks, benefits,
and efficacy is open to argument.

Cell senescence therapy, while perhaps theoretically offering clinical benefits in
preventing Alzheimer disease (Fu et al., 2000b; Mattson, 2000a; Zhu et al., 2000a),
remains an unlikely therapy, given our current methods of delivery. Telomerase trans-
fection is feasible in vitro, but Alzheimer disease is a clear example of a complex, inter-
actional, and in vivo disease. In Parkinson disease, where the pathology is slightly more
selective anatomically and biochemically than in Alzheimer disease, initial trials of
lentiviral vectors to deliver neurotrophic factor to rhesus monkeys suffering from a
Parkinson-like disease are promising (Kordower et al., 2000). For the same reasons of
relative selectivity, grafting of fetal tissue (Brundin et al., 2000; Friedrich, 2002a) or
neuronal stem cells (Kempermann et al., 1998) has more to offer to the Parkinson than
to the Alzheimer’s patient.

Although it would be interesting to transfect donor microglia from elderly patients
in vitro, measuring alterations of gene expression with specific attention to inflamma-
tory patterns, such clinical material (live glial cells from healthy elderly patients who
die suddenly or who donate pathology specimens from neurosurgical procedures) is rare.
In vivo transfection technology is in its most juvenile phases, no matter what the organ.
The brain, enclosed in its bony skull, offers no current practical approach to transfec-
tion for the estimated 100 billion cells of the brain at risk in the elderly patient. The
only cell senescence approach that might profitably be attempted would be to use a
telomerase inducer. None are available.

Nonetheless, there are grounds to suspect that telomerase therapy might have bene-
ficial effects. Given the apparent role of telomerase in protecting against amyloid-b
peptide neurotoxicity (Fu et al., 2000b; Zhu et al., 2000a) and the correlation between
T-cell telomere length and Alzheimer status (Panossian et al., 2003), there is a clear reason
to try such delivery. On theoretical grounds, we might equally posit a beneficial but more
indirect effect on microglia, preventing cell senescence and effecting a useful clinical
pattern of gene expression. On experimental grounds, we might point out that the apoptosis
that occurs in Alzheimer disease might respond handily to telomerization. Elevated
telomerase protects pheochromocytoma cells against apoptosis and mitochondrial



244 THE AGING ORGANISM

dysfunction (Fu et al., 1999, 2000b), which may play a role in the etiology of Alzheimer
disease (Mattson et al., 1999c).

Therapeutic intervention in Alzheimer disease is at that curious point where there
is little to offer but profound and realistic anticipation that new and effective agents will
soon be forthcoming. There are promising avenues that deserve clinical trials. Animal
(Cummings et al., 1996), or better, experimental animal models of Alzheimer disease
(Fisher et al., 1991; Wirak et al., 1991; Tanzi, 1995; Pedersen et al., 1999) and micro-
glial screens for anti-inflammatories (Lombardi et al., 1998) will accelerate understand-
ing and effective testing. Transgenic models may allow better understanding of genetic
causes (Price et al., 1998; Guenette and Tanzi, 1999; Gotz et al., 2001; Lewis et al., 2001).
Our understanding of secretases and proteases that control amyloid precursor protein
offers several potential therapeutic targets (Esler and Wolfe, 2001). Putative vaccines
show promise, although ultimate clinical utility is uncertain (Helmuth, 2000). Although
we may never have much to offer those who have already suffered the ravages of
Alzheimer dementia (Rapoport, 1999), we are likely to have effective prophylactic agents
that can retard or prevent the progression of the disease. These agents will have not only
medical and even financial benefits (Fillit et al., 1999a, 1999b; Gutterman et al., 1999)
but also immeasurable human benefits.
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C H A P T E R 14

Kidneys

Structure and Overview

The primary function of the kidney is, simplistically, filtration of blood and maintenance
of serum electrolyte homeostasis (sodium, potassium, chloride, magnesium, etc). An
accurate but insufficient appraisal, the kidneys are also instrumental in modulating blood
pressure (via renin secretion and its effects on the renin–angiotensin system), signaling
the marrow to increase erythrocyte production (via erythropoetin secretion), activating
vitamin D (with consequent effects on calcium and phosphorus metabolism), and filtra-
tion of molecules other than the standard electrolytes, such as creatinine, metabolic
wastes, endogenous and exogenous toxins, and excess serum glucose.

To grasp the essential importance of renal function, consider the clinical conse-
quences of renal failure. Acutely (within hours to days), the patient suffers from the
retention of water (with secondary congestive heart failure, respiratory failure, and gen-
eral body edema), potassium (with acute secondary risk of fatal cardiac events), and
metabolic waste products (urea, creatinine, etc). In chronic renal failure (within weeks
to months), even with regular hemodialysis, the red cell count (hematocrit) falls and
patients can become critically anemic, although usually the body establishes a new
baseline about half to two-thirds of the normal cell count. Risk of infection climbs and
patients becomes chronically fatigued, often despite otherwise adequate dialysis.

The kidneys consist of a pair of symmetric organs, each with an arterial supply, a
venous drainage system, and a central collecting system that joins in a funnel-shaped
“pelvis” that becomes the ureter, draining urine to the bladder. Functionally, the kidney
is composed of millions of nephrons, a unit that includes a glomerulus, its associated
tubules, and a complex vascular investment. Blood enters the kidney, distributes into
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smaller arterioles, and enters small vascular tufts (the glomeruli) in which fluid is forced
into the collecting tubules, while cells and most proteins are retained. Approximately
20% of fluid volume is removed from the blood entering each glomerulus. This fluid
is an ultrafiltrate of plasma, including phosphates, creatinine, uric acid, urea, and some
albumin, though seldom larger protein molecules. The filtrate is then passed down
and back up a set of parallel tubules that form a counterexchange mechanism that
permits reacquisition of most of the fluid (slightly more than 99%, in the normal
young kidney) and necessary plasma components, while leaving waste products and
excess molecules in the final collected urine. Appropriately, the composition of the
urine, and the definition of “excess,” depends on the current needs of the body, for it
is the actively fluctuating nature of urine composition that permits responsive homeo-
static maintenance of molecular concentrations within the blood. Reabsorbed mole-
cules commonly include amino acids, proteins, ascorbic acid, and others that the body
can, as a general rule, ill afford to lose and replace. The resultant urine reflects
moment-to-moment changes within the blood and integrated physiological needs of
the body.

The renal parenchyma comprises a few major cell types, each of which has been
subdivided into more specific cell subtypes. The majority of cells are derivatives of
vascular endothelial cells or the visceral epithelial cells that form the urinary collecting
system. This generalization hides a high degree of specialization, but only a modicum
is pertinent to our discussion of age-related changes in the kidney and its function. For
example, within the glomeruli, the epithelial cells that line the collecting portion and
are in close contact with the vascular epithelial cells have been transmogrified into
“podocytes” (Pavenstadt, 2000). These cells resemble cellular octopuses. They have
multiple branching and rebranching arms that tangle themselves among similar arms
from other podocytes and form (the aquatic analogy fails us) contractile foot processes
separated only by tiny (about 250 Å wide) filtration slits. Blood entering the glomeru-
lus flows through successively finer filters: first the endothelial fenestrations and even
smaller pores that lie between the vascular endothelial cells, then a charge-selective
(Pavenstadt, 1998) basement membrane (the lamina interposed between endothelial cells
and podocytes) and, smallest of all, the filtration slits maintained between the smallest
podocyte processes (Endlich et al., 2001).

In the context of mechanisms of renal aging, it is critical to recognize that this
tissue is dynamic (Bloom and Fawcett, 1975). Renal tissue is in flux, continually turned
over, responding to the changing ability of constituent cells to produce and secrete
membrane proteins, form processes, and replace lost cells. Basement membrane, for
example, is continually renewed in young kidneys. Entrapped particles and molecules
(usually those over 100,000 molecular weight) do not long remain within the proteina-
ceous structure, where collection might potentially impede further filtration or result
in dysfunction. This thin (0.1–0.15 <mm) membrane is made up of protein filaments
within a glycoprotein matrix and is the only continuous layer between the vascular
and urinary compartments of the nephron. Several proteins play a role in maintaining
the slit diaphragm (Tryggvason and Wartiovaara, 2001) including nephrin, the pri-
mary functional protein component in filtration slits (Khoshnoodi and Tryggvason,
2001). Collagen fibers of the membrane are in a macromolecular (rather than fibril)
form, perhaps due to its filtration (rather than purely tensile) function.
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Synthetically active, podocytes not only produce and maintain the basement mem-
brane (Pavenstadt, 1998) but produce trophic factors, for example vascular endothelial
growth factor (VEGF), which modulates endothelial cell growth (Williams, 1998). Just
as the podocytes may create the basilar membrane, the mesangial cells may function by
removing older, deeper portions of this membrane. Whether the balance between these
cells alters in aging or certain diseases is unknown, although podocyte dysfunction has
been implicated in some forms of diabetes (Phillips et al., 1999). It is impossible to avoid
the conjecture of the potential but unsubstantiated analogy to the loss of balance be-
tween osteoblasts and osteoclasts in aging bone. Whatever the (probably multiple)
mechanisms, the basal membrane (rather than grosser histological aspects of the glo-
merulus) is critical in normal renal function and in explaining the loss of filtration that
occurs in the aging kidney.

Renal function is most commonly assessed as the glomerular filtration rate (GFR),
a measure that shares the dual benefits of clinical practicality and relative validity in
assessing overall renal function. As with any clinically useful assessment of physi-
ological function, it integrates the function of several interacting mechanisms. Thus,
the glomerular filtration rate integrates renal blood flow, number of functional neph-
rons, integrity of the glomerular basement membrane, and efficacy of the counter-
current mechanism.

Glomerular filtration rate is often estimated using the Cockcroft and Gault (1976)
formula:

GFR (ml/min) = [(140 – age) × lean body mass in kg][× (0.85 in females)]
72 × serum creatinine in mg/dl

Alternatively, one of the three more accurate Levey formulas can be employed depend-
ing on what additional laboratory data are available:

GFR = 186 × Cr–1.154 × age–0.203 [×1.212 if of African ancestry][×0.742 if female]

or:

GFR = 170 × Cr–0.999 × age–0.176 [x1.18 if of African ancestry][×0.762 if female] ×
BUN–0.017 × Alb0.318

or:

GFR = 270 × Cr–1.007 × age–0.18 [×1.178 if of African ancestry][×0.755 if female] ×
BUN–0.169

Note that in all cases, the filtration rate is a negative function of age, whether arithmeti-
cally (in the first formula) or exponentially (in the other three formulae), an assumption
based on population means but is inaccurate as applied to individuals. As with so many
age-related measures, aging is correlated less with a decrease in the glomerular filtra-
tion rate than with an increase in its variance. While the mean filtration rate falls, the
variance rises even more. Not only does the variance increase markedly with age, but in
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some individuals there is no detectable decrease in renal clearance with age (Lindeman
et al., 1985; Timiras, 1994a).

Aging and Other Pathology

Renal anatomic and functional losses have been documented for decades. Anatomically,
there is a progressive loss of nephrons and arterial flow (Moore, 1958; Hollenberg et al.,
1974). The efficacy of filtration declines, often simply ascribed to “the widespread loss
of glomeruli” (Arking, 1998), although it is more complex, involving functional changes
within glomeruli (especially the basement membrane) and loops, as well as changes in
vascular supply and response (Ungar et al., 2000). The kidney becomes progressively
less efficient in filtering the blood (Fig. 14–1), with a mean decline of about 1% per
year in its glomerular filtration rate beginning roughly in the fourth decade (Davies and
Shock, 1950; Rowe et al., 1976). Serum creatinine levels, responding to a decreasing
filtration rate, loss of muscle mass (sarcopenia), and reduced creatinine production
(Walser, 1987), change less than might be expected.

No matter how it is assessed, mean renal function declines with age (Rainfray et al.,
2000). Although the change in filtration is predictable, the mechanisms underlying this
failure are complex (Martins et al., 2001a) and, to an extent, unknown. As mentioned
previously, aging changes observed in serum and urine are reflected less in mean values
than variance of those values. For example, although hyponatremia and hypokalemia
are more common in the elderly, these are closely followed by hypernatremia and hy-
perkalemia (Adetola et al., 1999; Kugler and Hustead, 2000). It is not so much that
electrolyte levels increase or decrease as that they become more labile. As aging oc-
curs, kidney function becomes more variable and less stable. It is less capable of re-
sponding to stress and more likely to incur side effects of the usage of drugs such as
common loop diuretics (e.g., furosemide), nonsteroidal anti-inflammatory agents (e.g.,
ibuprofen), and numerous other common clinical agents.

Overall, the increasing lability of renal function results from the loss of compensa-
tory function, stemming from the conjoined decreases in the renal arterial supply, de-
creasing numbers of several phenotypes of renal cells, and decline in renal cell function,
along with the multiplicity of interactive changes throughout the rest of the body that
affect renal function, such as blood pressure changes, hypoxia, malnutrition, sarcopenia,
and more frequent immune stress. The outcome of this increase in lability is the kidney’s
inability to respond appropriately to additional metabolic need induced by physical
activity, infection, drugs, cardiovascular changes, or a host of changes in demand for
renal function. While the young kidney rapidly adjusts to dehydration or water load,
the response of the elderly kidney is slow and incomplete (Phillips et al., 1984). The
usual clinical approach to renal aging is, therefore, to minimize renal stress by main-
taining hydration, optimizing nutrition, minimizing drug use, and monitoring renal func-
tion (Martins et al., 2001a).

A number of age-related clinical problems can be ascribed, at least interactively if
not solely, to aging renal function. These include hypertension (via the amount of renin
secretion, the inappropriate course of the renin response to hemodynamic stimuli, the
loss of adequate filtration and resorption capability), renal osteodystrophy (via failure
to adequately activate vitamin D), anemia (via inadequate erythropoetin secretion), pro-
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teinuria and nephrotic syndrome (via inadequate protein filtration in the glomerulus),
and frank renal failure. The latter is almost always the result of a chronic disease (most
commonly diabetes, hypertension, or polycystic kidneys) or a severe acute renal dis-
ease (most commonly infectious or autoimmune in origin). In many diseases (Mundel
and Shankland, 1999; Pavenstadt, 2000), such as nephrotic syndrome (Smoyer and
Mundel, 1998; Deschenes and Martinat, 2000), glomerulonephritis (Schwartz, 2000),
glomerulosclerosis (Kriz et al., 1998, 1999; Kriz and Lemley, 1999), and perhaps in
aging (Abrass, 2000), the fault is expressed at the level of the podocyte and basement
membrane, where filtration fails and results in symptomatic disease. Independent of
disease, however, renal aging appears largely a consequence of a loss of cells or a dec-
rement in cell function. The underlying cause of such cell changes, however, remains
seldom considered and rarely addressed.

The Role of Cell Senescence

The aging human kidney shows a progressive loss of volume and, specifically, a loss of
nephrons (Timiras, 1994a). Not only is there a wholesale loss of cells, but within those
cells that remain there are functional changes that have greater implications for the
gradual loss of function in the aging kidney. There may be fewer cells in the glomeruli
and renal tubules, and those cells are dysfunctional. This is, a fortiori, true of the func-
tional changes in the podocytes and basement membrane of the renal glomeruli.
Podocytes may be missing and intact podocytes may be swollen or have a loss of com-
plexity and numbers of processes. Even in apparently intact glomeruli, there is a pro-
gressive thickening of the basement membrane. These changes may be attributable to
senescing podocytes and endothelial cells.

Unfortunately, there are few data that speak directly to this attribution. There are
no published data on podocyte senescence. While vascular endothelial cells show se-
nescence in other organs, there are no published data showing that endothelial cells within
the renal vasculature senesce. It is true that telomeres in the human renal cortex shorten
(approximately 0.029 kbp, or one-quarter percent per year) with age (Melk et al., 2000),
but medullary telomere shortening, by contrast, is less than that found in the cortex and

Figure 14–1 Aging renal tissue. Renal aging is notable for a loss of vascular tissue and simpli-
fication of the nephron (circled area). The clinical outcome is both an impaired baseline filtra-
tion rate and an impaired response to any alteration in physiological conditions (e.g., changes in
arterial pressure, fluid shifts, or electrolyte losses). While renal function may suffice under nor-
mal conditions, physiologic stress may expose cryptic, age-related losses in function.
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not statistically significant. Renal cortical cells have longer telomeres than those in
renal medullary cells and this difference shrinks with age. While there may be some
stem cell population within the kidney capable of telomerase expression in response
to cytokines or other stimuli, there are no published data supporting this possibility
and, at least in the rat, renal cortical cells are negative for telomerase (Golubovskaya
et al., 1997).

Nonetheless, whether due to the primary changes of cell senescence or a second-
ary and adaptive response, there are clear changes in the pattern of gene expression within
the renal cortex. In rats, for example, the balance between collagen synthesis and deg-
radation tips in favor of an accumulation of pro-a2(I)collagen (COL-I). These and other
changes parallel the consistent histologic changes, such as the increasing renal cortical
fibrosis, a hallmark of the aging rat kidney (Gagliano et al., 2000). Overall, however,
neither this nor other published evidence has addressed the issue of changes in gene
expression due to renal cell senescence. A modicum of evidence suggests that cell se-
nescence plays a role in renal allograft survival, at least in rats (Chkhotua et al., 2002).

While there is little a priori doubt that cell senescence occurs in vivo in the human
kidney, there are even fewer a posteriori data supporting this prediction and no direct
(as opposed to circumstantial) evidence that cell senescence underlies the increasing
clinical dysfunction seen in the aging kidney. Few will be surprised to find that cell
senescence plays a role, but the research remains undone.

Intervention

Renal interventions encompass specific therapies aimed at reversible etiologies (such
as infections), general therapies aimed at chronic diseases with substantial renal com-
plications (such as diabetes and hypertension), and two expensive and invasive thera-
pies aimed specifically at renal failure, i.e., dialysis (peritoneal and hemodialysis) and
renal transplantation. In renal aging, there is little to offer. To many undergoing dialy-
sis or faced with the prospect of renal transplant, and far more so in the elderly, these
interventions are insufficient to justify their discomfort, restriction, and cost. No clini-
cian or patient familiar with current renal failure therapy argues against improvement.
To the contrary, we can offer little and what we do offer often falls short of ensuring an
acceptable quality of life or at an acceptable cost.

Caloric restriction appears to decrease the rate of age-related glomerular loss in rats
(Durakovic and Mimica, 1983) and renal epithelial cell senescence in mice (Pendergrass
et al., 1995). There is no reason to suspect this does not extend to humans. Equally, how-
ever, human studies have not been done. Human patients seldom willingly undergo di-
etary abnegation to the degree hypothesized to extend renal function, even if proven
effective.

More optimistically, proteinuria accompanying impaired renal filtration has
prompted research on low-protein diets. High-protein diets can induce glomerular dam-
age and a reduction in dietary protein is protective (Everitt et al., 1982; Timiras, 1994a).
This restricted degree of dietary (as opposed to caloric) restriction is not only more
attainable but has become a standard dietary recommendation for renal patients world-
wide. There are limited data suggesting that dehydroepiandrosterone may induce similar
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benefits (Pashko et al., 1986; Timiras, 1994a), but neither this nor other endocrine in-
terventions are likely substantive improvements in our clinical armamentarium.

In cell senescence, vascular endothelial cells are already a research target and may
improve renal function to the degree to which renal aging can be laid at the doorstep of
aging vessels. Realistically, podocytes and cells composing the renal tubules may senesce.
Intervention in this process, on the face of it, requires systemic delivery of an hTERT
gene (e.g., via a viral carrier) or a promoter. Neither has been attempted in animal or
human studies.
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C H A P T E R 15

Muscle

Structure and Overview

Muscles consist of large numbers of myocytes that join to form visible structures to allow
movement. They receive innervation from the motor neurons that control them. Equally,
they receive a substantial vascular supply to supply oxygen, glucose, and nutrients, while
removing metabolic waste products such as carbon dioxide and lactate. Muscle strength
varies histologically with the type of muscle fiber (white or red; type I or II), anatomi-
cally with size (diameter) and attachment (leverage), temporally with chronic use (ex-
ercise) and acute use (fatigue), and hormonally (testosterone, corticosteroid, thyroid,
growth hormone, etc). Finally, and appropriately so, muscle strength varies chronologi-
cally with age.

Skeletal muscle makes up most of the visible muscle tissue and is resistant to
hypoxic damage. In demonstrating peripheral nerve and motor function, I once gave
an hour lecture with a blood pressure cuff clamped off at twice my systolic pressure,
preventing all blood flow to my left arm. Despite the transient (and notable) discom-
fort, not only was I able to continue my entire lecture, in which I discussed peripheral
nerve function and vasculature, but my left arm returned to its subjectively normal
baseline function almost immediately after I released the pressure. Severe acute is-
chemic insult may prevent normal function (as it did in this case), but within broad
limits has little effect on the survival and long-term functional capacity of skeletal
muscle cells. Such muscle cells are capable of surviving outside the normal glyco-
lytic pathway and can build up an oxygen debt by metabolizing glucose to lactate in
the relative absence of oxygen. In short, myocytes are tough and sturdy in the face of
metabolic insults.
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Cardiac muscle, to the contrary, is incapable of functioning and surviving without
a ready supply of oxygen. The results of this exquisite dependence is that decreases in
coronary artery flow result in corresponding and immediate ischemic dysfunction or
permanent infarction of affected cardiac muscle. Cardiac muscle without blood flow
not only doesn’t function, it dies. This entire pathology, however, is secondary to pri-
mary arterial disease, not primary cardiac muscle disease. Myocardial aging has, there-
fore, already been discussed under the aegis of cardiovascular aging (Chapter 9).

Despite these fatal differences in cardiac and skeletal muscle, the differences be-
tween smooth and striated muscle, and the differences between fast and slow, white and
red, type I and II muscle fibers, all muscle cells have generic similarities at the cellular
level. Muscles comprise fibrous tissue (for strength) and muscle cells in long bundles
(for movement). The muscle cells are long, syncytial bundles (although this is not true
of cardiac muscle; Bloom and Fawcett, 1975) that include mitochondria, nuclei, and
usual cellular components, all of which are overwhelmed by and all but lost among
myofibrils, the engines of the human body. Myofibrils are predominantly actin and
myosin, two proteins that form bands or stria (hence, striated muscle) and do the work.
The thinner actin filaments are pulled relative to the thicker myosin proteins by ATP-
dependent stearic changes, causing them to overlap, shorten, and thereby contract. The
ionic and metabolic details of this contraction (and subsequent relaxation) are complex
and fascinating, but beyond, and largely orthogonal to, the charge of this text.

Aging and Other Pathology

Muscles lose strength and mass with age (Evans, 1995; Hurley, 1995; Visser et al., 2000).
While specific muscle diseases occur (Laguno et al., 2002), the primary concern in this
venue is age-related loss of strength. The loss of strength is manifold, at a minimum
comprising losses of maximal strength, precision control, and ability to maintain con-
traction (Ranganathan et al., 2001). Although the loss of mass may begin as early as
age 25 (Andersen et al., 2000), most muscle loss occurs later; between the second and
seventh decades, muscle area declines by 40% and strength by 30% (Rogers and Evans,
1993). By age 80, approximately 50% of muscle mass, mainly as a loss of fibers, is gone
(Andersen et al., 2000). Several variables might account for such loss, including di-
minished use, but circulatory loss and other factors are likely to play a role (Dutta
and Hadley, 1995; Hughes et al., 2001). Age-related muscle wasting (loss of mass) is
termedsarcopenia, a relatively new coinage (Rosenberg, 1989, 1997), but a useful as
well as fashionable one. The loss of muscle mass has consequences for motor activ-
ity, but other, perhaps more dangerous consequences. Muscle represents protein stor-
age for the body. Sarcopenia decreases the body’s ability to mobilize protein in acute
needs, thereby indirectly but significantly interfering with antibody and enzyme pro-
duction for the immune system, the liver, and other organs during infection, trauma, or
other stresses. Excepting perhaps intentional weight loss in the obese (Taylor and Ostbye,
2001), weight loss is a predictive risk factor for mortality in the elderly (Newman et al.,
2001) and sarcopenia is a major portion of this loss (Metter et al., 2002). In short,
sarcopenia prevents adequate response to acute insult and increases the risk of nearly
all diseases in the elderly (Roubenoff and Castaneda, 2001), even those with no clear
relationship to muscle function.
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Sarcopenia is distinguished by an age-related decline in muscle fiber numbers and a
decrease in myocyte size, resulting in a composite loss of muscle mass (Evans and
Campbell, 1993; Melton et al., 2000) (Fig. 15–1). The concept parallels, in onset and
definition, osteoporosis and has been arbitrarily defined as a muscle mass (often appen-
dicular rather than central for ease of measure) less than two standard deviations below
mean normal young muscle mass (Baumgartner et al., 1998). Loss of muscle strength
with aging is not solely attributable to sarcopenia, but implicates other cellular, neural,
or metabolic factors that remain imprecisely defined (Hughes et al., 2001; Metter et al.,
2002). To some extent, the specific muscle loss is dependent on fiber type (Moulias
et al., 1999) and is probably more prominent in fast fibers (Andersen et al., 2000), al-
though the decline occurs in fast and slow muscle fiber types (Bemben, 1998) and dis-
tinction between the two types becomes blurred (Andersen et al., 2000). The deficit can
be arguably traced to a decrease in muscle protein synthesis. Specifically, this decline
is found in the synthesis rate of myosin heavy chain (MHC) protein (Nair, 2000). At-
tempts to link this to merely dietary factors, such as increased amino acid requirements
in the elderly (Campbell et al., 2001), are insufficient to explain the breadth of cellular
changes that define sarcopenia. More recent data (Volpi et al., 2001) have suggested
that while the normal anabolic response to specific stimulation declines with age, the
basal synthesis, catabolism, and turnover of muscle protein may not, at least in men.
Appropriate myogenic stimuli, such as exercise, diet, or hormones, may no longer trig-
ger the normal anabolic increases seen in younger individuals (Roubenoff and Hughes,
2000; Volpi et al., 2000; Roubenoff and Castaneda, 2001).

The blood supply and oxidative enzyme activity decrease, though not necessar-
ily the glycolytic capacity. Overall metabolism decreases, becoming less efficient, a
change that has been attributed to significant (Schwarze et al., 1995; Eimon et al., 1996;
Arking, 1998) but subtle (Van Zeeland et al., 1999) mitochondrial changes that re-
spond to caloric restriction (Desai et al., 1996; Lee et al., 1998a; Lal et al., 2001).
Within the muscles, mitochondrial protein synthesis declines with age (Nair, 2000).
Many have assumed that changes in mitochondria, and specifically the mitochondrial
genome, may “substantially contribute” to the age-related loss of muscle function
(Skorjanc et al., 2001). Consistent with this assumption, the literature reports an

Figure 15–1 Aging muscle tissue. In the aging muscle, the overall gross loss of muscle radius
and strength reflects a paralleling histologic sarcopenia. Age-related losses occur at all levels
(muscles, muscle fibers, and individual myocytes), although specific patterns of loss vary by
muscle, motor fiber type, gender, and pattern of exercise.
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increased frequency of mitochondrial DNA damage and mutations in aging myocytes
(Lee et al., 1997; Chandwaney et al., 1998; Kowald and Kirkwood, 2000). As is fre-
quently true (but perennially forgotten) of scientific data, a correlation is supported,
an inference of causality is not.

Resting capillary flow is less affected by age than is the exercise-induced increase
in capillary flow, presumably because of a reduced ability to vasodilate, a reduction
in capillary density, and losses to the reserve capillary bed (McCully and Posner, 1995),
as well as poorly understood changes in the capillary endothelium (Degens, 1998).
The loss of muscle tissue can affect thermoregulation and cardiac work load, perhaps
contributing to the risk of congestive heart failure (Kenney and Buskirk, 1995). In
addition, the loss of quotidian stress on bony structures (with its impact on osteoporosis;
Layne and Nelson, 1999) and decreased muscle strength may interact to increase the
risk of falls, with a consequent increase in fracture morbidity and mortality (Marcus,
1995; Dutta, 1997; Melton et al., 2000). Since sufficient exercise results in a return
of lost muscle mass and strength (Evans, 1996; McGuigan et al., 2001), it is not clear
that sarcopenia is a primary result of intrinsic muscle aging rather than largely second-
ary to simple disuse (Rogers and Evans, 1993). Nonetheless, weight lifting may simply
result in thickening of the remaining fibers but have little or no effect on the progres-
sive loss of individual fibers (Andersen et al., 2000). Such loss may be an outcome of
hormonal changes (although probably not growth hormone; Roubenoff et al., 1998),
the decrease in neuromuscular innervation (Beaufrere and Boirie, 1998; Proctor et al.,
1998; Urbanchek et al., 2001) with its concomitant loss of “neural activation” of the
muscle (Lamoureux et al., 2001), or other less defined factors (Moulias et al., 1999).

As muscle function (and mass) are dependent on the contractile proteins, actin and
myosin (particularly the MHC), we should not be surprised to find that there is less net
muscle protein loss. However, protein synthesis and turnover also decline with age (Nair,
1995; Short and Nair, 1999, 2000).

It is tempting to describe sarcopenia as a simple, generic outcome of aging: an-
other of the myriad outcomes of aging, recalling Emerson’s concept of aging as the
disease “into which all others run” (Beck, 1968). Perhaps muscles wither because of
disuse, as the elderly patient’s arthritis inhibits exercise, as angina prohibits it, or as
emphysema limits it. Similarly, an ensemble of Alzheimer dementia, infections, social
isolation, poor nutrition, and other age-correlated factors might result in disuse atro-
phy. To what extent, however, does sarcopenia occur as result of what we might term
“local” factors, such as cellular changes within myocytes, loss of motoneuron inner-
vation, or loss of microvascular function within the muscle? Even the effects of exer-
cise on ameliorating sarcopenia can be interpreted as implying a surprisingly significant
role for vascular factors in sarcopenia (McGuigan et al., 2001). Curiously, at least in
rats, regeneration of muscle appears to depend more on the age of the recipient than it
does on the age of the organism that donates the aging muscle (Carlson et al., 2001). If
specific intracellular changes do play a role, then these cellular changes might include
the long-term accumulation of oxidative damage, the result of the high oxygen consump-
tion inherent in this tissue, although there is little clear evidence to support this sugges-
tion (Weindruch, 1995). There is some evidence for alterations in the pattern of gene
expression in older myocytes that might explain sarcopenia (Ly et al., 2000), but whether
such changes in gene expression are primary or secondary remains unclear.
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The Role of Cell Senescence

Conventional wisdom was that “skeletal muscle is a nondividing tissue” (Arking, 1998).
If true, muscle cells do not senesce. The mutability of muscle mass remained concor-
dant with this tenet. Hypertrophy, rather than hyperplasia, was considered the basis of
muscle enlargement in response to increased use or hormonal stimulation. Neverthe-
less, more diligent attention to mammalian muscle histology shows that muscle cells do
divide (or are replaced) in the mature organism in skeletal (Antonio and Gonyea, 1993)
and cardiac (Kajstura et al., 2000) muscles. Replacement myocytes derive not from stan-
dard, differentiated muscle cells, however, but rather from a reserve population of sat-
ellite stem cells or myoblasts (Anderson, 1998). To an extent, postnatal muscle growth
is the result of the proliferation of these satellite cells and their subsequent fusion with
existing muscle fibers (Schultz and McCormick, 1994). Muscle mass may be a direct
correlative outcome of the proliferative capacity of these cells (Merly et al., 1998) and
although we know little of the cell signaling involved (Chambers and McDermott, 1996;
Husmann et al., 1996), the mechanisms of development may vary markedly from those
of repair (Russell et al., 1992). Part of the normal response to exercise, even in the el-
derly person with sarcopenia, is an increase in this population of satellite cells (Roth
et al., 2001b). The same increase in the population of satellite cells occurs in rats in which
muscles are stimulated electrically and, although early studies found an age-related
decrement (Schultz and Lipton, 1982; Gibson and Schultz, 1983), this satellite cell re-
sponse may continue unabated by age (Putnam et al., 2001). Regarding cell senescence
in rat skeletal muscle, increases in satellite cells are not accompanied by increases in
telomerase activity (Radak et al., 2001). In murine muscle cells, myocyte differentia-
tion is accompanied by a decline in telomerase activity due to a decrease in mTERT
mRNA levels and down-regulation of mTERT gene expression (Nozawa et al., 2001).

Although satellite cells are usually located on the fringes of the muscle fibers, i.e.,
between the mature muscle fiber and its external basement lamina (Anderson, 1998;
Yablonka-Reuveni et al., 1999), other far stranger sources have been identified. For
example, clonable skeletal myogenic cells have been found in the aortas of mouse em-
bryos. Such findings suggest that a percentage of what we classify as satellite cells, even
in mature muscles, might derive from the supplying capillary beds or other vascular
origins (De Angelis et al., 1999).

Satellite cells are a small (1%–6%) percentage of muscle cells. As might be ex-
pected of dividing cell lines, and specifically stem cell lines, they become slightly less
common with age. At least in rats, however, there is no massive depletion of the satel-
lite cell pool. Some investigators have therefore suggested that the diminished regen-
erative capacity of senile muscle might be due more to changes in microenvironment
and satellite cell response than to hypothetical attenuation of cellular capacity to divide
and restore missing myocytes (Nnodim, 2000). While this is consistent with what we
do know, next to nothing is known of the details of such putative changes with age. A
lack of exercise can reduce the population of satellite cells (Wanek and Snow, 2000).
This might support the possibility that even if dysfunctional (or diminished numbers
of) satellite cells are the proximate cause of sarcopenia, it might equally be due to the
underlying causes already discussed above—diminished use, an altered hormonal milieu,
decreased capillary beds, etc.
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The division rate of such satellite cells, while not well measured, is probably low
and critically dependent on local factors such as muscle damage, inflammation, extra-
cellular matrix, growth factors, and disease (such as muscular dystrophy) (Grounds, 1998;
Kajstura et al., 2000). Nonetheless, though the proliferation rate may be low, it is pos-
sible that the bulk of muscle tissue regeneration and repair derives not from classic
hypertrophy but from satellite cell hyperplasia, i.e., responsive division of satellite cells
that supply “fresh” cells to the muscle. Such daughter cells fuse to the extant muscle
syncytia and permit the equivalent of hypertrophy through the surreptitious accretion
of satellite myoblasts, an interesting example of hyperplasia by proxy. As such satellite
cells accumulate divisions with age (and lose telomere length) because of the repeated
repair of damaged muscle (Grounds, 1998), they should thereby senesce (Bornemann
et al., 1999) and be less capable of rapidly resupplying new cells to the active muscle.

Measurements of telomere lengths in young dystrophic human skeletal (Decary
et al., 2000) and rat cardiac muscle (Kajstura et al., 2000) support this suggestion. Telo-
meres shorten with age and circumstances in a proportion of these myocytes. Although
human myoblasts have limited proliferative capacity and skeletal muscle normally has
a low rate of replacement, the myoblasts of patients with muscular dystrophy have di-
vided repeatedly and show consequent (and accelerated) telomere shortening at an early
age. Although telomere shortening is found in normal aging muscle, the rate of loss is
magnified (14-fold) in dystrophic myoblasts (Decary et al., 2000). Whether this is due
to replicative aging or to impaired differentiation in the affected myocytes, at least in
Duchenne muscular dystrophy, is arguable (Oexle and Kohlschutter, 2001). Moreover,
while telomerase transfection into dystrophic human myoblasts results in normal myo-
cyte differentiation, it does not extend the replicative ability of these abnormal cells
(Seigneurin-Venin et al., 2000). This finding supports the suggestion that the underlying
cause of the dystrophy may (and independently of telomere length) limit cell replica-
tion and survival.

The notion that myoblasts senesce and thereby induce age-related changes in func-
tioning myocytes is consistent with the age-related changes in the cellular microenvi-
ronment, as seen in patterns of inflammation, growth factors, cell receptors (particularly
for FGF-2), and extracellular matrix (Grounds, 1998). Similarly, we see changes in the
activation of older satellite cells by insulin-like growth factor I (IGF-1), which can be
restored through viral transfection (Barton-Davis et al., 1998). In rats, the satellite cells
from older donors are less capable of normal differentiation sequence, marked by
myogenin expression and transition to a MyoD+ phenotype. In addition, the response
of satellite cells to appropriate growth factors (e.g., fibroblast, but not hepatocyte growth
factor) is delayed, although the final proliferation rate is similar. The responses of cells
from older donors lag behind those of younger donors (Yablonka-Reuveni et al., 1999).
There are changes in gene expression of at least 55 genes in myocytes taken from older
donors, compared to younger donors (Lee et al., 1999a). Whether these changes occur
because of intrinsic cell senescence of dividing satellite cells or (as may be more likely)
the secondary effects of other more distant, dividing (and senescing) cells (such as fibro-
blasts, endothelial cells, etc) is unknown.

Collectively, such altered responses may imply a gradual but continual loss of
muscle fibers without a correspondingly balanced gain of newly differentiated myocytes,
with sarcopenia as the outcome. The primary cause of aging-related impairment of muscle
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function (sarcopenia) is the cumulative failure to repair damage sustained during muscle
utilization (Barton-Davis et al., 1998), which in turn is due to cell senescence of the
satellite cells as well as the effects of senescence in fibroblasts and vascular structures.
In addition, the gradual changes in gene expression result in a decline in myosin syn-
thesis (Nair, 2000), thereby slowing the turnover rate and, pari passu, increasing the
percentage of damaged proteins within the cell.

Even if the above model were wrong and satellite cells did not senesce, cell senes-
cence might play a role, albeit indirectly. As we have seen in the heart, cell senescence
may be the major single common denominator in myocardial infarction, even if cardiac
cells never divide simply because of the ubiquitous and deadly effects of aging cells in
the vascular endothelium. In a parallel fashion, the same model may be operating here.
As the endothelial cells of the capillary beds and fine arterioles senesce, they have a
profound impact on the metabolic function of the end organ: the muscles. That the muscle
cells may not divide (enough to cause myocyte senescence) is immaterial. The question
is one of cell senescence in the vascular beds. Although it is clear that such beds alter
profoundly with age, whether this is due to cell senescence remains unknown. In a similar
vein, an age-related decrease in innervation may have a detrimental secondary effect
upon satellite cell proliferation (Carlson, 1995). Although uncomfortably circuitous, it
is even possible that the rate-limiting step in sarcopenia is not satellite cell senescence
but glial or endothelial senescence mediated via a decrease in peripheral motoneuron
arborization, resulting in the observed loss of satellite cells (Bornemann et al., 1999).

We are left with two possible (and possibly interacting) venues for cell senescence
to play out its effects on sarcopenia: directly through satellite cell senescence or indi-
rectly through vascular or neural changes, themselves putatively the result of cell se-
nescence elsewhere. The model remains consistent with known data, but the data are
woefully insufficient.

Intervention

There are myriad possible interventions that might effectively treat age-related sarcopenia.
Most clinical trials have focused on exercise, often with an almost religious fervor. Most
of this research has used correlational rather than interventional designs, then drawn causal
inferences which, though possibly true, are unwarranted on the basis of the merely obser-
vational data. More appropriate exercise research suggests that there are benefits not
only in muscle strength but in mobility (Westerterp and Meijer, 2001), quality of life
(Rejeski and Mihalko, 2001), and other less measurable attributes, though often these
latter observations have little hard data.

Morbidity or mortality data, which might confirm the overall clinical value of ex-
ercise, are often merely assumed, are difficult to gather, and have, consequently, been
slow in coming. Whatever else its value, exercise is an effective determinant of muscle
size, regardless of age (Roth et al., 2001a). However, there is now growing evidence
that exercise not only increases the lost muscle mass (Evans, 1996; Hagerman et al.,
2000; Hikida et al., 2000) and decreases secondary pathology such as atherosclerosis,
diabetes, osteoporosis, or fractures (Evans and Campbell, 1993; Layne and Nelson, 1999),
but probably, although not certainly (Keysor and Jette, 2001), lowers the outcome fre-
quency of morbidity and mortality (Curl, 2000). Despite problems of correlational data
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and prevalence of unexamined but a priori dogma that has interfered with objective
validation, exercise probably does have objective value in modulating sarcopenia and
in altering clinical outcomes.

Although exercise has been the leading idol, even among those who demand bona
fide supportive data, other interventions have been considered. Initial research, although
tentative, suggests that sarcopenia can be delayed by caloric restriction, at least in some
species (Keith et al., 2000). Interventional research on the clinical value of caloric re-
striction in humans with sarcopenia remains feasible, pending clearer data.

Given the historical enthusiasm among researchers and general public, it is hardly
surprising that hormonal intervention has been tried, particularly using testosterone and
growth hormone. Although testosterone has been used to affect muscle mass (and for
other reasons) since it was first identified in 1849 (Goodman, 1974a), more recent work
has been less anecdotal and more predictively valid, yet remains incomplete. There is
excellent support for the circumscribed conclusion that, in supraphysiological doses,
testosterone increases muscle mass and improves strength in young, eugonadal males
(Vermeulen et al., 1999), but beyond this point things become a bit more difficult. Given
testosterone, healthy older men demonstrate modest improvements in several param-
eters (Basaria and Dobs, 1999; Kenny et al., 2001), including muscle mass, strength,
and perhaps mood (Seidman and Walsh, 1999), but the incidence of secondary prob-
lems and crucial outcomes of morbidity and mortality remain unclear and controversial
(Tenover, 1998; Bross et al., 1999). Growth hormone likewise shows effects similar to
those of exercise, not only in rats (Mosekilde et al., 1999) but in young athletes (Wallace
et al., 2000) and moderately frail old people (Hennessey et al., 2001). Nonetheless, the
case for routine clinical use of testosterone or growth hormone in aging patients with
sarcopenia is hardly open and shut.

Other interventions have also been considered. Hormone replacement therapy, gen-
erally taken to refer specifically to postmenopausal estrogen and/or progesterone supple-
mentation, has conflicting clinical support (Kenny et al., 2003) and no morphological or
functional support (Widrick et al., 2003). Data on creatine supplementation are sugges-
tive, particularly in the context of exercise (Brose et al., 2003), but unimpressive.

With an increased understanding that satellite cells may play a central role in not
only muscle development and regeneration but in age-related sarcopenia, there has been
a corresponding interest in the factors that control satellite cell activation (Anderson
and Murray, 1998; Grounds, 1998). Such studies have concentrated largely on local
growth factors (Bornemann et al., 1999), neural influences (Carlson, 1995), receptors
(Chambers and McDermott, 1996), and oxidative stress (Renault et al., 2002). The older
interest in systemic growth factors such as growth hormone, insulin-like growth hor-
mone, and dehydroepiandrosterone, has carried over into this area, but remains equally
unexplored (Short and Nair, 1999). While this work qualifies as relevant to questions
of intervention, it remains largely experimental and thus premature from the clinical
standpoint.

With regard to cell senescence, there is almost a complete void. What data exist
may be interpreted to suit the bias of the researcher. There is little known about satellite
cell senescence (current information is merely descriptive of a decrease in satellite cell
numbers and a change in characteristics with donor age, not cell senescence). There has
been no work using myocyte telomerization or reconstituted muscle tissue, with the
exception of myometrium. The latter work suggests that uterine smooth muscle cells,
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immortalized with hTERT, are essentially normal although with the loss of estrogen b
receptors (Condon et al., 2002).

There have been suggestions that telomerase gene delivery might be useful in spe-
cific muscle diseases, such as Duchenne muscular dystrophy, but there are no interventional
studies. To an extent, this absence reflects the conclusion that Duchenne’s is not the result
of cell senescence but (parallel to HIV) of impaired differentiation, altered cell–cell inter-
actions, and inadequate response to signals for cell replacement. While this explains fail-
ure of myoblast transfer experiments to treat Duchenne muscular dystrophy, telomerase
gene transfer might be effective nonetheless (Oexle and Kohlschutter, 2001). This po-
tential therapy parallels the use of telomerase to “end-run” the helicase defect in Werner
syndrome and induce cell immortalization (Wyllie et al., 2000).

While telomerase induction or transfection has not been used as an experimental
intervention in aging muscle, specifically as a treatment for sarcopenia, there is no rea-
son why such an experiment should not be forthcoming in the near future. The primary
problem, as in many tissues, is a practical one: targeted and effective delivery to appro-
priate cells.
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C H A P T E R 16

Gastrointestinal System

Structure and Overview

The gastrointestinal tract comprises a long tube with associated organs, including the
liver and pancreas. Although the tract commonly achieves more interest, the bulk of
this chapter will slight the gastrointestinal tract and concern itself with the liver. The
gastrointestinal tract will, however, be considered, largely because there is a growing
body of research focusing on cell senescence in the esophagus and intestines.

The human liver, a mere 3% of body weight (Goodman, 1974b), is the major chemi-
cal factory of the body and largest gland in the body. It receives the entire venous drain-
age of the gastrointestinal tract, which it detoxifies, modifies, and delivers into the general
circulation. Storing (as glycogen) and releasing glucose, it acts as a rapid damper to
sudden shifts in serum glucose, tiding the body over until fat stores can serve in the
same capacity with a slower time frame. The liver, for example, is drawn upon in sud-
den strenuous exertions, as during a marathon or tonic-clonic seizure, similar (though
not identical) activities from a metabolic perspective. If additional glucose is needed,
the liver is capable of producing it from circulating fatty acids (from distant adipocytes),
lactate (from muscle activity), or amino acids (from protein breakdown). In this, as in
its literally hundreds of other metabolic functions (Robbins, 1974), the liver is the homeo-
static organ par excellence. In a sense, it is the body’s metabolic banker and money
changer, a role essential to the body at every stage of metabolism.

To appreciate its functions, consider the effects of its failure. Acutely, hepatic fail-
ure is clinically protean. The most trenchant effects are within the central nervous sys-
tem: it causes confusion at the earliest stages and coma terminally. More insidious liver
failure can initially be subtle, but is ultimately just as fatal. Its effects include increases
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in circulating estrogens, alterations in glial cell function, changes in the peripheral mi-
crovasculature, impaired bilirubin breakdown (from erythrocytic hemoglobin) with
resultant jaundice, and secondary failure in other organs (e.g., hepatorenal failure). A
full list is nearly interminable, covering almost all aspects of intermediate metabolism:
thermal regulation, cholesterol circulation, protein metabolism, clotting efficacy, am-
monia accumulation, etc. Curiously, individual hepatic functions can fail with relative
independence: clinical liver function tests in human patients frequently show modest
impairment of one function without significant impairment of another.

Grossly, the liver appears homogeneous. Although there is a complex vascular and
drainage system, the bulk of the liver seems to be a single mass of identical cells. Al-
though it has only the usual single (and unremarkable) venous drainage, the vascula-
ture is anomalous for having two incoming vascular supplies that meet in a complex
arrangement. The liver receives not only the portal veins (supplying the bulk of incom-
ing hepatic blood and comprising the entire venous drainage from the intestines) but
also the hepatic arteries (supplying a far smaller volume) from the normal arterial cir-
culation. Most of the liver’s critical endocrine work is unseen, accomplished by release
directly into the venous drainage. The more easily observable exocrine drainage sys-
tem is less critical and far less subtle: a confluence of bile ducts drain their products into
the gall bladder and into the duodenum, allowing digestion of dietary fatty acids.

Microscopically, identical liver cells may form a continuous parenchyma throughout
the liver. Cells are arranged like ill-defined orange sections around a central vein and
this same arrangement is repeated endlessly within the liver. Each slice of hepatic
“orange” defines a liver lobule, in which intestinally derived blood flows from the outer
“peel” toward the prominent central vein. Liver cells lie along sinusoid spaces that con-
vey the incoming blood from the outer ring to the hepatic veins, and process the blood
as it flows centripetally. A normal arterial blood supply is also available to the hepato-
cytes, though less subject to the careful filtration and processing that the intestinally
derived blood must undergo in traversing the liver.

At the ultrastructural level, there are two main types of hepatic parenchymal cells:
endothelial cells and stellate cells. The endothelial cells of the liver are flattened cells
with little cytoplasm that line the sinusoidal spaces (Goodman, 1974b; Enzan et al., 1997).
Stellate, or “Ito,” cells” (Friedman, 1997), in contrast, have a stellate appearance (Fried-
man, 1999c) and are now known by their shape rather than their eponym. They accu-
mulate retinoids, while the cytoplasm and cytoplasmic variety increase more than flatter
endothelial cells. The stellate cells phagocytize erythrocytes and particles of all sorts,
are part of the reticuloendothelial system, and may derive from the bone marrow. They
are the source of most extracellular matrix in the liver (Lang and Brenner, 1999; Li and
Friedman, 1999). Within the lobule, those stellate cells toward the periphery are the more
metabolically active, with many large, almost spherical mitochondria; stellate cells to-
ward the center have fewer and thinner mitochondria (Goodman, 1974b). Although
simple histologically, the liver is far from simple metabolically. The pathologic reflec-
tion of this contrast is equivalent: human hepatic disease is anatomically simple, but
clinically complex and occasionally enigmatic.

The topological simplicity of the remainder of the gastrointestinal system is
equally misleading. The gastrointestinal tract is a simple layered tube. The inner layer
is absorptive, the next layer outward muscular, the outermost layer predominantly vas-
cular. The inner surface epithelium is rough and fractal in its organization. The deepest,
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proliferative cells, in the crypts of Lieberkühn, are a small population of stem cells from
which other epithelial cells continually rederive (Potten et al., 1997a; van den Brink et al.,
2001; Yang et al., 2001d). Cell numbers are stringently controlled by balancing the loss
and apoptosis of normal or damaged cells against the cell divisions of the stem cell
population (Potten and Booth, 1997; Potten et al., 1997b). Stem cells proliferate in
response to and are tightly modulated by local cell–cell signals, as occur with the loss
of neighboring stem cells (Potten, 1991). The regulation of cell division and survival of
the epithelial stem cells of the intestinal crypts are emphatically the responsibility of
the vascular endothelial cells. These cells produce at least 20 identified growth factors;
their apoptotic loss may be the controlling factor in the gastrointestinal side effects (e.g.,
the loss of epithelial stem cells in the intestinal crypts) of radiation therapy (Folkman
and Camphausen, 2001; Paris et al., 2001).

Grossly, the gastrointestinal tract comprises a small (duodenum, jejunum, and ileum)
and a large (cecum, appendix, and colon) intestine. The small intestine averages 7 meters
in length and is recoiled upon itself, lying within the outer ring formed by the ascending
(right), transverse, and descending (left) portions of the colon. The small intestine pro-
cesses and absorbs food, while the colon absorbs water and transiently stores feces pend-
ing defecation. The histology of the tract reflects these conspicuous functions. The
complex inner layer of the small intestine is specialized for the excretion of digestive
molecules that break up the available dietary molecules and bind them for easier ab-
sorption. The former task is in many ways the more complex and crucial. Many required
dietary molecules are not easily absorbed without active alteration by the cells lining
the intestines. The activity of the large intestine is different. In the large intestine, spe-
cifically the colon, the prolonged storage of unused dietary intake and sloughed cells
from the small intestine results in continual exposure to toxins and repeated challenge
by colonic bacteria.

In performing these tasks, the gastrointestinal system has, simplistically speaking,
three major cell types, each of which can and frequently does go awry. The innermost,
mucosal cells are synthetically active, frequently replaced, and subject to considerable
chemical and bacterial stress. The intermediate layer consists of muscle cells recurrently
active (e.g., in peristalsis or sphincter control) and are required not only for appropriate
mechanical function (e.g., directional maintenance and excretion of stool) but for opti-
mal absorption (e.g., through churning motions). The outermost, vascular (and other)
cells are critical for not only the same function they have elsewhere in other body tis-
sues (nutrient supply and waste removal) but the absorption of nutrients and their initial
(first-pass) delivery to the liver.

Aging and Other Pathology

Gastrointestinal pathology reflects gross and subtle functions, as well as risks implied
by these functions. Within the colon, for example, the continual exposure to chemical
and bacterial challenges results in its characteristic incidence of disease (e.g., colon
cancer, diverticulitis). The acidity of the stomach and anatomic proximity of the lower
esophagus and duodenum result in characteristic mucosal risks (e.g., gastric and duodenal
ulceration, gastroesophageal reflux disorder). The same is perhaps even more frequently
true of the more subtle functions of the gastrointestinal system. Even with a more than
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adequate oral intake, absent intrinsic factor (IF) secretion by the gastric mucosa, the
intestines cannot absorb cyanocobalamin (B12); again, the result is a characteristic clinical
outcome (pernicious anemia). Failures of secretion, absorption, motility, and vascular
supply all have pathological outcomes and each is channeled by the specific risks and
conditions inherent to the tissue involved. Failure at the cellular level likewise accounts
for the clinical pathology at the tissue and organismal level, but can only be understood
in the context of cell-specific functions within the affected tissue. For example, the fail-
ure of endothelial vascular cells in the small intestine results in a different pathology
from the same failure of phenotypically identical cells within the coronary arteries. In
both, intracellular failure may be identical, including the changes in gene expression
incumbent upon cellular senescence (vide infra).

The liver is the site of a large plurality of human disease, partly because hepatic
function is so critical, partly because of its subtle effects on so many separate tissues.
Liver cancer has been dealt with previously. Although most diseases that affect hepatic
function are linked etiologically to (increased risk of) hepatic cancer, they deserve an
independent venue. The common clinical hepatic diseases, especially cirrhosis and hepa-
titis, are far more common than the occasional ominous consequence of cancer. In he-
patic disease, fatality often intervenes before malignancy begins.

Liver cirrhosis is the seventh leading cause of death by disease (Rudolph et al.,
2000). Although vaguely defined (Robbins, 1974), the pathology is not vague. To the
contrary, it is devastating and easy to observe histologically and clinically. Cirrhosis is
scarring and necrosis, widely distributed and associated with regenerative hepatocytes.
The overwhelming leading cause of cirrhosis in most nations is alcohol hepatitis; the
leading cause in many underdeveloped nations is usually the same, but viral hepatitis
will occasionally take precedence. Both causes are ubiquitous, plurality varying by
country, ethnic group, decade, and chance. Defining alcoholism socially can be as prob-
lematic as Wittgenstein’s classic attempt to define a chair (Wittgenstein, 1958), vary-
ing with fashion and prejudice and often simply encompassing anyone who drinks
alcohol “whom you don’t like” (Robbins, 1974). The pathologic results, however, are
less deconstructionist or subjective and far more tangible. Clinically, alcohol cirrhosis
is manifested initially by hepatomegaly and later by liver shrinkage, jaundice, easy bleed-
ing, and ascites. Twenty-five years ago, approximately 80%–90% of all patients diag-
nosed with alcoholic cirrhosis died within 5 years of initial diagnosis (Robbins, 1974)
and current outcome statistics have not improved much.

The anatomic outcomes—fibrous scarring, portal hypertension, gastric bleeding—
are widespread regardless of the cause of severe cirrhosis, but fatty deposition is
pathognomonic of alcohol. It begins almost immediately upon consumption and occurs
independently of other caloric intake (Rubin and Lieber, 1968). Alcohol mobilizes
fat from peripheral adipocytes to the liver and blocks its oxidation while it accumu-
lates in hepatocytes, beginning in the centermost cells of the lobules (Goodman, 1974b).
The metabolic outcomes of alcohol—an increased NADH2/NAD ratio, hypoxic hepato-
cytes, generation of lipid peroxides, eicosanoids, and increased acetaldehyde formation
(Hautekeete and Geerts, 1997; Friedman, 1999b)—are usually further complicated by the
malnutrition of alcoholics. This can induce secondary pathology such as protein insuffi-
ciency (kwashiorkor), thiamine deficiency (Wernicke-Korsakoff syndrome), and a host
of other problems. Prominent physiologic changes occur, with an increase in circulating
cytokines (Hautekeete and Geerts, 1997) such as transforming growth factor-beta (Bissell,
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1998) and interleukin-8, as well as direct induction of plasma endotoxins (a potent in-
ducer of tumor necrosis factor [TNF]-a and interleukin-1; Huang et al., 1999b). The
frequency of alcohol cirrhosis increases with age, but probably as a result of accumu-
lated alcohol exposure, rather than because of direct effects of aging. As we shall see,
cell senescence may mediate pathology, even if alcohol is the independent variable.
Alcohol in cirrhosis may parallel cholesterol in atherosclerosis: cholesterol is impor-
tant, but cell senescence mediates pathology.

Viral hepatitis has a similar outcome to that of alcohol hepatitis, albeit without fatty
accumulation. Histologically, the first sign of infection is hepatic endothelial cell swell-
ing, along with swelling and hyperplasia of stellate cells. This is followed by lympho-
cytic infiltration, macrophage proliferation, and hepatocyte necrosis. The stellate cells
alter, becoming fibrogenic, contractile myofibroblasts (Li and Friedman, 1999). The
remaining hepatocytes divide, replacing those that have died, but the balance of these
two opposite processes—necrosis and cell division—may achieve a tenuous balance or
may go either way and thereby determine the clinical outcome: recovery, chronic infec-
tion, or death. In cases in which the immune system can eradicate the active infection,
the rate of necrosis slows and, if the rate of hepatocyte division has kept up with the
losses, the patient survives and is cured. If the immune system does not eradicate the in-
fection, but the rate of continuous cell division can be maintained and is adequate, the
patient survives with chronic infection. If the rate of cell loss falls, acutely or in the long
run, behind the rate of cell replacement, the patient dies of hepatic failure.

Descriptions of the transformation from normal to cirrhotic liver can be exceed-
ingly complex (Gressner, 1996), but there are a few clear principles. In the primary forms,
alcohol and viral hepatitis, the liver loses functioning hepatocytes and makes some
(often heroic) attempt to replace those losses. In both cases there is an inflammatory
component and an increase in stellate fibrocytes and fibrous scarring (Li and Friedman,
1999). And in both cases, there is increasing cell division with all that it implies for
acceleration of cell senescence.

The intestines themselves have a number of organ-specific diseases, and even the
generic pathologies, such as cancer, must be understood in the context of the organs
involved. Colon cancer is a frequent cause of death in the elderly and colon has a much
higher incidence of cancer than does the small intestine, likely due to the differential
exposure to chemical and bacterial stress and duration of those exposures. Beyond these
differences in exposure, the cells of the large intestine have a lower frequency of apoptosis
(presumably due their expression of the bcl-2 gene), which may explain some differen-
tial risk of malignancy between the two ends of the intestinal tract (Potten, 1998). As in
hepatic cancer, a more detailed treatment of gastrointestinal malignancy has already been
offered in previous chapters.

Cancer is, of course, not the only age-related pathology of the gastrointestinal
tract. Among the preeminent pathology of the body generically and gastrointestinal
tract specifically is vascular pathology. Ischemic bowel, for example, may be just as
fatal in some patients as ischemic myocardium is in others. Other generic patholo-
gies, such as sarcopenia, have their gastrointestinal counterparts. Although consid-
ered a characteristic of appendicular muscles, there is age-related loss of gastrointestinal
muscle tone, causing constipation, altered food and water resorption, and increasing
risk of diverticular disease and colon cancer. Such changes occur in aging humans as
well as other species. Within the murine colon, for example, changes in “age-related



266 THE AGING ORGANISM

colonic dysmotility” may result in subtle changes in the mucosa and intestinal function
(Sweet et al., 1996).

Aging in the gastrointestinal tract is subtle yet pervasive (Fig. 16–1). Accurately
or not, normal function is ascribed to “redundancy” (Baime et al., 1994). Most func-
tional losses that do occur can be lumped into two classes: inappropriate responses to
stress (generic among aging tissues) and inadequate baseline nutritional function (spe-
cific to gastrointestinal function). The first implies that baseline function is not so much
of a problem as is the inadequate response to altered physiological conditions. Baseline
functions may remain unremarkable, but the degree, temporal course, or specificity of
physiological responses are measurably impaired.

Although reviews often focus on malnutrition in the elderly (Amarantos et al., 2001;
Chernoff, 2001; Wakimoto and Block, 2001), much of this is a simple decline in quan-
tity rather than quality of nutrition (Morley, 2001b), and may be due as much to extrin-
sic as intrinsic causes. Malnutrition in the elderly may, for example, be due to poverty,
physical limitations in getting and preparing meals, depression, loss of appetite, dementia,
and a host of etiologies that need not invoke primary gastrointestinal aging. This is not
to suggest that primary gastrointestinal aging does not occur, but it must be assessed in
a pragmatic context.

Aging in the gastrointestinal system has been categorized and reviewed adequately
elsewhere (Baime et al., 1994; Cheskin and Schuster, 1994; Kerr, 1994), although with-
out following such changes down to their intracellular sources. Reviews that consider
cellular changes in the aging gastrointestinal system (Arking, 1998; Anantharaju and
Feller, 2002) conclude that there are alterations within specific components (or func-
tions) of that system, i.e., connective tissue, muscle cells, and secretory cells. The reader
is referred to such sources for competent overviews of our general knowledge of gastro-
intestinal aging.

That cells of the aging gastrointestinal system divide, show telomere loss, and show
resultant changes in gene expression has not been reviewed or considered in detail. What
has been considered are the outcomes (moderate changes in function or response) and
correlates (specific changes within specific cells) without regard for an underlying cause,

Figure 16–1 Aging gastrointestinal tissue. In the gastrointestinal tract, the most obvious histo-
logic changes are within the external band of muscles and the internal lining. The former reflects
smooth muscle cell losses (sarcopenia). The latter reflects both a gradual decrease in stem cell
numbers and a slower rate of their division. Without any compensatory decrease in the rate of
cell loss within the lumen of the tract, the result is a smaller cell population and, consequently,
a thinner lining.
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such as cellular senescence. Nevertheless, within the gastrointestinal system, a number
of cells divide or are subject to dependence on cells that divide, and this can be expected
yield dysfunctional dividends for the gastrointestinal tissues and for the organism.

The Role of Cell Senescence

Cell senescence probably plays a role in several venues within the gastrointestinal sys-
tem, but will be primarily considered in two manifestations. The first will be an over-
view of what we know of cell senescence within the mucosal cells of the intestinal wall;
the second is a specific overview of cell senescence in hepatic cirrhosis. While a few
side issues should and will be raised, the remainder of the chapter will focus on cellular
aging within the liver and the link between cellular aging and hepatic cirrhosis. In both
cases, the reason for this focus lies in what we know rather than what we might wish to
know. While beneficial to consider other aspects of cell senescence in gastrointestinal
aging, the field remains wide and data narrow.

Beginning at the top of the tract, there is progressive telomere shortening with age
in the esophageal mucosa at the rate of approximately 60 bp per year. The telomeres of
older cells are shorter, but exhibit more variance. The relatively slow fall in telomere
lengths compared to the rapid turnover in esophageal mucosa suggests the presence of
cells with telomerase, i.e., esophageal stem cells (Takubo et al., 1999).

The stomach may contain stem cell populations, but gastric cells show gradual
telomere loss notwithstanding. Normal gastric mucosal cells show loss of telomere
lengths at a rate of approximately 46 bp per year (Furugori et al., 2000), as do other
mucosal cells within the intestines. Helicobacter pylori, perhaps responsible for most
though not all (Brock et al., 2001; Butler et al., 2001) stomach ulcers, is associated with
the risk of stomach cancer (EUROGAST Study Group, 1993). Helicobacter infection
causes the release of reactive oxygen and nitrogen species, which may trigger hyper-
plasia among gastric stem cells; these may already be capable of expressing telomerase.
Helicobacter infection and stem cell division, along with DNA damage and p53 muta-
tions (found in 30% of intestinal metaplasia), have been cited as part of the cascade of
risks underlying gastric cancer (Tahara, 1998).

Although intestinal cells may be less prone to Helicobacter infection or acid stress
than gastric cells, the large and small intestine mucosal cells nonetheless demonstrate
telomere shortening (Hiyama et al., 1996b). Several workers have looked at age-related
changes in the stem cells within the crypts of Lieberkühn. In mice, there are age-related
alterations in the histology and the apoptotic responses of stem cells to low-dose radia-
tion. The probability of apoptosis increases with exposure to radiation or cytotoxic agents
and this is accentuated in older animals, in which there is a twofold increase in the level
of apoptosis (Martin et al., 1998b). As a result, older mice exposed to radiation have
fewer and smaller surviving crypts than do young mice with equivalent exposures.
Regenerative growth responses are delayed in older mice. Surprisingly, however, there
are more stem cells per crypt in older mice (Martin et al., 1998a).

The major importance of crypt cells lies in being sources of renewal for the life-
long cell losses. That these stem cells express telomerase is predictable but not assum-
able. Telomerase-expressing stem cells are found within the intestinal crypts (Bach et al.,
2000), but the control of expression is unclear. As elsewhere, such expression should
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delay telomere loss and cell senescence, responding to cytokines and to the rate of in-
testinal cell loss. Where telomerase is lacking, we should expect cell senescence to ac-
celerate, resulting in early histological simplification and a loss of intestinal function.
This occurs in telomerase knockout mice, which demonstrate atrophy of the small in-
testine (Herrera et al., 1999b). Stem cells are responsible for long-term intestinal tract
function and, likely, telomerase is in turn responsible for long-term stem cell function.
Nonetheless, the degree to which telomere loss and cell senescence, held in partial abey-
ance by telomerase-positive stem cells, directly results in the functional decrements seen
in the aging human intestinal tract is unproven.

Close to the far end of the gastrointestinal tract, colon cells show telomere short-
ening with age (Hastie et al., 1990). Here again, cell turnover is continually occurring
in conjunction with cell loss and the result is gradual cell senescence. While telomerase-
positive stem cells may be present within the colon and other portions of the large intes-
tine, less is known about this portion of the gastrointestinal tract than about the small
intestine. Nonetheless, telomerase activity is found in normal colonic mucosal cells and
there are interesting correlations between telomere maintenance and colonic disease.
Ulcerative colitis, an inflammatory condition of the large intestine, is associated with
increased chromosomal instability, including end-to-end telomere associations (Cottliar
et al., 2000). This may be the result of insufficient telomerase expression and telomere
shortening (O’Sullivan et al., 2002). Endoscopic biopsies from patients with ulcerative
colitis demonstrate deficient telomerase activity in samples from the cecum, transverse
colon, sigmoid colon, and rectum. Telomerase activity is highest in colonic cells from
patients with cancer, but it is higher in samples from patients with normal colons than
in those from patients with ulcerative colitis. Moreover, telomerase activity is low even
in normal portions of the colon from patients with ulcerative colitis, “suggesting that
telomerase deficiency may contribute to the pathogenesis of the disease” (Usselman et al.,
2001). While a number of other diseases, such as diverticulosis and diverticulitis, Crohn’s
disease, ischemic bowel disease, and mesenteric adenopathy, might have potential re-
lationships to cell senescence or dysfunctional telomere maintenance, data that support
or refute such suggestions are lacking.

The most comprehensive evidence for cell senescence within the gastrointestinal
system is not in the tract but in one of its major associated organs: the liver. Toxic or
infectious insults result in cell necrosis, in turn resulting in cell division. Under normal
circumstances, liver cells turn over slowly. Normal human hepatocyte telomeres nor-
mally shorten by 55 bp per year, and decelerate in middle age. Although hepatocyte
turnover is slower than gastrointestinal mucosal cells turnover, their rates of telomere
loss are about equivalent (Takubo et al., 2000), perhaps due to reciprocal differences in
telomerase expression. Stimulated hepatocytes are capable of prolonged and stunning
regeneration, even replacing the liver. Only days after surgical excision or toxic damage,
many animals may regenerate up to 90% of their liver (Goodman, 1974b; Robbins, 1974;
Leevy, 1998). This astounding regeneration includes considerable histologic remodeling,
resulting in a substantially normal organization and function. Although progress in this
area is underway (Martinez-Hernandez and Amenta, 1995), this complex process remains
poorly understood.

In cirrhosis, however, this regeneration—by cell division and cell replacement—
is insufficient and abnormal. In continual hepatic insult, as in alcoholics, such abnor-
malities might be attributed solely to cell damage rather than senescence. The literature
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confirms that cirrhotic cells are dysfunctional, but not why, nor whether cell senescence
plays a role.

With this caveat, consider the correlational evidence (Erlitzki and Minuk, 1999).
Hepatic cirrhosis includes hepatocyte insult and continuous cell turnover (Pinzani and
Gentilini, 1999). A portion occurs in stellate cells (Pinzani et al., 1998; Lang and Brenner,
1999), which become fibrogenic (Gressner, 1998). Accompanying turnover are changes
in the extracellular matrix (which stellate cells manufacture) and an accelerated degra-
dation of this matrix (Friedman, 1999b). Cytokine and chemokine production change
(Lang and Brenner, 1999) with consequences for their main hepatic target, the stellate
cell (Friedman, 1999a; Li and Friedman, 1999). Signaling pathways change (Pinzani
et al., 1998) as does cell regulation generally, apoptotic regulation specifically (Gressner,
1998), and protease production and inhibition. Central to this alteration is the stellate
cell (Burt, 1999), which divides repeatedly (Friedman, 1999a), activating and transform-
ing from quiescent retinoid-rich cells to fibrogenic and contractile myofibroblasts, de-
void of retinoids (Friedman, 1999a; Li and Friedman, 1999).

Cirrhosis is characterized by changes we anticipate in senescing cells, such as ex-
pression changes in growth response and other genes (Leevy, 1998), paracrine responses
(Friedman, 1999a), matrix production (Friedman, 1999b), cell signaling, and stellate
cell activation (Alcolado et al., 1997). Several studies in stellate cells have looked at
the transcriptional and post-transcriptional regulation of type I collagen genes, transcrip-
tion factor nuclear factor kappa B, focal adhesion kinase, and integrin-mediated signal
transduction, as well as apoptosis (Lang and Brenner, 1999). There are complex inter-
active changes in the extracellular matrix, the stellate cells that produce it, and various
cytokines in cirrhotic stellate cells. Specific receptors for matrix proteins, many in the
integrin family, interact with and activate stellate integrins (such as a1b1) and are criti-
cal to contractility in cirrhosis (Bissell, 1998).

Like many stem cell populations, hepatocytes can express telomerase (Borges and
Liew, 1997; Yui et al., 1998; Golubovskaya et al., 1999) at a low level (Burger et al.,
1997). This activity increases in hepatic graft rejection (Goto et al., 2000), hepatitis,
and cirrhosis (Tahara et al., 1995b), as well as in hepatic regeneration, where there
is a generic increase in cytokines, growth response genes, and telomerase activity
(Golubovskaya et al., 1997; Leevy, 1998; Inui et al., 2002). Even with telomerase
present, most somatic cells senesce, albeit more slowly than otherwise. In rats, telomere
erosion may be slower than in other tissues, but senescence is seen in late passaged
cells (Golubovskaya et al., 1999), despite stable expression of telomerase with age
(Golubovskaya et al., 1997). In keeping with predictions (one division per year, with
fibroblasts losing 50–150 bp per year), human hepatocytes lose about 120 bp per year
(Aikata et al., 2000), resulting in a mean of 10 kbp in normal 80-year-old hepatocytes.
The mean is slightly, but significantly, lower in age-matched patients with chronic hepa-
titis or cirrhosis (Miura et al., 1997; Aikata et al., 2000). The correlation between telo-
mere loss correlates and degree of pathology. It has been seen as suggesting that fibrotic
scarring in cirrhosis might be a consequence of hepatocyte senescence (Gordon, 2000;
Wiemann et al., 2002). As in other tissues, the loss of telomere length and senescence
may predispose to malignancy (Golubovskaya et al., 1999), but conversely, high
telomerase activity serves as a malignant marker (Takaishi et al., 2000).

An absence of telomerase causes cirrhosis and its expression reverses the process.
Telomerase knockout mice showed defects in liver regeneration after surgical and toxic
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hepatic insults and good histological evidence of cirrhosis. Using an adenoviral delivery
system, they then restored telomerase activity and telomere function. These mice showed
histologic and physiologic reversal of the cirrhosis. This experiment argues for cell se-
nescence in cirrhosis (Rudolph et al., 2000). As a result of damage (over time or acutely),
hepatocytes die and the remaining hepatocytes divide and senesce, thereby altering not
only their own gene expression but the function of cells that surround them. The resulting
dysfunctional changes in physiology and histology define clinical cirrhosis.

Intervention

In at least one venue, diabetes, gastrointestinal interventions have been effective. The
advent of injectable insulin transformed an acutely fatal disease into a chronic disease
that injures most organs over time. The outcome is horrific. Most clinicians and dia-
betics pin their hopes on transplanted human b islet cells, a hope tethered to problems
with immune rejection and replicative limits in culturing these cells. Although retroviral
transfection of the hTERT gene induces telomerase activity, cell senescence cannot yet
be prevented (Halvorsen et al., 2000).

Cirrhosis, a significant cause of death worldwide, has no effective treatment. Pre-
vention consists of abstinence from alcohol and, where available, immunization against
known viral hepatidites. Despite contemporary and projected advances (Dai and Jiang,
2001), current intervention consists of supportive measures, coupled with antivirals
where appropriate.

Several experimental approaches take aim at the fibrotic and inflammatory changes,
such as S-adenosylmethionine (in carbon tetrachloride-induced fibrosis), anti-inflammatory
compounds, collagen synthesis inhibitors, and antioxidants. In vitro, polyenylphos-
phatidylcholine can protect against alcohol-induced fibrosis and cirrhosis, attenuate
stellate cell transformation, and increase collagen breakdown and is under trial (Lieber,
1999). Agents that alter repair, cytokine mechanisms, stellate cell activation (Bissell,
1998), gluconeogenesis, fatty acid formation (Goodman, 1974b), cell replication, and
collagen deposition (Leevy, 1998) are under consideration.

Since accelerated telomere loss has been suggested as a factor in hepatic cirrhosis
(Rudolph et al., 2000), telomerase has become a target (Burger et al., 1997). Geneti-
cally stable, differentiated, nonmalignant, immortalized hepatocytes “would find broad
applications in biomedical research, especially for . . . hepatocyte transplantation”
(Cascio, 2001). Experimentally derived telomerase-positive hepatocytes may be mor-
phologically and functionally normal, with microarray patterns similar to those of nor-
mal hepatocytes and without evidence of malignant transformation (Schnabl et al., 2002).
Adenoviral delivery, as has been used in mice (Rudolph et al., 2000), or other methods
deserve consideration in future human trials.



271

C H A P T E R 17

The Eye

Structure and Overview

The eye is a remarkable gestalt—part skin, part muscle, part brain. Like Yeats and his
chestnut tree (1963, p 214), it is not “the leaf, the blossom, or the bole,” but some-
thing more, something critical to our view of the world. For most of us, our eyes create
reality.

Scientifically, the eye is just as wondrous. To Charles Darwin (1859, p 133), the
notion that “the eye with all its inimitable contrivances for adjusting the focus to differ-
ent distances, for admitting different amounts of light, and for the correction of spheri-
cal and chromatic aberration could have been formed by natural selection, seems . . .
absurd in the highest degree.” But as Darwin argued at least as well if not as succinctly,
biology cannot be understood save in the light of evolution and biology, and so we view
the eye.

Each human eye is 24 mm in diameter, comprising a tough external membrane (the
cornea and sclera), an intermediate vascular, pigmented layer (the iris, ciliary muscles,
and choroid), and an internal layer (the retina), surrounding a central, transparent, rela-
tively protein-free fluid (Gardner et al., 1975).

The cornea, a transparent layer made of keratocytes (fibroblasts), is continuous with
the more peripheral sclera. Anterior to the anterior chamber, it is the first cell layer
encountered as light enters the eye. Refraction occurs in the cornea, but only to a minor
degree compared to the lens, although the cornea has the additional benefit of refrac-
tion at the air–tissue interface, which considerably increases its refractive effect upon
incoming light. The cornea is avascular (permeation from the limbus serves to supply
most nutrients instead), but has transparent, extensive, and exquisitely sensitive free nerve
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endings throughout. The opaque, white sclera is made of a tough meshwork of collagen
and connects to the extraocular muscles that move the eye.

The centripetally deeper, intermediate layer (the uvea) has a more active role in
ocular function. This layer contains most of the blood vessels and actively controls the
aperture of the eye, the pupil. The ciliary muscles control the shape (and hence focal
length) of the lens; the iris, a circular diaphragm of muscles, controls the depth of focus
and amount of light that enters the eye via the pupil.

The innermost layer, the retina, is histologically complex, but in essence consists of
an external pigment layer and an internal neural layer. In nocturnal animals such as cats,
this external pigment layer (the tapetum) is reflective (hence the glow of cats’ eyes at night),
ensuring that the receptors have a higher rate of photon capture on the rebound and trad-
ing off excellent night vision for poorer resolution. In humans, this pigment layer is ab-
sorptive, which prevents such reflective scattering, trading off poorer night vision for
improved resolution, particularly in the fovea. The fovea, which subtends about 1° of our
visual field, is the center of the larger macula, which subtends about 3° of our visual field.
This pigment layer is not a passive layer, merely absorbing superfluous photons. Cuboi-
dal cells composing retinal pigment epithelium (RPE) are strategically placed between
photoreceptors and the vascular uveal layer. These cells provide phagocytic recycling of
photoreceptor membranes, are responsible for vitamin A (retinol) metabolism in the retina,
maintain electrolyte homeostasis for normal photoreceptor function, and control all trans-
port between the blood and retina (Schraermeyer and Heimann, 1999). As we shall see,
this layer plays a role—one we do not understand—in the etiology of the most prominent
age-related ocular diseases, macular degeneration.

The retinal layer lying closest to the center of the globe, the neural layer, consists
of two types of photoreceptors. The more sensitive, color-blind, low-light rod receptors
(good night vision, poor for fine resolution) are more prominent in the periphery. The
color cones come in three types, each with its own characteristic spectral sensitivity.
The three types of color-sensitive cones (good for day vision, excellent for resolution)
are more prominent in the central macular region (the fovea). The complexity of the
neural layer resembles a simpler version of the central cortex and appropriately so. This
layer is no mere passive collection of receptors, but an extrusion (embryologically) of
the central nervous system into the eye. As such, it extensively processes visual infor-
mation prior to sending the information onto the brain via the optic nerve.

The optic nerves are among the largest nerve bundles of the body, containing in
excess of one million carefully mapped tertiary axons, carrying information on color,
contrast, and retinal location to the center of the brain, where the information is further
processed in the thalamus before going on to the primary visual cortex and conscious
awareness. The eye is capable of transmitting even more visual information than this
one million–axon figure might suggest, because raw visual information is processed so
heavily before it enters the optic nerve. For example, the brain does not receive infor-
mation on light energy (brightness), but information on differences in light energy
(Cornsweet, 1970). Likewise, each optic nerve axon transmits an information compos-
ite from several receptors, defining complex visual response fields, rather than single
receptor events. The eye is not a passive transducer, taking photons and converting them
into neuronal impulses, but a moderately sophisticated visual computer that processes
information before “uploading” it to the brain. This complexity makes it vulnerable to
damage and lies at the heart of its general pathology and ocular pathology characteristic
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of aging. It is a complexity value-added within the retina, for we do not see the world,
but we create it.

Blake, in “The Everlasting Gospel,” called the eyes “life’s dim windows of the soul”
(Keynes, 1966); but they are not only dim, they are usefully distorted. As Wordsworth
wrote at Tintern Abbey, our eyes show us “what they half create and what [they] per-
ceive” (Williams, 1952). This echoes the more banal epistemology of the visual
physiologist, for whom our constructed, personal world depends “only indirectly” on
incoming light waves, and is by necessity “different in many important ways from
the world ” (Cornsweet, 1970). We half-see, half-create our visual world. This act of
creating makes our world our own, but likewise magnifies the vulnerability and cost of
its loss in aging or disease.

Aging and Other Pathology

The poignant fear of blindness is a dread to the elderly: we lose our world, we lose our
independence. The most profound aging pathology occurs in the retina and the most
profound pathology of the retina is age-related macular degeneration (AMD). Retinal
pathology is the primary cause of visual disability in aging (Michaels, 1994). It is pre-
dictable (Yoo and Adamis, 1998), can be seen even in the fourth decade (Uchino et al.,
2001), and (of all retinal pathology) macular degeneration is the leading cause of blind-
ness in the developed world (Garcia Layana, 1998), especially in patients over 60 years
of age (Allikmets, 1999). Not only do we lack effective treatments for macular degen-
eration (Campochiaro et al., 1999), making it the major focus of geriatric ophthalmol-
ogy, we do not understand the disease.

Genetic factors, as usual, play a role (Gorin et al., 1999; Zack et al., 1999), but their
analysis has been difficult and we have few candidate genes so far (Allikmets, 1999).
The few we do have include the ABCR gene and a linkage to markers in 1q25–q31. The
ABCR gene, encoding a retinal rod photoreceptor-specific ATP-binding cassette trans-
porter, may be involved, but is more closely associated with other ocular diseases (e.g.,
retinitis pigmentosa) than with macular degeneration. ABCR gene may increase the risk
for macular degeneration even in heterozygous patients (Shroyer et al., 1999). Although
there is probably a decrease in the effective capacity of the Na/K ATPase pump in the
macula with aging, this is due to the decrease in cell numbers (at least in vitro), not in
the number or efficacy of such pumps (Burke and McKay, 1993). In a tantalizing link
with genes linked to Alzheimer dementia, the apoE e4 allele has been associated with a
reduced risk of macular degeneration (Yates and Moore, 2000).

Behavioral risk factors play a role. Although it is clear that tobacco use (Hawkins
et al., 1999) increases the risk of macular degeneration, despite more than two decades
of careful research into risk factors for macular degeneration, the role of hypertension,
hypercholesterolemia, postmenopausal estrogen, diabetes, and dietary intake of fats and
alcohol remain uncertain and (though perhaps likely) largely unproven (Snow and
Seddon, 1999). Dietary intake of specific types of fat may be correlated to increased
risk (Cho et al., 2001a; Seddon et al., 2001). Obesity, whether due to genetic or behav-
ioral effects, is a risk factor (specifically, the waist-to-hip ratio) for macular degenera-
tion, as well as other age-related ocular diseases (Klein et al., 2001). Photodamage may
play a role in macular degeneration, as it does in skin aging (Cruickshanks et al., 2001).
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Inadequate vitamin intake (particularly retinoids, hence the name) can cause retinal
dysfunction, but the role of other dietary components are disputed. Oxidative damage
in macular degeneration is attracting attention (Winkler et al., 1999). Dietary antioxi-
dants (Congdon and West, 1999; Smith, 1999) and other dietary components (Pratt, 1999)
have been suggested as having a prominent role in retinal pathology. There have been
few data to support or undermine such claims (Cooper et al., 1999). Although larger
trials (Age-Related Eye Disease Study Research Group, 2001a) suggest that there may
be some protective effect of antioxidant and zinc supplementation (Jampol and Ferris,
2001), other work suggests that zinc has no protective role (Cho et al., 2001b). We re-
main distressingly far from a clear understanding or an effective intervention. Vascular
changes in retrobulbar circulation have been blamed for macular degeneration and glau-
coma (Harris et al., 2000), but this may be mere correlation, not cause.

Even though we know next to nothing about the functional etiology of macular
degeneration, we do have a good grasp of the descriptive pathology (Fine et al., 2000;
Gottlieb, 2002). This includes edema, infarction, exudates, hemorrhage, pigment dis-
persion, atrophy, and inflammation. It is typically bilateral but asymmetric in onset, with
one eye leading the other in its pathology, rarely by more than 4 years (Michaels, 1994).
Macular “holes” may occur, whose etiology remains speculative (Ho et al., 1998).

The loss of central vision in macular degeneration occurs because of exudative
separation of the pigment epithelium from the photoreceptor layer. Pigment epithelium
is protective and fails in this role—although whether primarily or secondarily is un-
known—early in its pathology. This protective role is not well understood, but includes
defenses against oxidative stress, detoxification of peroxides, the binding of zinc, and
lysosomal degradation (Schraermeyer and Heimann, 1999). The uveal layer, just out-
ward from (centrifugal to) the pigment epithelium, plays a role in some forms of macular
degeneration. If new vessels invade from the choroid, the result may often be hemor-
rhage, defeating the presumed physiologic “purpose” of such neovascularization (Green,
1999). Moreover, it results in scarring and further loss of photoreceptors and, hence,
vision.

At the fine histologic level, macular degeneration is associated with apoptosis of
the retinal ganglion cells, perhaps initiated by ischemia, although other causes have been
asserted, including cell senescence of the retinal pigment epithelial cells (Harris et al.,
1999a). Vascular defects in the physiologically supportive uveal layer have been iden-
tified in nonexudative and exudative macular degeneration. That macular degeneration
results in atrophy of the neurons and visual receptors is unfortunate; that it does so at
the center of vision—in the macula—is tragic, for it prevents patients from seeing what
they are looking at. Patients with macular degeneration typically are unable to recog-
nize friends, watch television, or read. The blind spot is centered in their visual world.

Although macular degeneration may be the most poignant problem of visual
aging, it is not the most common. Age-related lens and corneal changes, from simple
presbyopia to cataract formation, lead the way in incidence and there are innumerable
other visual problems that commonly occur (Fig. 17–1). They might best be categorized
and discussed by their anatomic origin within the aging eye, sequentially from the cor-
nea, through the anterior chamber, iris, and lens, until we reach the retina.

The cornea changes in a variety of ways with age (Faragher et al., 1997). These
include a decrease in the cell density of keratinocytes (Murphy et al., 1984) by about
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0.6% per year, although the variance increases, making cell density an unreliable
biomarker of corneal aging. In addition, there are changes in the shape and optical prop-
erties (increasing the odds of astigmatism), an increasing intramolecular and intrafibrillar
spacing in the intracellular matrix (possibly as a result of glycation; Malik et al., 1992,
1996), and in increase in the thickness of Descemet’s membrane. The normally soluble
proteins condense and clump, thereby scattering light (Friedrich, 2001). A catalog of
imperfections becomes increasingly and finally overwhelmingly probable, and each of
these imperfections can individually impair visual quality. Because the cornea has a high
affinity for water (causing an inherent tendency toward cloudiness, i.e., light scatter-
ing), the impaired function of the active metabolic pump with age results in decreased
visual clarity (Michaels, 1994). In addition, there is a decreased resistance to infection,
a failure to regulate inflammation (Hobden et al., 1995), reduced phagocytosis (Hazlett
et al., 1990), and changes in cell permeability (Chang and Hu, 1993) and metabolism
(Lass et al., 1995). The cornea is slower to recover from hypoxic stress (Polse et al.,
1989), probably because of senescent changes in the anterior segments (Faragher et al.,
1997b) that normally prevent or limit damage from reactive oxygen species (Green,
1995). Corneal endothelial cells do not normally divide (Mishima, 1982; Treffers, 1982;
Schultz et al., 1992) although they are capable of doing so.

The space between the cornea and lens, the anterior chamber, becomes shallower
(partly as a result of age-related changes in the shape and size of the lens), increasing
the risk and incidence of glaucoma (Michaels, 1994). When the pressure in the anterior
chamber rises, as it does in glaucoma (sometimes suddenly), it is often painless, but it
can present with progressive pain and cause damage to intraocular cells and the optic
nerve and, ultimately, blindness. Risk factors include age, as well as genetic factors,
myopia, venous occlusion, diabetes, infection, steroid use, and trauma. Atherosclerosis
with secondary ischemia has recently been implicated (Harris et al., 1999a).

The iris changes predictably with age, but has little clinical pathology compared to
the rest of the structures discussed here. The muscles of the iris stiffen and can demon-
strate sarcopenia. They do not dilate the iris as fully as they do in the younger eye, con-
tributing to poorer night vision and a loss of fine accommodation.

Figure 17–1 Aging eye tissue. In the aging eye, cell senescence in the lens may well explain
presbyopic changes, such as poorer accommodation and altered transmission. Though consis-
tent with current data, a parallel explanation of macular degeneration remains more speculative.
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The lens, however, is a different matter and accounts for a large percentage of age-
related clinical symptoms, often resulting in surgical excision. An onion-like collection
of cells, varying in shape from outer flattened or cuboidal cells to the inner long fiber-
like cells, it is serially accreted and continues to grow throughout life. This is a rare
example where the body accumulates “dead” cells, not subject to turnover. As a result,
the slow racemization of the amino acids can even be used to assess age in some spe-
cies, such as whales (George et al., 1999), when alternative methods are not practical.
The rate of cell division (and accretion) slows with age (Michaels, 1994). The overall
mass of the lens triples by age 70 (Arking, 1998) and as it increases, it becomes visually
dysfunctional. Specifically, the lens becomes stiffer (making it harder to change focus)
and more prone to scatter light (giving poorer resolution at any focus; Beers et al., 1998).
The ciliary muscle (which, when it contracts, accentuates the convexity of the lens to
achieve a nearer focal length) atrophies, but presbyopia is more the result of lens stiff-
ening (and increasing size) than it is of ciliary sarcopenia. Sclerosis of the lens substance
and decreased elasticity of its capsule are the main causes of poorer accommodation.

Worldwide, cataracts are the leading cause of visual impairment as well as causing
half of all blindness (Friedrich, 2001). The fine pathology of the aging lens is charac-
teristic: there is degeneration of the epithelium, water clefts, lens fiber fragmentation,
and crystal (Ca2+ and cholesterol) deposition (Michaels, 1994). At the biochemical level,
the lens proteins themselves change. Among the commonest of the lens proteins are the
a crystallins, chaperone proteins that putatively protect other lens proteins against oxi-
dative, thermal, and chemical inactivation (Hook and Harding, 1998). Diabetes is a risk
factor in cataracts, probably through its hyperglycemic effects on the lens proteins (Bron
et al., 1998). Crystallins are normally formed exclusively of L-amino acids, but with age
comes progressive racemization. The aspartates at positions 36 and 62 in the aA- and
aB-crystallins from the aged human lens become highly racemized (D/L isomer ratios
are 0.92 and 0.54, respectively). Strangely, the aspartates at positions 58 and 151 in
aA-crystallin become inverted (D/L isomer ratios of 3.1 and 5.7, respectively), which is
difficult to attribute to random processes and may therefore be due to active stereo in-
version (Fujii et al., 1999). Some process in the cell (and a distinctly chirally biased
process at that) putatively induces inversion after the a crystallin is synthesized. Such
post-translational changes in a-crystallin properties are probably not unique, and other
age-related protein changes, particularly in their chaperone and aggregation properties
(Takemoto and Boyle, 1998), have been implicated in cataract formation in particular
and age-related lens dysfunction in general. Classic cross-linking and Maillard reac-
tions (Yin, 1996) are common within the lens (Shamsi and Nagaraj, 1999) and while
oxidative damage may play a causal role, antioxidant supplementation may not be pro-
tective (Age-Related Eye Disease Study Research Group, 2001b; Jampol and Ferris,
2001). All of these factors may underlie the disturbed pattern of fiber-packing causing
photon interference (and opacity) in the aging eye (Johnsen, 2000).

Although the retina is most notorious for macular degeneration, it has other age-
related pathology, including the same garden-variety vascular pathology found elsewhere
in the body. Such pathology is strikingly easier to diagnose and track because of the
location. The retina provides a clear view of vascular abnormalities to routine ophthal-
moscopy. Diabetic vasculopathy, loss of capillary beds, occlusive vasculopathy (throm-
botic or embolic, with or without prior transient ischemia), and hemorrhage all contribute
to visual loss in the elderly and can all be followed without invasive tests. Atheroscle-
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rosis, hypertension (Schubert, 1998), and diabetes are the major vascular risk factors in
the retina as elsewhere, and their histopathologic changes parallel those classically seen
in coronary and other critical arterial beds (Michaels, 1994). The retina manifests a
plethora of other (at least ostensibly) nonvascular aging changes. It is increasingly likely
to detach from its choroid, usually starting peripherally and progressing to central visual
loss. Independent of the deficits of iris function, the neural elements of the retina are
themselves slower to adapt to the dark, probably because of primary changes in retinal
neuron interactions.

It is perhaps surprising then, that many visual functions do not change predictably
with age (Enoch et al., 1999). Most age-invariant functions rest upon neural founda-
tions, rather than upon lens, vascular, or fibroblast function. These invariant functions
include visual receptor sensitivity to color, motion, and contrast. As in many other sys-
tems, it is the tissues with dividing cells that show primary pathology and correlate best
with age-related dysfunction. Although many cells, such as retinal neurons, may dem-
onstrate extensive secondary pathology, this is often accurately attributable to vascular
(e.g., hypertensive and atherosclerotic), inflammatory, or other secondary etiologies.
Nondividing neural cells show little in the way of primary age-related pathology, sug-
gesting a likely role for cell senescence in the pathologies we associate with ocular aging.

The Role of Cell Senescence

The notion that cell senescence may play a role in age-related diseases of the eye is not
novel. Indeed, several authors have suggested that cell senescence might play a role in
age-related retinal (Eldred, 1993; Silvestri, 1997; Harris et al., 1999a), lens (Tassin et al.,
1979; Colitz et al., 1999; Wolf and Pendergrass, 1999a), corneal (Faragher et al., 1997b),
or other ocular dysfunction. We might expect such a role to parallel the degree to which
cell turnover occurs in particular cell populations of the eye. Corneal epithelial cells
divide continuously and turnover is complete within 5 to 7 days of terminal differentia-
tion (LeBlond, 1964; Marshall, 1991). Other cells turn over only in response to stimu-
lation, as in ocular stromal keratocytes (Tuft et al., 1993). Corneal endothelial cells do
not demonstrate telomerase activity (Colitz et al., 1999) and seldom turn over, although
they are capable of doing so (Mishima, 1982; Treffers, 1982; Schultz et al., 1992).
When bovine corneal endothelial cells divide in vitro, they show clear evidence of
ongoing telomere loss, correlated with increasing b-galactosidase and p53 expression
(Whikehart et al., 2000). Data (Egan et al., 1998) support the conclusion that in vivo
corneal endothelial cells do not divide, do not senesce, and are probably not involved in
age-related pathology. But whether such cells have senescent characteristics and whether
endothelial cell senescence might underlie certain ocular diseases of the elderly is un-
certain. For example, the endothelial cells produce excessive amounts of abnormal base-
ment membrane in Fuchs’ endothelial dystrophy and this might be such an example of
senescent cell changes in gene expression (Bergmanson et al., 1999).

While there is some information about stem cell function within the eye (Colitz
et al., 1999), there is considerable uncertainty about it. To the extent that such popula-
tions (transiently or otherwise) express telomerase, this has substantial implications for
the limits of cell senescence (and hence the pathology) within its intrinsic cell pheno-
types. Which cells can divide within the adult human eye is under revision, and this
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revision extends into the retina. Although traditionally felt to consist largely of termi-
nally differentiated, nondividing cells, some retinal cells are now known to be capable
of division. In the adult mouse, for example, pigmented ciliary margin cells can act as
stem cells, differentiating into rod photoreceptors, bipolar neurons, and ganglion cells
(Tropepe et al., 2000), although again, their ability to express telomerase is unknown.

There is good circumstantial evidence that senescent cells are present in vivo in
the older eye. Cultures of keratinocytes from old donors, for example, show an increased
fraction of senescent cells (Salla et al., 1996; Faragher et al., 1997b). The same is true
of human corneal endothelium, in which there is an age-related increase in senescent
cells (Hoppenreijs et al., 1994; Blake et al., 1997; Faragher et al., 1997b). Whether such
cells play a role in pathology, however, is a separate issue and needs addressing.

Corneal epithelial cells do not demonstrate telomerase activity (Colitz et al., 1999)
and can be expected to senesce more rapidly than might other cells (such as lens epithe-
lial cells) that do have such activity. The overall effect of cell senescence in vitro has
been characterized as a catabolic change in cell behavior (Campisi, 1997b) and in fi-
broblasts is associated with collagen disorganization (Dimri et al., 1995). If this change
in collagen metabolism occurs equally in the cornea (Faragher et al., 1997b), it explains
the observed loss of collagen organization and appearance of collagen-free spaces (Kanai
and Kaufman, 1973; Moller-Pederson, 1997). In a like vein, Faragher et al. (1997b) sug-
gest that the increase in lipofuscin seen in the aging stroma may be the product of se-
nescent cells, similar to the senescence-related accumulation found in retinal pigment
epithelial cells (Rawes et al., 1997; Holz et al., 1999). Just as ultraviolet photons have
been implicated in telomere shortening in fibroblasts (Kruk et al., 1995; Hande et al.,
1997), the constant exposure to near-ultraviolet photons in the structures of the eye,
including the retina, may play a role in cell senescence, including changes in gene ex-
pression, lipofuscin accumulation, and other markers of retinal pigment cell senescence
(Li et al., 1999b).

Clinical findings in patients who demonstrate premature fibroblast senescence, such
as those with Hutchinson-Gilford or Werner syndrome (vide supra), provide only lim-
ited data. Although anecdotal reports from the parents suggest that progeric children
are intolerant of bright light (Fossel, clinical observation), there is no reported increase
in macular degeneration and few published reports of ocular problems (e.g., Iordanescu
et al., 1995) among progeric children in the literature. In Werner syndrome patients, by
contrast, postsurgical healing of the cornea is severely impaired (Jonas et al., 1987). This
parallels the clinical observations of a progressive defect in postophthalmic surgery
healing in normally aging patients (Waring et al., 1991; Dutt et al., 1994; Chatterjee et al.,
1996). An animal model (SAM mice) of accelerated senescence demonstrates early onset
of retinal receptor cell and ganglion cell degeneration (Hosokawa and Ueno, 1999),
although the degree of relevance to human ocular aging and macular degeneration is
arguable.

Ocular photoaging has been offered as a parallel to dermal photoaging and may
accelerate ocular senescence. Faragher et al. (1997b) point out that the cornea is satu-
rated in “mutagenic” light, which induces “reactive senescence” in keratinocytes or
deeper cell layers. Since turnover is continuous in the corneal epithelium, rapid senes-
cence is expected especially in stem cells. Photoaging may accelerate this.

Within the cornea, a number of changes in function, probably reflecting changes
in gene expression, occur and these have been tentatively attributed to cell senescence
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(Faragher et al., 1997b). These include changes in cell permeability (Chang and Hu,
1993), changes in integrin subunit function (especially the distribution and continuity
of the a6- and b4-subunit components of hemidesmosomes; Trinkaus-Randall et al.,
1993), and a reduced ability to up-regulate expression of adhesion molecules (Hobden
et al., 1995).

In the lens, ocular keratocytes, like fibroblasts elsewhere, senesce (Tassin et al.,
1979; Dropcova et al., 1999), causing many changes in the lens. Some changes are sim-
ply morphological, such as the increase in finger-like projections seen in humans and
other primates (Boyle and Takemoto, 1998), although morphological change may in-
terfere with normal light transmission. More profound physiological changes occur.
These include an increased production of fibronectin, cathepsin D, and hyaluronan, and
a decreased synthesis of collagen, chrondroitin sulphate, interkeukin-6, and insulin-like
growth factor. There is a general loss of sensitivity to many growth factors and cytokines
in such cells (Grey and Norwood, 1995). Most changes described above (decreased
metabolism, poorer recovery from hypoxia, increased light scattering secondary to
impaired metabolic pumping of water) are attributable to changes in gene expression
and to cell senescence.

Rather than being uniform, there are a variety of cells composing the lens that have
an equal diversity of mitotic, and hence senescent, potentials (Colitz et al., 1999). The
germinative epithelial cells that cover the lens have an unlimited replicative potential,
while the older epithelial cells at the core of the lens are considered nonreplicative. Is
this distinction correlated with cell senescence or telomerase activity and could it help
explain cataract formation? Not simply. Telomerase activity is uniform throughout this
cellular spectrum in normal canine, feline, and murine lens tissue. In epithelial cells from
lens with cataracts, however, telomerase activity is increased, although it is not clear
whether this causes or is the physiological response to cataract formation. Telomerase
activity was present in such cells initially, but rapidly disappeared when cultured, a find-
ing suggesting that telomerase activity is not constitutive but dependent on cell milieu
and response. In stem cell reserves of the outer epithelial tissue, telomerase expression
makes sense in preserving replicative capacity over the lifetime of the lens. In the qui-
escent, central cells, however, telomerase is more puzzling, perhaps functioning to pro-
tect the cell from inappropriate senescent changes induced by the ravages of high oxygen
and ultraviolet exposure in this tissue (Colitz et al., 1999). Cell senescence in cataract
formation is possible and speculation tempting (Wolf and Pendergrass, 1999), but even
the sparse data available are complex and not unambiguously supportive.

Because it is the site of macular degeneration, the retina has received much atten-
tion, especially senescence in retinal pigment epithelial cells (Hjelmeland et al., 1999).
Senescent retinal pigment epithelial cells have been suggested as playing a central role
in age-related maculopathy and age-related macular degeneration (Matsunaga et al.,
1999a), but data are sparse and their interpretation ambiguous (Hjelmeland, 1999).
Retinal pigment epithelial cells demonstrate the characteristic changes of senescence in
vitro, such as b-galactosidase expression as a function of in vivo age (Mishima et al.,
1999) and in vitro population doubling and diminution of the mean terminal telomere
restriction fragment length (Matsunaga et al., 1999a). But are these relevant to in vivo
pathology? Studies of the in vitro kinetics of human retinal pigment epithelial cells
parallel in vivo data and might plausibly be used to suggest that such senescence occurs
in vivo (Rawes et al., 1997), although only limited in vivo data are available (Hjelmeland
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et al., 1999). Theoretically, the apoptosis of retinal ganglion cells associated with macular
degeneration might be initiated indirectly by ischemia (due to vascular endothelial cell
senescence) or directly by cell senescence of the retinal pigment epithelial cells (Harris
et al., 1999a). There is good evidence that (at least in vitro) cell senescence of retinal
pigment epithelial cells results in characteristic changes in gene expression. Moreover,
these changes are characterized by the expression of genes whose products are inflam-
matory (Shelton et al., 1999) and resemble the pattern found in wound repair (Matsunaga
et al., 1999b). This supports the hypothesis that the inflammation found in age-related
ocular disease (e.g., macular degeneration) is not secondary to injury but may be primary,
as it occurs in vitro in the absence of other cell types and solely as the result of senes-
cence. It is not unreasonable to propose that macular degeneration result from cell senes-
cence alone. Retinal pigment epithelial cells might senesce, become proinflammatory, and
trigger the entire cascade of pathology that results in clinical disease. Although simplistic,
there is little to contradict such a naive model and much to learn by testing it.

If retinal pigment epithelial cells do senesce in vivo, the consequent changes in
gene expression might explain the observed abnormalities of the extracellular matrix,
which in turn may promote the choroidal neovascularization that figures so prominently
in the gross pathology (Campochiaro et al., 1999). The pattern of gene expression that
occurs in senescent retinal pigment epithelial cells in vitro includes the repression of
prostaglandin D synthetase, a potential retinoid binding protein, and cellular retinol
binding protein-1 (Shelton et al., 1999). These changes, alone or as part of an overall
alteration in the pattern of retinal gene expression, might be expected to have profound
consequences for the function of the aging human retina in vivo. Other changes have
been observed. The cells become altered in their signaling responses, for example, and
are unable to respond to express collagen in response to low-serum conditions. Senes-
cent retinal pigment epithelial cells in vivo, like those in vitro, demonstrate increased
lipofuscin (Rawes et al., 1997). Such alterations in patterns of gene expression, defec-
tive responses to local cell signaling, and lipofuscin accumulation are expected, even
predictable, in comprehensive explanations of ocular pathology. Similar parallels be-
tween behavior of in vivo and in vitro senescent cells are seen in human corneal cells
(Faragher et al., 1997b).

Unfortunately, the cascade of pathology involved in macular degeneration is so
complex that a host of hypotheses can be entertained without much fear of (or oppor-
tunity for) falsification. The role of apoptosis, rod-cone dependencies, trophic factor
requirements, identifying the cells that produce trophic factors, cell–cell contact require-
ments, and other questions remain unanswered (Adler et al., 1999) and it is in these areas
that cell senescence is likely to cause pathology. Our ignorance allows speculation but
forbids certainty.

Intervention

The main spur to new interventions, based on cell senescence or not, is the lack of other
effective therapeutic interventions for most age-related ocular diseases. Although ex-
tant therapies for cataracts (surgery), presbyopia (corrective lenses), and glaucoma
(medication) may suffice, the same cannot be said for macular degeneration, for which
there is little to offer. Current therapy, such as the destruction of neovascularization (e.g.,
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using verteporfin and 689 nm wavelength light from a nonthermal diode laser), is sec-
ondary, not fundamental or preventative. Some age-related ocular pathology can be
prevented or ameliorated, at least in lens opacification. Avoidance of ultraviolet expo-
sure is an accepted example; estrogen replacement a more tenuous possibility (Worzala
et al., 2001). In macular degeneration, the initial data on dietary supplementation are
supportive (Age-Related Eye Disease Study Research Group, 2001a), but their value as
a preventive therapeutic intervention remains uncertain (Jampol and Ferris, 2001).

There is a considerable body of data, however, supporting the value of caloric re-
striction for the aging eye. With regard to cell proliferation in the aging lens, for ex-
ample, caloric restriction is protective against chronically inflicted oxidative damage in
murine epithelial cells (Li et al., 1997, 1998b). Telomere shortening in these same lens
cells is slowed (Pendergrass et al., 2001) and replicative potential is maintained longer
in restricted mice (Pendergrass et al., 1995; Wolf et al., 1995). Not surprisingly then,
cataract formation is delayed in calorically restricted mice (Wolf et al., 2000). Nor is
the lens the only site of age-related ocular effects. Caloric restriction delays the changes
in the aqueous collecting channels of aging mice, suggesting its potential value in delay-
ing or preventing glaucoma (Li and Wolf, 1997).

Given current interventions, research on ocular pathology (even falsifying the
role of cell senescence) would be useful. The possibility that senescence-related
changes in gene expression underlies macular dystrophy is testable. In testing the
hypothesis, changes in gene expression become ready targets for rationally designed
drugs (Campochiaro et al., 1999), even if the overall theory were wrong.

Even if cell senescence were to underlie macular degeneration, genes and gene
products, rather than the overall process of cell senescence, might remain the more
appropriate and facile therapeutic target. This possibility arises from the recurrent con-
cern over malignant transformation. There is no evidence to support this concern and a
considerable absence of evidence in studies looking for such data (Jiang et al., 1999).
Admittedly, however, replicative limits are likely to represent one of the cell’s bulwarks
against malignancy and, as such, deserve a minatory respect. As a result, some workers
have expressed concern that inactivating such a mechanism is “intrinsically undesir-
able” and prefer modification of the results of senescence rather than senescence itself
(Faragher et al., 1997b). The initial results of telomerase knock-in mice show the pre-
dictable increase in tissue healing and predilection to malignancy (Gonzalez-Suarez et al.,
2001; Artandi et al., 2002) that we can expect from constitutive expression. Murine
corneal fibroblasts transfected with hTERT and constitutively expressing telomerase,
maintain their telomeres over time and demonstrate few of the normal signs of fibro-
blast senescence (Gendron et al., 2001). Telomerized human retinal pigment epithelial
cells express normal proteins, melanize, and remain capable of differentiation (Rambhatla
et al., 2002). In either case, cancer or age-related disease, a clearer understanding of the
putative role of cell senescence provides testable targets for clinical intervention. Even
lacking such understanding, the potential benefits and low risks (Jiang et al., 1999) of
retinal cell transfection are clinically attractive.

Besides the possibilities of direct cell telomerization (to prevent senescence) or
indirect drug therapy (aimed at the gene products of senescence), there are other ave-
nues by which an understanding of cell senescence may offer clinical benefits. The ability
to use stem cells or immortalized, differentiated cells to grow specific organs or tissues
is in its infancy but has enormous potential (Lanza et al., 1999a, 1999b; Perry, 2000).
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Already, telomerized or otherwise immortalized cells can be used to construct some
tissues (Funk et al., 2000) and to replace those damaged by age-related pathology. Al-
though the possibility of doing so for complex cell assemblages such as those of the
neural retina is distant, corneal replacements are already feasible. Using recombinant
viruses (containing HPV16 genes E6 and E7) or direct transfection (with genes encod-
ing SV40 large T antigen, pSV3neo, and adenovirus E1A 12S), Griffith et al. (1999c)
immortalized human corneal cells. They constructed a “human corneal equivalent”
comprising all three main layers (epithelium, stroma, and endothelium). Their results
suggest that we might be capable of constructing corneal transplants made of viable
human cells with low rejection risk. Such immortalized corneas are themselves experi-
ments, allowing us to further assay cell senescence in cataracts, although it is not clear
that transformation with E6 and E7 is sufficient for long-term immortalization (Coursen
et al., 1997). Although we might reasonably speculate that cataract formation may be
dependent on cell senescence (Wolf and Pendergrass, 1999) and might therefore pre-
dict that cell immortalization prevents the onset and progression of cataracts, these theo-
ries are unproven.

The most tantalizing approach to intervention is direct extension of in vivo ocular
cell telomeres. Although this possibility has been discussed privately, the difficulties of
transfection or induction of telomerase intraocularly preclude its being among the first
intervention that will likely be tried. Intraocular cell senescence therapy remains tempt-
ing, however, partly because of the lack of effective therapy, especially for macular
degeneration, and partly because of the ease of access compared to other organs that
might otherwise be more important clinically (though not necessarily by ophthalmolo-
gists or all patients), such as neural or vascular structures. The clinical importance of
the eye suggests that interventions will be attempted soon after dermatologic or per-
haps endothelial interventions have been tried and found effective.
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Towards Therapy

Interventions

No model of disease has value beyond its ability to improve lives. Despite strident claims,
there are no currently effective clinical interventions for human aging. There are inter-
ventions that affect a number of biomarkers (e.g., free radicals), superficial cosmetic
changes (e.g., retinoic acid), physiological correlates (e.g., hormones), mean lifespan
(seatbelts), and age-associated disease mortality (e.g., medications lowering cardiovas-
cular mortality). None of these are clinically effective in altering aging (Butler et al.,
2002).

Genetic therapy allows us to affect fundamental and previously inaccessible cellu-
lar mechanisms, including those of aging. If changes in gene expression cause cell
aging, which underlies age-related disease, then we may be able to alter aging. We can
alter gene expression in vitro with beneficial outcomes in multiple human cell pheno-
types (e.g., Bodnar et al., 1998; Vaziri, 1998) and in reconstituted human skin (Funk
et al., 2000). Resultant cells and tissues have normal physiology, morphology, and func-
tion. Extending this work into other tissues and in vivo therapy requires substantial work.

Criticism has been marred by erroneous assumptions, as well as a complex con-
ceptual and historical context (Hirshbein, 2001). Recently, however, many have come
to regard aging as “a disease that can be cured” (Guarente and Kenyon, 2000). Aging
drives disease and is therefore an appropriate target for clinical research (Osiewacz
and Hamann, 1997). To eschew calling aging a disease, despite associated disabili-
ties (Hayflick, 2000b), risks trivializing the loss of health and independence (Kipling
and Faragher, 1997; Anderson-Ranberg et al., 2001; Nybo et al., 2001). Aging en-
croaches upon and circumscribes our lives (Mirowsky, 1997) and, like other diseases,

Death is dialog between
The spirit and the dust,
“Dissolve,” says death. The spirit, “Sir,
I have another trust.”

Emily Dickinson
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is a state that “places individuals at an increased risk of adverse consequences” (Temple
et al., 2001). Aging is the ubiquitous disease.

Moreover, accepting aging as inevitable impedes advances. Popular attempts to
laud the virtues of “successful” aging (Rowe and Kahn, 1997, 2000) raise the specter of
successfully having Alzheimer disease, heart disease, or arthritis. Curing polio required
(and requires; Vastag, 2001a) hard work, not successful fatalism. Microbial disease was
accepted in the 1870s. Its basic mechanisms were novel and poorly understood even by
medical scientists, who criticized evidence that bacteria caused disease (King, 1991).
Medical success is measured in preventions and cures, not conceptual fit (Weng and
Hodes, 2000) and certainly not in successful endurance.

Techniques

Resetting gene expression is the most efficient point of aging intervention; relengthening
telomeres is the most efficient way to reset gene expression. There are three major ap-
proaches involving relengthening of the telomere via hTERT. We can telomerize cells
ex vivo, insert an hTERT gene into cells in vivo (Shay and Wright, 2000c; Steinert et al.,
2000), or induce native hTERT expression in vivo.

Ex vivo telomerization is technically the simplest. Human cells are removed from
the donor, telomerized, and returned. This is easiest for blood-borne cells, such as lym-
phocytes or circulating stem cells. Absent telomerization, this procedure is already used
in bone marrow transplantation, a procedure whose success telomerization might im-
prove, particularly in serial transplantation. The procedure might also be considered for
HIV patients, trisomy 21 with immune senescence, or normal immune senescence. Other
tissues, such as skin (Funk et al., 2000), could be extracted, telomerized, and replaced.
We might reconstitute human skin, myocardial tissue, lenses, and other tissue. Though
technically feasible, ex vivo reversal of tissue aging has not been attempted.

Embryonic stem cells have similar potential (Lanza et al., 1999a, 1999b; Perry,
2000). Although raising ethical questions (Lanza et al., 2000a; Juengst and Fossel, 2000),
somatic cells might theoretically be used to generate “embryonic” stem cells (Wakayama
et al., 2001). Embryonic stem cells are capable of creating any cell phenotype (Thomson
et al., 1998) and may express telomerase (Lanzendorf et al., 2001), avoiding subsequent
senescence (Amit et al., 2000). Somatic stem cells (Boogaerts et al., 1996) are routinely
used to replace marrow-derived cells in cancer (Basser, 1998; Lazarus, 1998), usually
after high-dose chemotherapy for malignancy (Territo, 1997; Thomas, 1997; McGuire,
1998). They have been used in autoimmune disorders (Exner et al., 1997; Snowden and
Brooks, 1999; Burt et al., 2000), including rheumatoid arthritis (Brooks, 1997), sys-
temic lupus erythematosus, and scleroderma (Tyndall, 1997). Additional uses may
include corneal scarring (Kruse and Volcker, 1997; Dua and Azuara-Blanco, 2000),
central nervous system diseases (Ourednik et al., 1999; Armstrong and Svendsen, 2000;
Bjorklund and Lindvall, 2000), and other diseases (Aubin, 1998). Within poorly under-
stood limits (Slack, 2000; Wagers et al., 2002), specific stem cell lines can be induced
to differentiate (or de-differentiate) into replacement cells (Sanchez-Ramos et al.,
2000; Theise et al., 2000; Woodbury et al., 2000), including skin (for burn patients),
cardiomyocytes (replacing infarcted heart tissue), or insulin-producing b cells (in
diabetic patients). Neural stem cells may give rise to myocytes (Galli et al., 2000),
muscle satellite cells to hematopoetic cells (Mahmud et al., 2002), and oligodendro-
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cyte precursor cells to generic neural stem cells (Kondo and Raff, 2000), and other cells
might likewise be used to replace damaged neural or other tissues (Kaji and Leiden,
2001), although within limits (Castro et al., 2003). While making progress in under-
standing cell differentiation (Watt and Hogan, 2000; Lumelsky et al., 2001), much re-
mains unknown (Brazelton et al., 2000; Mezey et al., 2000) and obstacles are significant
(Weissman, 2000).

Telomerization has the advantage of preventing replicative senescence (Harley,
2000). Telomerized skin grafts, pancreatic islet cells, lymphocyte transplants, chondro-
cyte joint remodeling, and treatment of osteoporosis via systemically administered os-
teoblasts all have clinical potential. The functional normality of such tissues is supported
by in vitro work and a few studies of hTERT-transfected ex vivo cells, such as adreno-
cortical cells (Thomas et al., 2000a). Human corneal equivalents have been created,
although with virally immortalized (SV40 large T antigens, pSV3neo, and adenovirus
E1A 12S) cells that demonstrate random chromosomal breaks, structural rearrangements,
and aneuploidy (Griffith et al., 1999c). Telomerized cells lack such damage.

The second approach, in vivo insertion of hTERT gene, poses additional ques-
tions that ex vivo approaches can evade: the percentage of cell take, the degree of
hTERT expression, and the extent of telomere reset. These are critical to effective
use of “telomerase-based gene therapy of age-related diseases” (Samper et al., 2001).
Ex vivo approaches permit selection of cells that express telomerase, replicate, and have
normal gene expression before reinsertion. Fortunately, cells that are “not completely
senescent” can probably be rescued (Steinert et al., 2000), even with critically short telo-
meres, as in telomerase-deficient mice (Terc–/–). Similarly, HUVEC cells can be reli-
ably rescued at 88/95 (93% of cell lifespan) doublings (Morin, 1999). While rescuing
senescent cells is critical, so is functional gene delivery in the first place. One brute-
force approach, useful in skin, is a commercially available, high-pressure gene gun. Other
approaches include adenovirus (Rudolph et al., 2000), Sendai and other viral vectors,
liposomes, dendrimers, and transcatheter application. Targeted introns (Guo et al., 2000a)
and similar approaches may improve control of gene expression. Human clinical trials
are likely to include syndromes in which telomerase dysfunction is known to underlie
pathology: dyskeratosis congenita, Bloom syndrome, Fanconi anemia (Multani et al.,
2002), and Hutchinson-Gilford syndrome. In addition, human trials are planned for eld-
erly human patients with diabetic skin ulcers, venous stasis ulcers, and normal aging
skin. Trials are planned in 2004.

The third approach induces expression of native hTERT, the most promising tar-
get in senescing cells (Santos Ruiz et al., 2000; Fajkus et al., 2002). Although gene in-
sertion of telomerase may be effective (Gonzalez-Suarez et al., 2001) and even safe
(Steinert et al., 2000), it is inelegant: hTERT gene is already present in human cells.
Moreover, the first two approaches demand gene delivery to all senescing cells; deliv-
ering an inducer may be easier and more effective.

Gene induction might allow control of hTERT systemically. Cancer cells unlock
hTERT; stem cells turn hTERT on and off predictably. Controlling hTERT, we might
emulate natural mechanisms controlling expression. Imagine a dark room (a cell with-
out telomerase). We know that the lights work (telomerase can be expressed), but we
don’t know where the switches are. The first two approaches are clumsy: we either change
the entire room (ex vivo) or import a generator and light bulb (transfection). The third
solution (induction) is the more elegant: we find the light switch. The requirements for
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specific hTERT inducers are daunting. Human chromosomes contain on the order of
105 genes. We require a molecule specific for hTERT, with no significant effects on
other genes. This informational specificity implies a relatively large, complex molecule,
but simultaneously small (or lipophilic) enough to penetrate cell and nuclear membranes
and access the chromosome, while being stable and without detrimental effects. On the
plus side, the complexity and contextual nature of hTERT regulation (Cong et al., 1999)
may offer several possible targets for intervention.

Transcription begins with the enhancer, a short section of DNA with multiple ac-
tivator binding sites. Activators bind and recruit the RNA polymerase II (Pol II) cas-
cade and other chromatin-modifying proteins that bind the core promoter. Multiple
different (and synergistic) activators are possible. This variety and complexity permit
enormous adaptability and an ability to integrate information from local cell environ-
ment, distant environment within the organism, cell phenotype, and developmental stage
of the organism (Struhl, 2001). This may include senescence, i.e., telomeric signaling,
through its effects on the pattern of gene expression. Whether telomeric signaling is
modular (acting independently of other inputs) or requires specific nonmodular enhancers
(acting only if all enhancers are present) to permit and cause cell senescence is unknown.

Information on telomerase regulation and specific promoters has been slowly ac-
cumulating, but is accelerating. The hTERT gene is on chromosome 5p (Bryce et al.,
2000; Shay and Wright, 2000b); its regulation is under tight control of promoter
(Takakura et al., 1999; Koga et al., 2000; Kyo et al., 2000b) and repressor mecha-
nisms (Fujimoto et al., 2000; Kanaya et al., 2000).

The hTERT promoter was first characterized in 1999; considerable interest now
focuses on the hTERT 5' gene regulatory region (Poole et al., 2001). The hTERT pro-
moter lacks TATA and CAAT boxes and is in a CpG island (Horikawa et al., 1999)
with an E-box (CACGTG) binding site and sites for Sp1 and several for c-Myc (Takakura
et al., 1999; Wick et al., 1999; Wu et al., 1999c). hTERT and c-myc are expressed in
actively dividing cells, but down-regulated in nondividing cells. Even though their con-
stitutive expression can induce immortalization, c-myc rapidly and directly induces
hTERT expression independently of proliferation status (Greenberg et al., 1999b). Myc-
induced activation of the hTERT promoter requires an E-box. c-Myc-ER-induced ac-
cumulation of hTERT mRNA takes place without de novo protein synthesis (Greenberg
et al., 1999b). The hTERT gene is a direct transcriptional target of c-Myc. However,
TERT is unable to substitute for c-Myc in transforming rodent fibroblasts, which sug-
gests that c-myc has a role beyond merely inducing telomerase (Greenberg et al., 1999b).

In a series of papers, Kyo’s group has clarified the factors influencing the promoter
region. The 5' region (containing the E-box) binds Myc/Max and 3' region (containing
the GC-box) binds Sp1; both are essential for transactivation. Predictably, mutations of
the E-box or GC-box decreased transcription, while Myc/Max or Sp1 overexpression
led to activation, with Sp1 required for Myc/Max effects. Fibroblasts show dramatic
induction of c-Myc and Sp1 when replicative senescence is overcome via telomerase
activation. Apparently, c-Myc and Sp1 are major determinants of hTERT expression
(Kyo et al., 2000b). Maximal promoter activity occurs in a 59 bp region (–208 to –150),
probably containing the Myc binding site. c-Myc plasmid insertion (Horikawa et al.,
1999) or retroviral infection (Falchetti et al., 1999) causes rapid telomerase transcrip-
tion. hTERT is also transcriptionally regulated by regulatory elements distant from the
5' flanking region, independent of c-Myc and coregulators. (Ducrest et al., 2001).
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Specific mechanisms of hTERT repression are gradually becoming understood.
There is a 400 bp silencer upstream from the hTERT promoter including multiple bind-
ing motifs for myeloid-specific zinc finger protein 2 (MZF-2). Mutation within this region
activates TERT transcription. Overexpression of MZF-2 causes down-regulation of
hTERT transcription and telomerase activity (Fujimoto et al., 2000). Nor is this the only
zinc finger gene associated with senescence or maintenance of the nondividing state: a
novel KRAB zinc finger gene, ZFQR, is up-regulated in nondividing senescent and
quiescent human fibroblasts. Overexpression inhibits cell cycle entry and represses tran-
scription (Ran et al., 2001). The promiscuous p53 can likewise repress telomerase
(Kanaya et al., 2000) and play multiple roles (Sharpless and DePinho., 2002). As telo-
meres shorten and genomic instability increases in telomerase knockout mice, p53 is
activated and growth arrest and/or apoptosis ensues. Deleting p53 attenuates these events,
but only if deleted early in the cascade (Chin et al., 1999). Several telomerase repres-
sors are on chromosome 3p (Loughran et al., 1997; Horikawa et al., 1998; Mehle et al.,
1998; Cuthbert et al., 1999), probably including wnt-5a (Olson et al., 1998; Olson and
Gibo, 1998). hTR is located on 3q26.3 (Soder et al., 1997), correlating with “local”
telomerase repression (Newbold, 1997). Chromosome 10p also contains a repressor site
(Nishimoto et al., 2001). A number of nonspecific agents cause hTERT repression. A
demethylating agent, 5-aza-CR, represses transcriptional activity of the hTERT promoter
and “the E-box within the core promoter was responsible for this down-regulation.” This
agent reactivates p16 expression and represses c-Myc expression in some cells (Kitagawa
et al., 2000).

Transcriptional switching has been accomplished using a conditional v-Myc-
estrogen receptor protein (Falchetti et al., 1999) with resultant estrogen-dependent
telomerase activity. Estrogen, specifically, 17b-. Jekyll and Mr. Hyde” molecule with
both enormous benefits and unexpected pitfalls (Prescott and Blackburn, 1999). Sev-
eral predictable risks have been identified. The most obvious is cancer. Not only may
we increase cancer incidence merely by extending lifespan, i.e., increasing the denomi-
nator—the population at risk (Aragona et al., 2000a), but we may increase the numera-
tor (actual incidence) as well. The latter possibility (caused by obviating limits to cell
division) has already been discussed, as well as two potential mitigating factors (increased
estradiol, appears to increase hTERT expression (and activity) in cells expressing estro-
gen receptors (Kyo et al., 1999c). Several proto-oncogenes and tumor suppressor genes
play a role in hTERT regulation, including c-Myc, Bcl-2, p21(WAF1), Rb, p53, PKC,
Akt/PKB, and protein phosphatase 2A (Liu, 1999). Hsp90-related chaperones (Akalin
et al., 2001) play a nontranscriptional regulatory role in telomerase activity, increasing
assembly via hsp90 chaperoning.

Several laboratories are currently working on, and may have identified, effective
hTERT promoters with molecular characteristics consistent with potential clinical effi-
cacy. None of these compounds have been take to animal trials, let alone phase I human
trials. Given the research vector, this work will likely have either borne fruit or proven
ineffective prior to publication of this text. A final note on research within the biotech
sector is the possibility of using transduced hTERT protein directly in human cells.
Originally considered and discounted for technical reasons in the mid-1990s, this pos-
sibility has resurfaced (as technical assumptions and limitations shift) and is again being
considered using a slightly altered technique (Becker-Hapak et al., 2001; Wadia and
Dowdy, 2002). Which of these techniques will prove most effective in giving us clinical
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control of hTERT expression, activity, and turnover remains to be seen. Putative medi-
cal benefits remain still exactly that.

Caveats

Several caveats pertain. The first is that of efficacy. Many conclude that breakthroughs
“appear to be just on the horizon” (Hodes et al., 1996a), but “we have not yet deter-
mined whether telomere shortening plays a significant role in human aging or in age-
related pathology, and it is therefore unclear whether telomere extension or maintenance
is likely to modify these processes. These caveats notwithstanding, the mechanisms of
telomere length regulation and telomere activity are topics that continue to command
considerable interest from the perspective of basic biology and for their possible appli-
cation to human aging and disease” (Warner and Hodes, 2000).

The second caveat is risk. Historically, risks we can predict are often minor com-
pared to those we cannot. Equally, in our ignorance, we often magnify what prove to be
illusory dangers. The best minatory advice is that of Pope’s Essay on Criticism (Beck,
1969, p 403): “be not the first by whom the new are tried, nor yet the last to lay the old
aside.” Telomerase may be a Dr. Jekyll and Mr. Hyde molecule with both enormous
benefits and unexpected pitfalls (Prescott and Blackburn, 1999). Several predictable risks
have been identified. The most obvious is cancer. Not only may we increase cancer
incidence merely by extending lifespan, i.e., increasing the denominator, the popula-
tion at risk (Aragona et al., 2000a), but we may increase the numerator (actual incidence)
as well. The latter possibility (caused by obviating limits to cell division) has already
been discussed, as well as two potential mitigating factors (increased genomic stability
and improved immune surveillance).

Less obvious risks may also be clinically relevant, such as the “Humpty Dumpty
phenomena” and functional mismatch (Fossel, 1996). The former, a caveat of omission,
occurs when relevant cell populations of a senescent tissue are sufficiently damaged as
to preclude rescue via telomerase. Infarcted myocardium, destroyed joint surfaces, and
wholesale neuronal losses are examples of such cases, where neither all the king’s horses
nor any degree of telomerase activation could be expected to offer clinical benefit. The
second, a caveat of commission, occurs when beneficial changes in one tissue outstrip
the functional capacity of another, on which it is dependent. We might, for example,
imagine increasing muscle mass and metabolic activity without sufficient parallel im-
provement in vascular supply, causing ischemia—a functional mismatch. The degree
to which these and other problems have clinical relevance remains to be seen. We might,
however, use them to infer other, as yet unpredicted side effects in the clinical use of
telomerase for age-related disease.

Obstacles

Remaining obstacles fall into two categories, technical and regulatory, with the former
the more compelling. Initial extrapolation predicted prototypic clinical use in about two
decades (Fossel, 1996) and while there is little reason to alter this prediction, it remains
merely prediction. Clinical use requires not only proof of efficacy (which has been dem-
onstrated in cells and reconstituted tissue) but identification of a lead compound, in vitro
demonstration, animal validation, and successful overcoming of routine regulatory hurdles.
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Such regulatory hurdles have generally (and on the whole, appropriately) taken
the stance that efficacy cannot be aimed at aging but must be aimed at diseases, whether
age-related or not. In the United States, this position (on the part of the Food and Drug
Administration [FDA]) has two related rationales: the first to force claimants to discuss
interventions in a concrete fashion, the second is to permit the use of accepted and de-
finable markers of clinical success. Historically, there have been widespread claims of
anti-aging efficacy that rest on two ambiguities: the ambiguity of defining aging and
the (consequent) difficulty of proving (or disproving) intervention. By affirmed intent,
the FDA stance forces discussions to become concrete and claims to become strictly
refutable. The practical outcome in the current context is that any telomerase-based
intervention must apply for investigational status in a specific tissue venue. Which tis-
sue is chosen will determine the rapidity and costs of regulatory passage, the accept-
ability of risks, and the likelihood of success. Initial trials are, for a number of reasons,
likely to occur in skin, then progress to arteries and joints. As ever, acceptance for labeled
use in one tissue venue does not preclude off-label use in another.

Events controlling progress down this cascade are every bit as complex as those
controlling the most arcane biological cascade. Individual beliefs, limitations, and actions
determine collective human progress, sometimes slowing, sometimes accelerating its
course. Microbes were first described 400 years ago and their role in human disease
more than 100 years ago, yet we are only partially capable of clinically arresting micro-
bial disease. The first description of somatic cell mortality versus germ cell immortality
was made more than a century ago (Weismann, 1884). Hayflick, who first defined cell
senescence, doubts its relevance to human disease or that benefits might accrue from
intervention (Hayflick, 1998d). Although we may yet employ our knowledge to ame-
liorate, even eradicate, the bulk of human disease and suffering, such progress requires
not only technical success and regulatory perseverance but also belief, resources, and
application. Perhaps, like microbial therapy, success also lies at the mercy of the slow
whims of history.

Implications

Clinical implications of cell senescence are unprecedented in breadth and depth of ap-
plication and in fiscal efficacy. The closest historical analogy, that of curing numerous
bacterial infections via knowledge of microbiology and immunity, is suggestive but
insufficient. Telomerase therapy promises to break upon us more suddenly and achieve
far more than microbial theory. The breadth of application of cell senescence stems from
its clinical implications for all age-related disease, regardless of tissue. Its role in basic
pathology suggests its depth of efficacy in treatment and prevention. Fiscal efficacy
derives from low predicted costs compared to other, currently more expensive and far
less effective interventions. In terms of health-care costs alone, we can expect that, again
without social precedent, we will see a drop in the percentage of the gross national product
spent on medical care, while dramatically improving both medical outcome and, suc-
cinctly, human lives. The most profound implication, however, is that such interven-
tion is likely to have the totally unprecedented effect of increasing not merely the mean
but the maximum healthy human lifespan. The latter has cultural, social, and economic
implications that are impossible to adequately predict and, although likely to generate
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controversy (Bova, 2000), have yet received only minimal attention. Such implications
are likely to be incomparably far-reaching (Fossel, 1996, 1998a, 1998c; Banks and Fossel,
1997), but cannot be adequately or appropriately pursued here.

A number of authors have suggested that not only is aging mutable (Rose and
Nusbaum, 1994), but maximum lifespan is likewise (Mueller and Rose, 1996; Banks
and Fossel, 1997; Rose, 1999a). Some have criticized suggestions that human lifespan
has intrinsic and inevitable limits that cannot be overcome by technical advances not
supported by evidence, but only by “ex cathedra pronouncement and mutual citation”
(Oeppen and Vaupel, 2002). Not only may technical advances alter aging (Harris, 2000),
but an increasing body of current research is specifically “designed to understand and
eventually modify the rate of aging” (de Grey et al., 2002). Recent work in cell biology
and genetics has suggested that at the most fundamental level, not only are age-related
diseases the outcome of cell senescence, but our growing understanding of cell senes-
cence, senescence-associated gene expression, and telomerase biology will soon allow
us to prevent, ameliorate, or to some degree even reverse such pathology. This poten-
tial includes an effective control of cancer. The dual assumptions that aging is merely
the passive accumulation of wear and tear and age-related diseases are merely the out-
growth of such passively accumulated dysfunction are erroneous. Aging occurs as the
result of a predictably altered pattern of gene expression specific to cell type and it cul-
minates in dysfunction and disease. In vitro, the process can be prevented or (within
predictable limits) reversed. Although many other approaches might be feasible, the most
efficient treatment of age-related diseases, cancer, or aging will be the reversible con-
trol of native telomerase activity (Steinert et al., 2000) by induction of expression and,
in cancer, by telomerase inhibitors. Within technical limits, such intervention is feasible
and within the next decade or so (Collins, 2001), we will likely be engaged in trials to
extend the human lifespan.

Dorian Gray, in Oscar Wilde’s infamous and eponymous novel (Wilde, 1890), said
that “we never get back our youth.” His book was a portrait of the evil inherent in a
grasping for not health, but the outward show of youth at the cost of one’s soul. Faustian
bargains notwithstanding, health itself has much to offer; the greater evil lies not in
bringing health but in doing nothing. Compassion for our fellow creatures needs no
defense and is the “firmest and surest guarantee of pure moral conduct” (Schopenhauer,
1965). Until now, we had little to offer those suffering from the diseases of aging, but
as this changes, so do our ethical responsibilities. An ethical chasm exists between not
helping others because of our inability to intervene and our intentional declining to in-
tervene (Juengst and Fossel, 2000; Fossel, 2003). As we gain the ability to prevent or
cure aging diseases, we also gain ethical responsibilities to those who suffer.

The human race has yet to grasp the complex dilemmas of our own natures or to
understand what yet remains necessary if we are to attain even a juvenile form of civi-
lization. Chief among obstacles are our ignorance, an inability to think adequately, and
a dearth of human kindness. It may, at times, appear impossible that we can ever over-
come such problems. It may appear equally impossible that we can ever overcome
aging and the abundant human diseases in which aging is manifested. Our limits are not
set within our world, nor in any heaven we may conceive. Impossibilities are defined
by people, not nature.
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