


PRAISE	FOR	MITOCHONDRIA	AND	THE	FUTURE	OF

MEDICINE

“The	topic	of	mitochondria	may	seem	dry	and	uninteresting	to	the	uninitiated,	but	this	book	makes
mitochondria	come	to	life	with	vivid	descriptions	accessible	even	to	those	with	no	training	in
biology.	From	infertility	to	aging	to	cancer	and	neurological	disease,	Dr.	Lee	Know	will	teach	you	that
mitochondria	play	a	central	role	in	much	that	we	care	about	in	health	and	disease.”
—STEPHANIE	SENEFF,	PhD,	senior	research	scientist,	MIT	Computer	Science	and

Artificial	Intelligence	Laboratory

“In	1991,	when	faced	with	my	own	health	challenges,	mitochondria	became	front	and	center	in	my	quest	for
health.	Over	the	last	two	and	a	half	decades,	more	and	more	researchers	and	clinicians	are	finding
themselves	interested	in	these	little	powerhouses	and	proclaiming	themselves	‘mitochondriacs.’	Dr.	Lee
Know	does	a	brilliant	job	shedding	light	on	this	once	ignored	organelle	and	shows	us	how	to	care	for	our
most	important	metabolic	system.”

—DR.	NASHA	WINTERS,	coauthor	of	The	Metabolic	Approach	to	Cancer

“Mitochondria	and	the	Future	of	Medicine	is	a	tour	de	force	of	mitochondria	and	human	health.	When	it
comes	to	curing	chronic	disease	and	extending	longevity,	it’s	not	an	understatement	to	say	that	the	content
of	this	book	will	be	shaping	the	future	of	medicine.”

—ARI	WHITTEN,	best-selling	author	and	creator	of	The	Energy	Blueprint

“In	Mitochondria	and	the	Future	of	Medicine,	Dr.	Lee	Know	takes	the	mystery	out	of	the	evolving	science
surrounding	mitochondria.	Here,	he	clearly	and	concisely	describes	mitochondrial	structure	and	function
while	presenting	us	with	multiple	examples	of	why	healthy	mitochondria	are	so	crucial	to	our	overall
health.	Without	conjecture	or	overreach,	Dr.	Know	also	provides	the	rationale	behind	nutritional	strategies
that	have	great	potential	to	improve	the	status	of	our	mitochondria,	a	central	tenet	of	healthy	aging.”

—MIRIAM	KALAMIAN,	author	of	Keto	for	Cancer
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CHAPTER	ONE

The	Force
The	Origins	and	Evolution	of	Mitochondria	in	Human

Physiology

Without	the	midi-chlorians,	life	could	not	exist,	and	we	would	have	no
knowledge	of	the	Force.	They	continually	speak	to	us,	telling	us	the	will
of	the	Force.	When	you	learn	to	quiet	your	mind,	you’ll	hear	them
speaking	to	you.

—Star	Wars:	Episode	I—The	Phantom	Menace,	Qui-Gon	Jinn	to
Anakin	Skywalker

A	long	time	ago,	in	a	galaxy	far,	far	away,	there	were	intelligent	microscopic	life
forms	called	midi-chlorians	that	lived	symbiotically	inside	the	cells	of	all	living
things.	When	present	in	sufficient	numbers,	they	allowed	their	symbiotic	host	to
detect	the	pervasive	energy	field	known	as	the	Force.	Midi-chlorian	counts	were
linked	to	one’s	potential	in	the	Force,	ranging	from	normal	human	levels	of
2,500	per	cell	to	the	much	higher	levels	in	a	Jedi.	The	highest	known	midi-
chlorian	count	(over	20,000	per	cell)	belonged	to	Jedi	Anakin	Skywalker.

Present	in	all	life,	midi-chlorians	are	the	same	on	every	world	that	supports
life—in	fact,	midi-chlorians	are	necessary	for	life	to	exist.	In	sufficient	numbers,
midi-chlorians	will	allow	their	host	organism	to	detect	the	Force,	and	this
connection	can	be	strengthened	by	quieting	one’s	mind,	allowing	the	midi-
chlorians	to	“speak”	to	their	host	and	communicate	the	will	of	the	Force.

For	many	reading	this	book,	I’m	sure	you’re	thinking,	“What	.	.	.	the	.	.	.	has
he	gone	completely	sideways?”	What	the	heck	am	I	talking	about?	Well,	science
fiction	fans—and	the	generation(s)	who	grew	up	in	the	era	of	Star	Wars—might
have	a	better	chance	at	guessing	that	midi-chlorians	are	a	creation	of	George
Lucas	.	.	.	or	are	they?

Midi-chlorians	were	first	conceived	by	George	Lucas	as	early	as	1977.	At	this
time,	Lucas	sat	down	with	a	member	of	his	staff	to	dictate	a	number	of
guidelines	for	these	works,	explaining	various	concepts	of	his	universe.	Among
them	was	an	explanation	of	midi-chlorians	(even	though	Lucas	did	not	feel	he



had	the	time	or	opportunity	to	introduce	the	concept	until	1999,	when	it	was	first
mentioned	during	Star	Wars:	Episode	I—The	Phantom	Menace).	Explaining
why	some	were	sensitive	to	the	Force	while	others	were	not	was	an	issue	that	he
needed	to	address—an	issue	that	he	had	left	unresolved	since	the	original	film
Star	Wars.

Midi-chlorians	in	Star	Wars:	Episode	1—The	Phantom	Menace	are	part	of	a
recurring	theme	throughout	the	movie—that	of	symbiotic	relationships.	What’s
fascinating	to	me	is	that	midi-chlorians	were	loosely	based	on	mitochondria,
organelles	that	provide	energy	for	cells	on	our	non–science	fiction,	real-world
planet.	Like	midi-chlorians,	mitochondria	are	believed	to	have	once	been
separate	organisms	that	inhabited	living	cells	and	to	have	since	become	part	of
them;	even	now,	mitochondria	act	in	some	ways	as	independent	life	forms,	with
their	own	DNA.

Most	readers	might	remember	mitochondria	from	high	school	cell	biology
class,	described	as	the	“powerhouses”	of	the	cell—the	tiny	generators	that	live
inside	cells	and	produce	almost	all	the	energy	cells	need	to	live.	Depending	on
the	type	of	cell,	there	are	usually	hundreds	to	thousands	of	mitochondria	in	each
cell.	They	use	the	oxygen	from	the	air	we	breathe	to	burn	up	the	food	we	eat	to
produce	useful	energy.

Some	people	might	have	heard	of	“Mitochondrial	Eve.”	Since	mitochondria
are	inherited	maternally,	if	we	trace	our	genetic	lineage	from	child	to	mother,	to
maternal	grandmother,	and	so	on,	Mitochondrial	Eve	would	be	the	mother	of	all
mothers.	(She	is	thought	to	have	lived	in	Africa	approximately	170,000	years
ago.	This	does	not	necessarily	mean	she	was	the	first	human;	it	only	means	that
she	is	the	most	recent	ancestor	common	to	all	humans	living	today.)

The	reason	we	can	trace	our	ancestry	this	way	is	because	all	mitochondria
have	their	own	DNA	(the	“genes”),	which	are	normally	passed	on	to	our	children
only	in	the	mother’s	egg,	not	in	the	father’s	sperm.	This	means	that
mitochondrial	DNA	(abbreviated	as	mtDNA)	act	like	a	genetic	surname.
However,	unlike	typical	Western	surnames	passed	down	the	paternal	line	(which
can	change	for	any	reason,	including	marriage),	mtDNA	is	fairly	constant	and
unchanging,	which	allows	us	to	trace	our	ancestry	down	the	female	line.	This
fact	also	means	that	it	is	usually	possible	to	confirm	or	disprove	familial
relationships.

It	also	makes	mtDNA	of	great	use	in	forensics	(to	identify	people	or	corpses).
One	reason	why	mtDNA	is	so	useful	in	forensics	is	that	there	is	a	lot	of	genetic
material	in	each	cell.	Whereas	there	are	only	two	copies	of	the	DNA	in	the



nucleus	(called	nuclear	DNA,	abbreviated	as	nDNA—the	control	center	of	the
cell),	each	mitochondrion	contains	five	to	ten	copies	of	its	genes.	While	there	is
only	one	nucleus	per	cell,	there	are	usually	several	hundred	to	a	couple
thousands	of	mitochondria,	meaning	there	are	many	thousands	of	copies	of	the
same	mtDNA	in	each	cell.

On	the	medical	side	of	the	story	there	is	the	“mitochondrial	theory	of	aging.”
I’ll	discuss	this	in	depth	(“The	Mitochondrial	Theory	of	Aging,”	page	47),	but
basically,	this	theory	argues	that	aging—and	many	of	the	diseases	that	come	with
it—is	caused	by	a	slow	degeneration	in	the	quality	of	mitochondria.	This	is
because	during	normal	cellular	respiration—the	process	where	the	mitochondria
burn	up	the	food	we	eat	using	the	oxygen	we	breathe—reactive	molecules	called
free	radicals	are	created.	These	free	radicals	then	go	on	to	inflict	damage	to
adjacent	structures,	including	the	DNA	in	both	the	mitochondria	and	nucleus.

Free	radicals	attack	the	DNA	in	each	of	our	cells	tens	of	thousands	of	times
daily.	Much	of	the	resulting	damage	is	fixed	silently	by	the	extensive	repair
machinery	within	the	cells,	but	sometimes	these	attacks	can	cause	irreversible
damage—permanent	mutations	in	the	DNA.	As	the	onslaught	of	free	radicals
continues	day	in	and	day	out,	these	mutations	build	up	over	a	lifetime.	Once	the
damage	reaches	a	threshold,	the	cell	dies,	and	slowly	over	time,	tissues	start	to
degenerate	with	each	dying	cell.	This	steady	erosion	is	what’s	responsible	for
many	age-related	degenerative	diseases	and	even	the	aging	process	itself.

There	are	also	mitochondrial	diseases,	some	of	which	might	be	known	by	the
reader,	whether	inherited	or	acquired,	that	typically	affect	metabolically	active
tissues	such	as	the	muscles,	heart,	and	brain.	This	leads	to	a	wide	assortment	of
symptoms	depending	on	the	location	of	the	most	affected	tissues.

The	United	Kingdom	voted	in	2015	to	legalize	a	controversial	fertility
treatment:	a	technique	called	nuclear	genome	transfer,	a	type	of	mitochondrial
replacement	therapy.	This	is	where	the	nucleus	is	removed	from	an	egg	cell
(called	oocyte)	of	a	healthy	and	fertile	female	donor	(leaving	all	other
components,	including	the	healthy	mitochondria),	and	then	the	nucleus	from	the
zygote	(the	fertilized	egg)	of	the	infertile	woman	is	transferred	into	the	healthy
donor	egg.	Both	ethical	and	practical	concerns	have	kept	this	process	outlawed
throughout	the	rest	of	the	world,	but	the	United	Kingdom	continues	to	push
forward,	allowing	babies	to	be	born	with	three	genetic	parents	(nDNA	from	the
mother	and	father,	and	mtDNA	from	the	donor,	or	third	parent).	At	the	end	of
2016,	the	United	Kingdom	granted	its	first	license,	and	the	first	legal	baby	using
this	technique	will	be	born	in	2017.	(I	use	the	term	legal	baby	because	this



technique	was	used	in	2015	in	Mexico,	where	there	were	no	regulations
regarding	it,	with	its	three-parent	baby	born	in	2016.)

However,	over	the	last	couple	decades,	one	of	the	most	important	aspects	of
the	mitochondria	has	been	something	that	didn’t	get	a	lot	of	media	coverage,	and
that	is	its	role	in	apoptosis	(pronounced	“A-po-TOE-sis”	with	the	second	p	in	its
spelling	silent),	which	is	programmed	cell	death	or	cell	suicide.	Apoptosis	is
when	individual	cells	commit	suicide	for	the	greater	good	of	the	body	as	a
whole.

Previously,	apoptosis	was	thought	to	be	governed	by	the	genes	in	the	nucleus.
However,	in	an	eye-opening	turn	of	events	starting	around	the	mid-1990s,
researchers	discovered	that	apoptosis	is	actually	governed	by	the	mitochondria.
The	implications	for	the	medical	field	are	profound,	especially	related	to	cancer
research.	Cells	are	constantly	aging	or	being	attacked,	resulting	in	mutations	of
their	DNA.	When	mutations	result	in	a	cell	that	wants	to	replicate	out	of	control,
it	ultimately	leads	to	the	dreaded	C-word:	cancer.	Cells	failing	to	commit	suicide
when	directed	to	do	so	is	now	considered	the	root	cause	of	cancers.

However,	the	implications	run	even	deeper.	Without	programmed	cell	death,
complex	multicellular	organisms	might	never	have	had	the	direction	and
organization	required	to	evolve	in	a	controlled	manner,	and	the	world	we	know
would	likely	look	completely	unrecognizable.	Sounds	confusing,	I	know.	It’ll
make	a	lot	more	sense	after	I	explain	it	further	in	“The	Evolution	of	the
Eukaryotic	Cell,”	on	page	9.

This	is	in	addition	to	the	fact	that	cells	in	multicellular	organisms	(called
eukaryotic	cells)	are	orders	of	magnitude	larger	than	single-celled	bacteria.
There	is	just	no	possible	way	that	the	energy	needs	of	a	eukaryotic	cell	could	be
met	without	mitochondria,	as	you’ll	realize	shortly.

Although	I	won’t	get	into	the	evolution	of	the	two	sexes	(male	and	female),
mitochondria	even	help	answer	the	question,	“Why	do	we	have	two	sexes?”	Sex
between	a	male	and	female,	while	providing	intense	pleasure	for	the	participants,
is	actually	an	inefficient	method	of	procreation.	For	humans,	it	requires	two
parents	to	produce	a	single	child	(most	of	the	time—of	course,	there	are	variants
here).	Clonal	reproduction,	on	the	other	hand,	requires	just	a	mother—the	father
is	not	only	useless	but	actually	a	waste	of	resources	(coincidentally,	I	was	editing
this	line	on	Father’s	Day	weekend).	Moreover,	having	two	sexes	means	that	only
half	the	population	is	available	to	procreate,	which	is	mathematically	inefficient.
Logically,	a	better	scenario	would	be	if	we	could	procreate	with	anyone,	either



because	everybody	was	the	same	sex	or	because	there	was	an	infinite	number	of
sexes.

But	there	is	a	reason	why	we	only	have	two	sexes,	and	it’s	mitochondria,	now
seen	as	central	to	the	most	widely	accepted	explanation	of	why:	One	sex	is
specialized	in	passing	on	its	mitochondria	to	the	offspring	(eggs	from	the
female),	while	the	other	is	specialized	in	making	sure	its	mitochondria	are	not
passed	on	(sperm	from	the	male).	I’ll	elaborate	on	this	when	I	discuss	fertility,
infertility,	and	conception	in	chapter	2,	“Infertility	and	Mitochondria,”	on	page
113.

Let’s	Review	Some	Cell	Biology
So	now	I	must	forewarn	you:	This	is	where	it	starts	to	get	a	little	heavy,
especially	if	you	don’t	have	a	science	or	biology	background.	In	order	to
effectively	communicate	the	importance	of	the	mitochondria	and	the	significance
of	the	research	contained	in	this	book,	I	have	to	discuss	a	few	technical	details
and	ensure	all	readers	have	at	least	a	basic	understanding	of	cell	biology.
Therefore,	I	feel	a	quick	and	dirty	review	is	well	worth	the	few	extra	pages	of
reading.	If	I	lose	you	with	the	details,	don’t	get	tied	up	in	a	knot;	just	try	to
understand	the	big	picture.	Some	level	of	detail	is	provided,	however,	so	that
those	with	some	science	background	can	start	to	understand	the	complexity	of
the	picture.	So,	here	we	go	.	.	.

The	cell	is	the	simplest	form	of	life	capable	of	independent	existence,	and
because	of	this,	it	makes	up	the	most	basic	unit	of	biology.	Single-celled
organisms,	such	as	bacteria,	are	the	simplest	of	cells.	They	are	extremely	small,
and	rarely	more	than	a	few	thousandths	of	a	millimeter	in	diameter.	Their	shapes
vary,	but	are	typically	either	spherical	or	rodlike	in	appearance.	They	are
protected	from	their	external	environment	by	a	strong,	yet	permeable,	cell	wall.
Within	this	wall	is	the	cell	membrane—an	incredibly	thin	and	delicate,	but
relatively	impermeable,	membrane.	Bacteria	use	this	membrane	to	generate	their
energy.	This	same	membrane	is	what	has	become	the	inner	membrane	of	the
mitochondria—arguably	the	most	important	membrane	in	the	human	body.

Inside	the	bacterial	cell	is	the	cytoplasm—the	gel-like	mass	that	contains
countless	biological	molecules.	Some	of	these	“large”	molecules	are	barely
visible	through	a	powerful	microscope,	even	when	amplified	a	millionfold.
Among	these	molecules	is	the	long,	coiled	structure	of	DNA—the	legendary
double	helix	that	was	first	described	by	Watson	and	Crick	more	than	half	a
century	ago.	Beyond	this,	there	is	not	much	else	we	can	see.	Yet	biochemical



analysis	shows	that	bacteria,	the	simplest	of	life	forms,	are	actually	so	complex
that	we	still	don’t	know	much	about	their	indiscernible	organization.

Humans,	on	the	other	hand,	are	composed	of	different	types	of	cells.*
Although	cells	are	considered	the	simplest	basic	unit	of	life,	the	volume	of	these
types	of	cells	is	often	a	hundred	thousand	times	that	of	bacteria,	and	this	allows
us	to	see	much	more	inside.	There	are	great	structures	made	of	elaborate
membranes	(called	organelles)	with	all	sorts	of	embedded	proteins.	The
organelles	are	to	the	cell	what	organs	are	to	our	bodies—discrete	entities	that	are
responsible	for	certain	tasks.	Also	within	the	cytoplasm	are	all	kinds	of	large	and
small	vesicles,	and	a	dense	network	of	fibers	called	the	cytoskeleton,	which	gives
the	cell	structural	support.	Finally,	there	is	the	nucleus—what	most	of	us	would
consider	the	control	center	of	the	cell.	All	these	make	up	the	cells	that	make	up
the	world	as	we	know	it,	and	they	are	called	eukaryotic	cells.	All	plants,	animals,
algae—indeed,	essentially	every	living	thing	we	can	see	with	the	naked	eye	is
composed	of	eukaryotic	cells,	each	one	harboring	its	own	nucleus.
*	Just	to	note,	here	I	am	not	referring	to	the	trillions	of	bacteria	that	live	in	and
on	the	human	body,	or	what	we	call	the	microbiome—which	the	latest	research
shows	is	not	only	incredibly	important	to	our	health,	but	indeed	is	part	of	what
makes	us	“human.”
Contained	within	the	nucleus,	you’ll	find	the	DNA.	Although	the	DNA	in	a

eukaryotic	cell	has	the	exact	same	double	helix	structure	as	found	in	bacteria,	the
way	it’s	organized	is	very	different.	In	bacteria,	the	DNA	is	found	as	long,
twisted	loops—known	as	circular	DNA.	Don’t	let	its	name	fool	you,	however,
for	it’s	not	“circular”	by	any	means	(it	looks	more	like	a	tangled	mess	of	a	ball).
The	name	indicates	that	there	is	no	beginning	or	end,	just	like	a	circle.	There	are
often	numerous	copies	of	this	circular	DNA	in	each	bacterium,	but	all	are	copies
of	the	same	genes.	In	eukaryotic	cells,	there	are	usually	a	number	of	different
chromosomes,	which	are	linear,	not	circular.	Again,	this	doesn’t	mean	that	DNA
makes	a	straight	line,	but	rather	that	each	has	two	separate	and	distinct	“ends.”
Also,	unlike	circular	DNA,	each	chromosome	contains	different	genes.	Humans
have	twenty-three	chromosomes,	but	because	we	keep	two	copies	of	each,	we
have	a	total	of	forty-six.	During	cell	division,	these	pair	up,	being	joined	at	the
middle,	giving	them	the	familiar	X-shape	we	know	from	science	class.

Chromosomes	are	not	just	composed	of	DNA.	They	are	coated	with
specialized	proteins—among	them	are	the	histones,	which	not	only	shield	the
DNA	from	harm	but	also	act	as	gatekeepers	to	the	genes.	Histones	distinguish



eukaryotic	chromosomes	from	that	of	bacteria,	whose	DNA	is	not	protected	by
histones	and,	therefore,	is	said	to	be	“naked.”

Each	of	the	two	strands	of	the	double	helix	acts	as	a	template	for	the	other.
When	they	are	pulled	apart	during	cell	division,	each	strand	provides	the
information	needed	to	reconstruct	the	full	double	helix,	once	again	giving	two
identical	copies.	The	information	encoded	in	DNA	is	organized	into	genes,
which	in	turn	spell	out	the	molecular	structure	of	proteins.	Just	as	all	our	English
words	are	a	sequence	of	only	twenty-six	letters,	all	the	genes	are	a	sequence	of
just	four	molecular	“letters,”	where	the	sequence	of	letters	dictates	the	structure
of	the	protein.

The	genome	(which	can	be	over	a	billion	letters	long)	is	the	complete
collection	of	genes	in	an	organism.	Each	gene	(usually	thousands	of	letters)	is
essentially	the	code	for	a	single	protein.	Each	protein	is	a	string	of	subunits
called	amino	acids,	and	it’s	the	precise	order	of	these	amino	acids	that
determines	the	functional	properties	of	that	particular	protein.

A	“mutation”	arises	when	the	sequence	of	letters	is	changed.	This	might
change	the	amino	acid	or	the	structure	of	the	protein.	Thankfully,	Nature	has
built	in	a	certain	level	of	redundancy.	Since	several	different	combinations	of
letters	can	code	for	the	same	amino	acid,	these	mutations	don’t	always	result	in	a
structural	or	functional	change	in	the	protein.

This	is	important	because	proteins	are	the	fulcrum	of	life.	Their	forms	and
functions	are	almost	limitless,	and	life	as	we	know	it	is	only	made	possible
because	of	them.	Understanding	their	function	allows	us	to	organize	them	into
several	broad	categories,	such	as	enzymes,	hormones,	antibodies,	and
neurotransmitters.

The	whole	process	of	building	proteins	is	controlled	by	a	number	of	other
proteins,	with	transcription	factors	being	the	most	important.	While	DNA
contains	these	genes,	it’s	actually	inactive,	and	transcription	factors	are	what
regulate	the	expression	of	genes.	Transcription	factors	do	this	by	telling	the	cell
to	take	a	particular	inactive	section	of	DNA	and	convert	it	to	an	active	protein.
However,	instead	of	using	DNA	directly,	the	cell	relies	on	disposable	copies
called	RNA.	There	are	different	types	of	RNA,	and	each	fulfills	different	tasks.
First	is	messenger	RNA	(mRNA).	Its	sequence	is	an	exact	copy	of	the
corresponding	DNA	gene	sequence.	As	its	name	implies,	this	messenger	passes
through	the	pores	in	the	nuclear	membrane,	and	out	into	the	cytoplasm.	From
there,	it	finds	one	of	the	many	thousands	of	protein-building	factories	called



ribosomes.	It	is	the	job	of	the	ribosomes	to	translate	the	information	encrypted	in
mRNA	into	a	sequence	of	amino	acids,	which	make	up	a	particular	protein.

Hope	you’re	still	with	me.	As	simply	as	I’ve	tried	to	describe	this,	it	has
taken,	and	will	take,	hundreds	of	scientists	their	entire	careers	to	tease	out	the
details	of	an	incomprehensibly	tiny	portion	of	one	sentence	in	the	biology	lesson
above.	This	level	of	understanding,	however,	should	give	most	readers	the	ability
to	understand	the	significance	and	inner	workings	of	the	mitochondria.	Okay,	so
let’s	keep	going	.	.	.

The	Evolution	of	the	Eukaryotic	Cell
Although	the	Greek	origin	of	the	word	eukaryotic	means	“true	nucleus,”
eukaryotic	cells	actually	contain	many	other	things	besides	the	nucleus—
including	the	mitochondria.	Mitochondria	were	originally	independent	bacterial
entities,	which	eventually	entered	other	bacterial	cells,	but	instead	of	becoming
digested	as	they	did	under	typical	conditions,	they	became	a	symbiont,	or	a
partner	in	a	relationship,	where	both	benefit	in	some	way	from	the	presence	of
the	other.	You	could	say	that	the	mitochondria	were	the	original	probiotic:	a
microorganism	that	provides	a	benefit	to	its	host.

The	theory	says	that	one	day,	about	two	billion	years	ago,	one	bacterium
engulfed	another.	Initially,	each	organism	was	totally	autonomous	and	contained
all	the	genes	for	independent	life.	However,	after	one	engulfed	the	other	without
disintegrating	it,	the	two	experimented	with	countless	different	biochemical	and
genomic	arrangements.

This	process	of	trial	and	error	occurred	over	a	mind-boggling	expanse	of	1.2
billion	years,	but	finally	the	engulfed	bacterium	became	specialized	in	energy
production	(they	became	the	mitochondria)	and	the	rest	of	this	primitive	new
eukaryotic	cell	became	specialized	in	structure	and	function.	The	acquisition	of
mitochondria	seems	to	have	been	the	decisive	moment	in	the	history	of	life	as
we	know	it.	If	this	is	true,	then	the	mitochondria	deserve	all	the	credit	for	the
abundance	of	life	on	Earth	as	we	know	it.	If	not	for	the	mitochondria,	the	world
would	not	have	evolved	beyond	single-celled	bacteria.

Even	though	mitochondria	were	once	bacteria,	the	eukaryotic	cells	they
created	became	vastly	different	compared	to	their	bacterial	origins—and	in	a
number	of	interesting	ways.	First,	most	eukaryotic	cells	are	gigantic	when
compared	to	tiny	bacteria;	most	eukaryotic	cells	have	a	cell	volume	about	ten
thousand	to	one	hundred	thousand	times	that	of	bacteria.



Second,	as	mentioned	earlier,	eukaryotic	cells	have	a	nucleus.	This	is	usually
a	spherical	double	membrane	that	houses	the	compact	mass	of	DNA,	which	is
wrapped	in	protective	proteins.	Bacteria,	by	contrast,	lack	a	nucleus,	and	their
DNA	is	in	a	rather	primitive	and	unprotected	form.

The	third	difference	is	the	size	of	their	genomes	(the	total	number	of	genes).
Bacteria	typically	have	far	less	DNA	than	eukaryotic	cells	do.	Further,
eukaryotic	cells	have	far	more	noncoding	DNA	(parts	of	DNA	that	don’t	code
for	genes)	than	bacteria	do.	We	previously	thought	all	this	noncoding	DNA	was
“junk”	DNA—without	purpose.	Newer	research,	however,	is	showing	that	there
is	a	lot	more	to	DNA	than	just	genes	coding	for	proteins,	and	that	these	vast
arrays	of	noncoding	DNA	(or	at	least	parts	of	them)	actually	have	numerous
functions.	Regardless,	the	huge	amount	of	extra	DNA	in	eukaryotic	cells
requires	much	more	energy	(than	bacterial	cells	require)	to	copy	and	to	ensure	it
is	copied	accurately.

The	last	major	difference	I’ll	discuss	is	the	organization	of	DNA.	As
mentioned	earlier,	bacterial	DNA	is	organized	into	a	single	circular	chromosome.
Although	it’s	anchored	to	the	cell	wall,	it	basically	floats	freely	within	the	cell.
Since	bacterial	DNA	is	not	covered	by	a	protective	protein	wrap,	it’s	easily	and
quickly	accessible	when	needed	for	replication.	Bacterial	genes	also	tend	to	be
organized	in	functional	groups	with	a	similar	purpose.	Bacteria	also	carry	extra
DNA	material	in	the	form	of	tiny	rings	called	plasmids.	These	little	rings
replicate	independently	and	can	be	transferred	from	bacteria	to	bacteria,
relatively	quickly.	Eukaryotic	genes,	on	the	other	hand,	do	not	seem	to	be
organized	by	any	identifiable	order	and	the	flow	is	often	broken	into	many	short
sections	with	long	stretches	of	noncoding	DNA.	In	order	to	build	a	particular
protein,	many	times	a	large	expanse	of	DNA	needs	to	be	read,	then	spliced	apart,
before	the	coding	sections	are	fused	together	to	form	an	understandable	gene	that
codes	for	the	protein.	Further,	just	getting	to	these	genes	is	rather	complex
because	the	chromosomes	are	tightly	wrapped	in	the	proteins	called	histones.
While	histones	offer	a	certain	degree	of	protection	to	the	DNA	from	potential
damage,	they	also	block	easy	access	to	the	genes.	When	the	genes	need	to	be
replicated	for	cell	division	or	to	make	copies	for	building	proteins,	the	structure
of	the	histones	must	be	transformed	to	allow	access	to	the	DNA	itself.	This	is	the
job	of	another	set	of	proteins,	also	mentioned	earlier,	the	transcription	factors.

Without	dragging	this	discussion	on,	the	most	important	message	I	want	to
get	across	is	that	bacteria	evolved	to	be	brutally	efficient,	while	most	eukaryotic



cells	are	gigantic	and	incredibly	complex	beings—and	all	this	complexity	comes
with	an	energetic	cost.

Many	other	aspects	of	the	eukaryotic	cell	also	demand	great	amounts	of
energy.	One	example	is	the	internal	cytoskeleton	of	a	eukaryotic	cell	versus	the
cell	wall	of	a	bacterial,	or	prokaryotic,	cell.	While	they	have	similar	functions—
to	provide	structural	support—they	are	totally	different	conceptions.	The
difference	is	similar	to	the	internal	skeleton	in	a	human	versus	the	external	shell
(or	exoskeleton)	of	an	insect	or	crustacean.

Bacterial	walls	vary	in	structure	and	composition,	but	in	general,	they	provide
rigid	exterior	support	that	maintains	the	shape	of	the	bacterium,	preventing	it
from	bursting	or	collapsing	if	and	when	its	environment	suddenly	changes.	In
contrast,	eukaryotic	cells	usually	have	a	flexible	outer	membrane,	which	is	given
structural	stability	by	the	internal	cytoskeleton.	This	cytoskeleton	is	a	highly
dynamic	structure	—constantly	being	remodeled,	which	itself	requires	a
significant	energy	source.	This	gives	eukaryotic	cells	a	huge	advantage,	as	they
can	change	shape	and	often	do	so	quite	vigorously.	A	classic	example	of	this	is	a
macrophage	(a	type	of	white	blood	cell)	engulfing	harmful	foreign	particles,
bacteria,	or	scraps	left	over	from	a	dead	cell.

In	fact,	virtually	every	aspect	of	a	eukaryotic	cell’s	life—shape	shifting,
growing	large,	building	a	nucleus,	hoarding	reams	of	DNA,	multicellularity—
requires	large	amounts	of	energy	and	thus	depends	on	the	existence	of
mitochondria.	Without	mitochondria,	higher	animals	would	likely	not	exist
because	their	cells	would	only	be	able	to	obtain	energy	from	anaerobic
respiration	(energy	production	in	the	absence	of	oxygen),	a	process	that	is	much
less	efficient	than	the	aerobic	respiration	that	occurs	in	the	mitochondria.	In	fact,
mitochondria	enable	cells	to	produce	fifteen	times	more	energy	(as	adenosine
triphosphate,	the	cell’s	energy	currency)	than	they	could	otherwise—and
complex	animals,	like	humans,	need	large	amounts	of	energy	in	order	to	survive.

A	Spiritual	Twist?

The	fact	that,	over	billions	of	years,	the	formation	of	the	eukaryotic	cell
happened	only	once—a	chance	event—really	does	make	one	wonder
whether	it	was	guided	by	a	higher	power.	Indeed,	it’s	possible	for	science
and	spirituality	(and	maybe	even	some	religions)	to	coexist,	as	suggested
by	many	academic	and	philosophical	works.	Nevertheless,	it’s	important	to



note	that	based	on	the	theory	of	convergent	evolution,	if	we	pressed	“reset”
and	started	all	over	again,	given	enough	time	(measured	in	billions	of
years),	many	things	would	happen	in	a	similar	way	to	how	they	already
have.	This	is	because	we	would	run	into	the	same	bottlenecks	and
problems,	and	with	natural	selection	offering	a	finite	number	of	ideal
solutions	to	a	given	adaptation	problem,	there	is	a	high	likelihood	solutions
would	be	found	in	a	very	familiar	way.	This	idea	makes	me	wonder	if	life
on	other	planets	is	biochemically	similar	based	on	the	convergent	evolution
theory.
While	that’s	a	discussion	for	an	entirely	different	book,	the	fact	that

amino	acids	(the	building	blocks	of	life)	have	been	found	in	meteorites	that
are	older	than	our	solar	system,	and	that	PQQ	(a	nutrient	I’ll	discuss	in
chapter	3,	“Pyrroloquinoline	Quinone	[(PQQ)],”	page	139)	has	been	found
in	interstellar	dust,	it	seems	that	the	seeds	of	life	were	planted	on	Earth
from	the	cosmos.	We	truly	are	children	of	the	stars.
I	suppose	this	is	a	bit	difficult	to	accept	for	some—from	an	egocentric

view,	humans	seem	special;	our	conscious	experience	separates	us	from	the
mechanical	world	of	physics	and	chemistry,	and	perhaps	even	from	the
“lower	forms”	of	life.	However,	it’s	a	fact	that	the	fundamental	similarities
between	all	living	things	outnumber	the	differences.	I	write	this	with	full
appreciation	and	acknowledgment	of	the	controversy	surrounding	the
theory	of	evolution	by	natural	selection	and	religion.	While	I	prefer	to
avoid	the	topic	altogether,	it’s	impossible	to	discuss	evolution	without
acknowledging	that	massive	force	of	religion	pushing	back.	However,	in
the	face	of	overwhelming	evidence	collected	over	centuries,	refuting	the
reality	of	evolution	is	really	quite	a	hollow	position	to	guard.	Further,
taking	such	a	stance	shuts	the	mind	to	its	amazing	story.
Of	course	there	are	many	unknowns,	and	many	parts	of	science	are

speculative,	but	that	is	nothing	to	be	ashamed	of	or	dismissed.	Certainly,	all
science	is	provisional,	and	we	are	by	no	means	anywhere	near	the	point	of
knowing	all.	But	when	observations	of	Nature	contradict	a	theory—no
matter	how	revered,	ancient,	or	popular—the	theory	will	be
unceremoniously	abandoned,	and	the	hunt	for	a	new	and	more	accurate
theory	will	be	intensified.	In	fact,	this	is	how	we	ended	up	with	our	current
understanding	of	mitochondria:	Many	theories	have	been	proposed,
challenged,	tested,	and	either	made	stronger	or	abandoned.	This	is	what
science	is:	a	constantly	changing	base	of	knowledge.



For	traditional	religions,	it’s	important	to	evolve	themselves	and	develop
a	new	paradigm	where	evolution	is	woven	into	the	teachings,	where,	as	I
alluded	to,	that	evolution	was	guided	by	a	higher	power.	However,	for
hard-core	scientists,	it’s	equally	important	to	recognize	that	even	though
we	think	we	know	lots,	we	really	don’t	know	much	at	all.	It’s	humbling	to
remember	that	everything	we	know	regarding	the	known	universe	and	our
reality,	from	the	most	fundamental	chemistry	to	incomprehensibly	complex
quantum	physics—everything—is	estimated	to	be	only	about	4	percent	(at
least	according	to	Neil	deGrasse	Tyson).	We	don’t	know	about,	let	alone
understand,	96	percent	of	our	universe	and	our	current	reality.	Thinking	we
truly	know	up	from	down	puts	us	at	the	same	level	as	those	who	believed
the	world	was	flat.
Is	what’s	written	in	this	book	the	final	word?	Likely	not.	Just	about

everything	else	we	thought	to	be	true	in	the	past	has	turned	out	to	be
completely	false	or	not	entirely	accurate,	but	this	is	the	state	of	our
knowledge	at	this	point	in	time,	and	I	eagerly	await	more	evidence	to
strengthen	our	current	knowledge	base	or	send	us	on	a	completely	(or	just
slightly)	different	path.

Mitochondria:	They	Are	the	Force
Mitochondria	evolved	to	be	the	powerhouses,	or	energy	factories,	of	the	cell.
They	are	organelles	that	act	like	a	cellular	digestive	system	that	takes	in
nutrients,	breaks	them	down,	and	creates	energy	for	the	cell.	The	process	of
creating	cell	energy	is	known	as	cellular	respiration,	and	most	of	the	chemical
reactions	involved	in	cellular	respiration	happen	in	the	mitochondria.

The	mitochondria	are	very	small	organelles,	yet	are	shaped	perfectly	to
maximize	their	hard	work.	As	mentioned,	each	cell	contains	hundreds	to	several
thousand	mitochondria.	The	number	depends	on	what	the	cell	needs	to	do.	For
example,	large	numbers	are	found	in	heart	and	skeletal	muscle	(which	require
large	amounts	of	energy	for	mechanical	work),	in	most	organs	(such	as	the
pancreas,	with	its	biosynthesis	of	insulin,	and	the	liver,	where	detoxification
takes	place),	and	in	the	brain	(tremendous	amounts	of	energy	are	required	by	the
nerve	cells).

Any	form	of	life	that	can’t	generate	its	own	energy	is	essentially	dead.	There
is	no	life	without	energy.	Breathing	supplies	the	blood	with	oxygen,	which	in
turn	gets	transported	to	just	about	every	one	of	the	trillion	cells	in	the	body.	The



cell	delivers	this	oxygen	to	the	mitochondria,	where	it	is	used	to	turn	glucose,
fatty	acids,	and	sometimes	amino	acids	into	energy	via	cellular	respiration,	or
more	specifically	aerobic	respiration	(producing	energy	by	the	use	of	oxygen).
Although	it’s	hard	to	believe,	gram	for	gram,	we	are	likely	the	most	powerful
energy	producers	in	the	universe.	In	fact,	in	an	interesting	calculation	outlined	by
Nick	Lane	in	his	book	Power,	Sex,	Suicide,	it	seems	we	produce	ten	thousand
times	more	energy	(per	gram)	than	the	sun	every	second.

This	calls	for	another	quick	aside	on	popular	culture,	this	time	the	Matrix,	not
Star	Wars.	In	this	film,	the	Machines	meet	their	energy	needs	by	harvesting	the
energy	produced	in	vast	“human	energy	farms.”	From	Lane’s	calculations,	this
would	make	sense.	He	also	points	out	that	some	energetic	bacteria,	such	as
Azotobacter,	outperform	the	sun	by	a	factor	of	fifty	million.	This	begs	the
question,	“Why	hasn’t	someone	taken	Azotobacter	and	created	a	source	of	clean,
organic	energy?”	I	can’t	be	the	only	one	with	these	trillion-dollar	ideas!

The	Basics	of	Mitochondria
Most	illustrations	depict	mitochondria	as	rodlike,	even	though	they	are	able	to
take	many	different	shapes.	They	are,	indeed,	quite	flexible,	can	divide	in	two
like	bacteria,	or	fuse	together	to	form	complex	structures.	Studies	show	they
don’t	lie	still,	but	constantly	move	around	to	the	areas	they	are	needed.	Their
movements	appear	to	be	linked	to	the	network	of	microtubules	(think	of	these	as
the	bones	of	the	cell,	the	“cytoskeleton”	that	gives	shape	to	the	cell)	and	are
likely	transported	along	the	network	by	motor	proteins.

Metabolically	active	cells,	such	as	those	in	the	heart,	muscles,	and	brain,	have
thousands	of	mitochondria.	The	egg	cell	(oocyte)	has	a	whopping	one	hundred
thousand	mitochondria.	In	contrast,	sperm	usually	have	fewer	than	one	hundred.
Red	blood	cells	and	skin	cells	have	very	few,	if	any	at	all.	By	weight,	up	to	10
percent	of	the	human	body	is	mitochondria.	In	numbers,	there	are	about	ten
million	billion.	The	saying	“power	in	numbers”	seems	rather	fitting.

They	were	once	bacteria,	and	their	appearance	and	size	still	resemble	those	of
bacteria.	However,	unlike	bacteria,	mitochondria	are	separated	from	the	rest	of
the	cell	by	a	smooth	and	continuous	outer	membrane	(instead	of	a	cell	wall).
Their	inner	membrane	is	similar	to	the	bacterial	membrane,	but	convoluted	into
folds	called	cristae	(see	figure	1.1).

The	cristae	vastly	increase	the	inner	membrane’s	surface	area	inside	the
organelle.	Since	this	membrane	represents	the	principal	site	of	energy
production,	the	structure	of	cristae	maximizes	the	area	where	energy	can	be



produced.	On	this	membrane,	energy	is	produced	by	transferring	electrons	down
a	chain	of	molecules.	This	respiratory	chain,	descriptively	known	as	the
“electron	transport	chain”	(ETC),	and	the	various	enzymes	responsible	for
energy	synthesis	are	all	located	in	and	on	the	inner	membrane.

The	space	inside	(the	matrix—no,	not	the	film,	but	the	innermost	part	of	the
mitochondria)	contains	the	enzymes	of	the	tricarboxylic	acid	(TCA)	cycle,	also
known	as	the	Krebs	cycle,	or	citric	acid	cycle.	The	resulting	molecules	produced
by	the	TCA	cycle	(NADH	and	FADH2)	are	fed	into	the	ETC,	and	the	two
enzyme	systems	are	located	in	close	proximity	to	each	other	so	that	it	can	all
happen	smoothly,	without	lag.

Figure	1.1.	The	structure	of	a	single	mitochondrion	depicting	the
double-membrane	architecture,	with	the	inner	membrane	folded	over
many	times,	increasing	its	surface	area.

The	Basics	of	Cellular	Respiration	and	Oxidative	Phosphorylation



Of	course,	every	child	knows	we’ve	got	to	breathe	and	eat	to	live,	but	the	real
question	is	why?	Why	(or	how)	does	supplying	our	body	with	oxygen	and	fuel
endow	us	with	this	life-giving	energy?	Cellular	respiration	is	the	most	important
job	the	mitochondria	have.	The	enzymes	of	the	TCA	cycle	and	the	ETC	take	the
molecules	resulting	from	the	breakdown	of	food	and	combine	them	with	oxygen
(O2),	and	this	results	in	the	production	of	energy.	The	mitochondria	are	the	only
places	in	the	cell	where	oxygen	can	be	combined	with	the	food	molecules	to
keep	the	cell	full	of	energy.

While	this	explanation	would	be	sufficient	for	most,	we	need	to	understand
this	to	a	much	greater	depth	to	appreciate	the	implications	related	to	health	and
disease,	which	after	all	is	likely	why	you’re	reading	this	book.

Let’s	begin	with	the	initial	stages	of	glucose	metabolism,	called	glycolysis,
which	occurs	in	the	cytosol.	This	is	where	glucose	is	converted	to	a	compound
called	pyruvate	through	a	series	of	chemical	reactions.	Pyruvate	is	then
transported	into	the	mitochondrial	matrix,	where	another	set	of	reactions	convert
it	to	acetyl-CoA.	Then	the	real	magic	can	begin,	because	acetyl-CoA	is	the	start
of	the	TCA	cycle,	where	the	final	extraction	of	energy	from	food	is	optimized,
yielding	carbon	dioxide	(CO2,	which	we	will	exhale)	and	two	types	of	energy
molecules:	NADH	and	FADH2.	Similarly,	the	breakdown	of	fatty	acids	also
yields	acetyl-CoA,	which	again	goes	through	the	TCA	cycle.

The	next	phase	is	called	oxidative	phosphorylation,	which	takes	place	in	the
inner	mitochondrial	membrane.	The	high-energy	electrons	from	NADH	and
FADH2	are	transferred	through	a	series	of	carriers	in	the	ETC,	and	ultimately
react	with	oxygen	to	yield	water.	With	each	step	in	the	ETC,	the	energy	released
from	these	electron	transfer	reactions	is	used	to	pump	protons	(hydrogen	atoms)
from	the	matrix	to	the	intermembrane	space.	This	creates	a	high	concentration	of
protons	between	the	membranes	and	a	low	concentration	in	the	matrix.	This
concentration	difference	(called	gradient)	is	stored	potential	energy.	The	high
concentration	of	protons	in	the	intermembrane	space	wants	to	flow
“downstream”	into	the	matrix	and	does	so	through	specialized	channels,	which
then	create	adenosine	triphosphate	(ATP),	the	universal	energy	molecule	that	all
cells	use	to	do	their	work.	Think	of	this	as	pumping	water	(protons)	into	a
reservoir	(intermembrane	space)	contained	by	a	dam	(inner	membrane).	As
water	flows	out	through	a	channel	in	the	dam,	it	is	used	to	drive	turbines	to
create	hydroelectric	electricity	(see	figure	1.2).

This	is	a	very	efficient	process	for	taking	the	energy	stored	in	food	to	make
ATP.	Basically,	all	the	absolutely	essential	things	our	bodies	do	to	stay	alive



(e.g.,	breathing	and	eating)	are	to	provide	the	mitochondria	with	the	compounds
they	need	to	produce	energy.	You	could	say—from	a	depressing,	reductionistic
view—that	we	live	only	to	support	our	mitochondria.

Figure	1.2.	The	process	of	creating	energy	in	the	mitochondria	follows
the	same	general	principles	as	a	hydroelectric	dam.	As	water	(protons)
fills	a	reservoir	(intermembrane	space)	that	is	contained	by	a	dam	(inner
membrane),	pressure	builds	up.	This	pressure	forces	water	to	flow	out
through	a	channel	in	the	dam,	which	is	used	to	drive	turbines	to	create
hydroelectric	electricity.

A	Game	of	Hot	Potato:	The	Electron	Transport	Chain	(ETC)
Four	membrane-bound	complexes	have	been	identified	in	the	mitochondria;
three	of	them	are	what	we	call	proton	pumps.	Each	is	an	extremely	complex
structure	that	is	embedded	in	the	inner	membrane.	If	you	refer	to	figure	1.3,
you’ll	see	the	various	components	of	the	ETC.	By	following	the	flow	of
electrons	(e-)	down	the	ETC,	you	can	see	where	the	protons	(H+)	are	pumped.
Complex	I	accepts	electrons	from	NADH,	and	passes	them	to	coenzyme	Q10
(CoQ10,	denoted	in	the	figure	as	Q).	CoQ10	also	receives	electrons	from
Complex	II.	From	there	CoQ10	passes	electrons	to	Complex	III,	which	passes
them	to	cytochrome	c.	Cytochrome	c	passes	electrons	to	Complex	IV,	which



takes	the	electrons	and	two	hydrogen	ions	(H+)	and	reacts	them	with	oxygen	(O)
to	form	water	(H2O).

Carbon	Monoxide	Poisoning

In	carbon	monoxide	poisoning,	this	toxin	displaces	oxygen	as	the	final
acceptor	of	the	electrons	coming	down	the	ETC.	The	final	destination	for
electrons	is	no	longer	available,	and	when	this	happens,	cellular	respiration
stops	because	the	electrons	no	longer	have	their	exit.	Unless	the	carbon
monoxide	is	removed,	the	mitochondria	will	die—causing	the	cells	to	die,
and	ultimately	killing	the	person	who	has	been	exposed	to	carbon
monoxide.

However,	it’s	critical	to	understand	that	the	passage	of	electrons	down	this
chain	is	not	always	100	percent	efficient.	A	small	percentage	of	electrons	are
fumbled	in	this	molecular	game	of	hot	potato,	and	these	leak	into	the	matrix.	The
rogue	electrons	then	prematurely	react	with	oxygen,	resulting	in	the	formation	of
superoxide—a	potentially	dangerous	free	radical.	Free	radicals	are	highly
reactive	molecules	that	contribute	to	“oxidative	stress.”	This	process	has	been
implicated	in	a	number	of	diseases	and	even	aging	itself,	as	I’ll	discuss	shortly.

In	fact,	those	familiar	with	the	concept	of	free	radicals	might	be	interested	to
know	that	the	ETC	is	the	main	site	for	endogenous	free-radical	production	(free
radicals	produced	within	us,	as	opposed	to	ones	generated	by	other	sources,	like
environmental	pollutants).	All	this	will	make	more	sense	in	a	bit.	For	now,	let’s
finish	discussing	the	ETC	and	its	components.

Complex	I:	The	First	Step	of	the	ETC
Also	known	as	NADH	dehydrogenase,	Complex	I	is	a	large	molecule	made	of
forty-six	protein	subunits.	It	removes	two	electrons	from	NADH	and	transfers
them	to	a	lipid-soluble	carrier,	ubiquinone	(oxidized	CoQ10,	or	simply	“Q”).	In
a	two-step	process,	this	“reduces”	the	CoQ10	to	ubiquinol	(QH2),	and	pumps
four	protons	(H+)	across	the	membrane,	creating	a	proton	gradient.	This	is	the
primary	site	within	the	ETC	where	electrons	leak	to	produce	harmful	superoxide
free	radicals.



Figure	1.3.	The	electron	transport	chain	(ETC),	including	ATP
synthase.	The	TCA	cycle	produces	NADH	and	FADH2,	which	enter	the
ETC	at	Complex	I	and	Complex	II,	respectively.	Both	complexes	pass
the	resulting	electron	(e-)	to	coenzyme	Q10	(Q),	and	the	electrons
continue	until	ultimately	reacting	with	oxygen	(O2)	to	create	water
(H2O).	Protons	(H+)	are	pumped	at	Complexes	I,	III,	and	IV,	creating	the
proton	gradient.	Protons	flow	back	through	ATP	synthase	to	create	ATP.



Figure	1.4.	Complex	I	accepts	electrons	from	NADH,	passes	them
through	iron-sulphur	(Fe-S)	clusters	to	coenzyme	Q10	(Q).	This	results
in	four	protons	(H+)	being	pumped	from	the	matrix	into	the
intermembrane	space.

Complex	II:	The	Second	Step,	and	a	Shortcut	to	the	ETC
This	unique	complex,	also	known	as	succinate	dehydrogenase,	is	directly
involved	in	both	the	TCA	cycle	and	ETC.	It’s	a	small	complex,	consisting	of
only	four	protein	subunits	and	the	only	complex	in	the	ETC	that	does	not	pump
protons.	Its	purpose	is	to	deliver	additional	electrons	from	succinate	to	CoQ10
(via	FADH2).	Other	electron	donors	(such	as	fatty	acids)	also	enter	the	ETC	at
Complex	II	via	FADH2.



Figure	1.5.	Complex	II	is	also	a	part	of	the	TCA	cycle,	where	FADH2

is	produced.	Electrons	from	FADH2	are	then	passed	through	iron-
sulphur	(Fe-S)	clusters	to	coenzyme	Q10	(Q).	This	is	the	only	complex
that	doesn’t	pump	protons.

Complex	III:	The	Twins	That	Are	Master	Jugglers	of	Electrons
Complex	III,	also	known	as	cytochrome	bc1	complex,	is	actually	a	dimer,	which
basically	means	that	it	consists	of	two	identical	simpler	complexes.	Each	part	of
the	dimer	comprises	of	eleven	protein	subunits,	giving	twenty-two	in	total.

This	is	where	the	Q	cycle	occurs,	which	is	a	multistep	process	whereby
ubiquinol	(reduced	CoQ10)	is	converted	to	ubiquinone	(oxidized	CoQ10).	In	the
process,	a	net	of	four	protons	is	pumped	to	contribute	to	the	proton	gradient.

This	is	the	second	most	prevalent	site	in	the	ETC	where	electrons	can	fall	out
and	react	with	oxygen	to	form	superoxide	free	radicals.



Figure	1.6.	Complex	III	accepts	electrons	from	the	reduced	form	of
coenzyme	Q10	(QH2)	in	a	multistep	process	called	the	Q	cycle.
Electrons	make	their	way	to	cytochrome	c	(Cyt	c),	and	four	protons	(H+)
are	translocated	to	the	intermembrane	space.



Figure	1.7.	Complex	IV	accepts	electrons	from	cytochrome	c	(cyt	c),
pumps	four	protons	into	the	intermembrane	space,	and	passes	the
electrons	to	the	terminal/ultimate	receiver,	oxygen	(O2),	to	create
harmless	water	(H2O).

Complex	IV:	The	Creator	of	Water
Complex	IV,	also	called	cytochrome	c	oxidase,	is	made	up	of	thirteen	protein
subunits.	There,	four	electrons	are	removed	from	four	molecules	of	cytochrome
c	and	transferred	to	molecular	oxygen	(O2),	producing	two	molecules	of	water.
This	results	in	four	protons	being	pumped	across	the	membrane,	contributing	to
the	proton	gradient.

How	Camels	Store	Their	Water	in	the	Desert

This	is	a	good	time	to	discuss	that	camels	don’t	actually	store	water	in	their
humps,	as	commonly	believed	by	children.	Their	humps	are	large	deposits
of	fat.	This	fat	not	only	serves	as	a	large	store	of	energy,	but	when	this	fat
is	metabolized	through	oxidative	phosphorylation,	water	is	generated	at
Complex	IV	as	just	described	(approximately	1	gram—or	1	milliliter—of
water	for	every	1	gram	of	fat	burned).	This	is	partially	why	camels	can	go
so	long	without	drinking	water	(along	with	other	adaptations).

Cyanide	Poisoning	and	Suicide

Cyanide,	the	familiar	poison	(implicated	in	the	mass	suicide	in	Jonestown,
Guyana,	and	historically	given	to	certain	military	personnel	to	ingest	in	the
event	of	capture),	kills	by	shutting	down	the	ETC.	Specifically,	it	inhibits
the	activity	of	Complex	IV	by	binding	to	the	iron	(Fe)	component,	which
stops	the	flow	of	electrons.	The	newest	approved	antidote	(at	least	in	the
United	States)	is	hydroxocobalamin	(a	form	of	vitamin	B12),	which	reacts
with	the	cyanide	to	form	cyanocobalamin	(a	form	of	B12	that	can	be	found
in	most	nutritional	supplements),	which	can	then	be	safely	eliminated	by
the	kidneys.



Supercomplexes:	Optimizing	the	Speed	of	Electron	Flow
I	should	point	out	that	what	I	just	described	is	how	we	were	taught	about	the
ETC	in	high	school	and	university	biology	courses.	In	addition	to	the	four
complexes	described	previously,	there	is	ATP	synthase	(discussed	next,	and	what
some	have	referred	to	as	Complex	V).	So	in	total,	we	can	think	of	the
mitochondrial	ETC	chain	consisting	of	five	enzyme	complexes	that	are
responsible	for	ATP	generation.	However,	this	paradigm	of	the	ETC—as	discrete
enzymes	diffused	in	the	inner	mitochondrial	membrane—has	been	recently
replaced	by	the	“solid	state	supercomplex”	model	wherein	the	respiratory
complexes	associate	with	one	another	to	form	supramolecular	complexes.	This
arrangement	allows	for	highly	efficient	electron	transfer	with	the	distance	an
electron	must	travel	between	complexes	being	reduced	to	several	nanometers.

To	make	matters	even	more	complicated,	not	only	is	the	existence	of
supercomplexes	debated,	but	it	looks	like	there	could	be	varying	formations	of
these	supercomplexes—for	example,	the	one	called	respirasome	includes
Complexes	I,	III,	and	IV.	However,	there	are	supercomplexes	of	just	Complexes
I	and	III,	and	Complexes	III	and	IV.	These	associations	will	also	dictate	the	pool
of	CoQ10	and	cytochrome	c	available	to	these	supercomplexes.

Also,	there	is	evidence	that	certain	health	conditions	are	linked	to
disassociation	of	the	components	of	these	supercomplexes,	and	while	I	won’t
talk	specifically	about	the	health	conditions	this	has	been	linked	to	(this	model	is
new,	and	therefore	it	hasn’t	been	investigated	enough),	I	mention	it	quickly	as	a
way	to	illustrate	how	our	knowledge	on	this	is	constantly	evolving	and
expanding.

ATP	Synthase:	Coupling	the	ETC	with	Oxidative	Phosphorylation
ATP	synthase,	also	known	as	ATPase	or	Complex	V,	is	an	important	enzyme,	as
it	is	the	final	step	in	the	long	chain	of	events	that	culminate	in	the	synthesis	of
ATP.	This	enzyme	is	what	connects	the	proton	gradient	(created	by	the	ETC
made	possible	by	the	presence	of	oxygen)	to	phosphorylation—the	process	of
adding	a	phosphate	to	adenosine	diphosphate	(ADP),	which	creates	ATP—all	in
all,	known	as	oxidative	phosphorylation.

This	large	enzyme	is	the	smallest	known	machine.	There	are	some	really	cool
animations	on	the	internet	that	show	it	visually,	and	I	encourage	you	to	check
them	out	when	you	have	some	time.	This	rotary	motor,	constructed	from	many
tiny	moving	protein	parts,	has	two	main	components:	the	drive	shaft	that	is
inserted	straight	through	the	membrane	from	one	side	to	the	other,	and	a	very



large	rotating	head	that	is	attached	to	the	drive	shaft.	The	high	concentration	of
protons	on	the	outside	of	the	membrane	wants	to	flow	downstream	and	does	so
by	passing	through	the	drive	shaft	to	rotate	the	head.	In	humans,	a	full	rotation	of
the	head	requires	ten	protons	and	releases	three	molecules	of	ATP.

The	use	of	proton	pumps	to	store	potential	energy	in	the	form	of	an
electrochemical	gradient,	and	then	harnessing	that	energy	as	it	comes	across	a
membrane	to	create	chemical	energy,	might	seem	like	a	strange	way	to	create
energy.	Yet	this	seems	to	be	similar	across	all	forms	of	life	on	Earth.

Photosynthesis	in	plants	happens	in	a	similar	way.	However,	in	that	case,	the
sun’s	energy	is	used	to	pump	protons	across	the	membrane	in	chloroplasts	(what
the	mitochondria	have	evolved	into	in	plant	form).	Bacteria,	being	the	ancestor
to	the	mitochondria,	also	function	in	the	same	way—by	generating	a	proton
gradient	across	their	cell	membrane	and	loosely	contained	with	the	help	of	their
cell	wall.	However,	in	contrast	to	humans	and	mammals,	the	electrons	in	plants
pass	down	the	ETC	to	a	terminal	electron	acceptor	that	can	be	one	of	many
different	molecules,	not	just	oxygen.	Nevertheless,	in	every	case,	the	energy
extracted	from	the	ETC	is	used	to	move	protons	across	a	membrane.	This
concept	is	so	universal,	it	seems	that	pumping	protons	across	a	membrane	is	a
central	signature	of	life	on	Earth.



Figure	1.8.	Molecular	representation	of	ATP	synthase	showing	its
orientation	and	complexity.



Figure	1.9.	Illustrative	summary	of	energy	production	via	oxidative
phosphorylation,	both	through	Complex	I	(top	half)	and	through
Complex	II	(bottom	half).

Mitochondrial	DNA:	A	Curious	Relic	of	Ancient	History
After	the	initial	bacterial	merger	that	created	the	eukaryotic	cell,	the	engulfed
parasitic	bacterium	(that	eventually	went	on	to	form	the	mitochondria)	lived	in
the	lap	of	luxury.	The	host	bacterium	provided	many	of	what	it	needed	to
survive,	and	therefore,	it	got	lazy,	so	to	speak.	Many	functions	were	carried	out
by	the	host,	so	there	was	little	need	to	keep	its	lumbering	and	redundant	DNA.
Why	would	it	need	to	code	for	proteins	that	the	host’s	DNA	also	coded	for?
Nature	thought	the	same—and	because	Nature	is	relentlessly	efficient,	the
parasitic	bacteria	began	to	shed	the	excessive	and	redundant	genes.

This	is	no	big	deal	if	the	genes	that	are	lost	are	not	critical	ones.	On	the	flip
side,	however,	cells	will	surely	die	if	they	lose	essential	genes.	The	example



Lane	uses	in	his	book	is	how	our	primate	ancestors	lost	the	gene	for	making
vitamin	C	a	few	million	years	ago.	Thankfully,	their	diet	was	rich	in	fruit,	which
is	a	great	source	of	vitamin	C.	So	losing	this	gene	was	not	catastrophic,	and	they
survived	and	flourished.	How	do	we	know	we	once	had	this	gene,	but	then	lost
it?	Most	of	the	gene	is	still	there	in	our	“junk”	DNA,	and	the	remaining	sequence
parallels	the	functional	gene	for	vitamin	C	production	in	other	species.

The	loss	of	genes	in	the	name	of	efficiency	is	quite	common,	and	in	fact,
bacteria	can	lose	unnecessary	genes	in	a	matter	of	hours	or	days.	Why	is	this
efficient?	Cell	division,	which	is	how	bacteria	reproduce,	is	highly	energy-
intensive,	and	bacteria	(relative	to	eukaryotic	cells)	produce	very	little	energy.
The	smaller	bacteria’s	DNA	is,	the	less	energy	it	needs	to	copy	all	that	DNA	for
its	daughter	cells.	The	efficiency	of	this	gene	loss	on	the	main	bacterial
chromosome	is	illustrated	by	their	low	amount	of	“junk”	DNA.

You	might	be	thinking	this	is	not	efficient,	because	the	bacteria	could	end	up
needing	their	lost	genes	down	the	road.	However,	throwing	away	genes	is	not	as
reckless	as	it	might	first	seem.	Why?	Bacteria	can	also	pick	up	the	same	genes
again,	as	well	as	others,	when	they	need	to	at	a	later	point,	when	a	concept	called
lateral	gene	transfer	comes	into	play.	A	bacterium	will	pick	up	DNA	from	its
surroundings	(from	dead	cells	or	other	bacteria)	by	a	form	of	copulation	known
as	bacterial	conjugation—not	so	different	from	the	“transfer”	of	DNA	when
humans	copulate.	(Well,	okay,	maybe	it’s	a	little	different,	but	my	point	is	that
bacteria	can—and	do—accumulate	new	genes.)	The	fact	that	bacteria	acquire
genes	through	lateral	gene	transfer	is	why	I	think	Big-Agri	and	the	biotech
industries	need	to	do	far	more	research	before	genetically	engineered	crops	and
animals	are	entered	into	the	food	chain.	The	engineered	genes	can	be	picked	up
by	the	bacteria	in	our	gut	or	the	bacteria	in	our	livestock’s	gut,	and	there	are
countless	other	ways	those	genes	could	“escape”	and	wreak	irreversible	havoc
throughout	the	animal	and	plant	kingdoms.

All	this	gaining	and	losing	genes	keeps	things	in	a	constant	state	of	flux,
which	is	a	good	thing,	because	at	any	given	moment	in	time,	it’s	unlikely	that	all
redundant	genes	will	be	lost	from	a	given	community	of	bacteria.	At	least	a
fraction	of	the	bacteria	in	a	particular	community	is	likely	to	have	retained	a
fully	functional	copy	of	that	redundant	gene.	When	the	surrounding
environmental	conditions	change	and	the	need	for	that	gene	becomes	important,
those	bacteria	with	the	gene	can	pass	them	around	to	the	other	bacteria	by	lateral
gene	transfer.	Such	willingness	to	share	genes	explains	how	things	like	antibiotic
resistance	can	spread	so	quickly	throughout	an	entire	population	of	bacteria,	and



the	reason	why	regulatory	bodies,	such	as	Health	Canada	and	the	US	Food	and
Drug	Administration,	require	proof	that	probiotic	strains	used	in	supplements	do
not	display	antibiotic	resistance	(because	those	genes	can	easily	be	passed	to
potential	pathogenic	bacteria	in	the	gut).

The	speed	of	lateral	gene	transfer	is	much	faster	with	the	tiny	chromosome
rings	called	plasmids	(which	I	discussed	earlier),	but	bacteria	can	also	transfer
genes	that	are	part	of	their	main	chromosomes—it	just	happens	more	slowly.
Any	gene	that	is	not	used	regularly	or	not	needed	at	that	point	in	time	will	tend
to	be	cast	aside	in	favor	of	more	rapid	and	efficient	replication.

As	descendants	of	bacteria,	mitochondria	lost	most	of	their	genes	through	this
process.	But	if	the	mitochondrion	was	a	spoon-fed	parasite	living	in	its	host,	why
did	it	need	to	retain	any	genes	at	all?	That’s	a	good	question—especially	when
considering	that	each	cell	has	several	hundreds	to	thousands	of	mitochondria,
and	each	mitochondrion	has	five	to	ten	copies	of	its	DNA—and	Lane	offers	an
in-depth	discussion	of	this	question.	The	amount	of	mitochondrial	DNA	in	each
cell	is	a	heavy	burden	when	it	comes	time	to	divide:	When	the	mitochondria
divide,	called	mitochondrial	fission	or	mitochondrial	biogenesis,	or	when	the
cell	divides,	all	those	mitochondrial	genes	must	be	copied.	Further,	every
mitochondrion	must	maintain	its	own	genetic	translation	apparatus	and	protein-
building	ribosomes.	This	process	doesn’t	seem	efficient	for	descendants	of
bacteria,	which	thrive	on	uncompromising	efficiency.

Further,	there	are	potentially	catastrophic	consequences	when	mitochondria
with	different	genomes	are	present	within	the	same	cell	(for	example,	when
paternal	mitochondria	from	sperm	survive	and	coexist	with	the	maternal
mitochondria	from	the	egg,	which	usually	results	in	termination	of	the
pregnancy).	This	could	be	avoided	altogether	if	all	the	mitochondrial	genes	had
been	transferred	to—and	contained	within—the	nucleus.

Another	liability	is	that	the	exposed	and	defenseless	genetic	material	in	the
mitochondria	is	located	right	next	to	the	ETCs,	from	which	destructive	free
radicals	are	generated	and	released.	These	free	radicals	can	damage	the	mtDNA
and	cause	mutations,	potentially	resulting	in	the	demise	of	the	mitochondria	(and
this	can	result	in	numerous	health	conditions,	including	cancers,	as	I’ll	discuss
later).

So,	why	didn’t	all	the	mitochondrial	genes	get	transferred	to	the	nucleus?	The
fact	that	they	still	remain	in	the	mitochondria	(despite	nearly	two	billion	years	of
evolution	and	many	good—and	logical—reasons	why	they	should	have	been



transferred	to	the	nucleus)	gives	us	a	clear	indication	that	there	must	be	a	reason
—and	it	must	be	a	convincingly	fantastic	reason.

The	reason	for	retaining	some	genes	seems	to	be	tied	to	the	control	over
oxidative	phosphorylation.	The	speed	of	oxidative	phosphorylation	is	very
sensitive	to	the	constantly	changing	situation	in	energy	demands,	often
fluctuating	from	minute	to	minute	(depending	on	whether	we’re	awake,	sleeping,
exercising,	sedentary,	fighting	an	infection,	writing	an	exam,	digesting	food,
reading	this	book,	and	so	on).	These	rapidly	changing	scenarios	require	the
mitochondria	to	adapt	their	energy	production	at	a	cellular	level,	and	each	cell
(depending	on	whether	it’s	a	muscle	cell,	brain	cell,	white	blood	cell,	intestinal
cell,	liver	cell,	and	so	on)	needs	to	respond	individually.

In	order	to	respond	efficiently	to	these	swift	changes	in	energy	demand,	the
mitochondria	need	to	maintain	a	certain	level	of	on-site	control,	and	this	control
comes	in	the	form	of	the	mtDNA	retaining	certain	genes.	The	reactions	that	take
place	in	the	ETCs	in	the	inner	mitochondrial	membrane	must	be	tightly	regulated
locally	at	the	level	of	each	individual	mitochondrion.	It	would	not	be	efficient,
nor	would	the	cell	be	able	to	respond	quickly	to	abrupt	changes	in	energy
demand,	if	the	entire	process	were	controlled	at	a	distance	by	the	genes	tucked
far	away	in	the	nucleus.

Make	sense	so	far?	Good.	Now	let’s	talk	about	supply	and	demand	before	I
go	deeper	into	answering	the	question	of	why	mitochondria	retained	some	genes.
Remember,	the	entire	process	from	the	individual	complexes	in	the	ETC	to	ATP
production	by	ATPase	is	coupled	like	the	gears	in	a	machine,	where	the	speed	of
one	gear	controls	the	speed	of	the	next.	When	energy	demand	is	high,	electrons
flow	down	the	ETC	rapidly,	the	protons	are	pumped	swiftly,	and	the	proton
gradient	rises	quickly	(the	proton	reservoir	“fills	up”).	The	greater	the	proton
gradient,	the	greater	the	pressure	to	form	ATP	quickly	as	protons	are	forced
through	the	ATPase.

However,	in	a	situation	where	there	is	no	demand	for	ATP,	oxidative
phosphorylation	will	continue	to	turn	all	the	ADP	and	phosphate	into	ATP.
Because	the	cell	is	not	using	the	ATP	(which	would	convert	it	back	to	ADP	and
phosphate),	the	ATPase	is	forced	to	shut	down	due	to	lack	of	raw	materials.
When	this	shutdown	happens,	protons	can	no	longer	pass	through	the	ATPase,
and	the	proton	reservoir	fills	up.	When	the	proton	gradient	is	too	high,	the	small
amount	of	energy	released	as	electrons	flow	through	the	ETC	is	no	longer
sufficient	to	pump	the	protons	against	this	strong	gradient.	This	lack	of	proton
pumping	causes	the	electron	flow	down	the	chain	to	slow	and	stop.	Don’t	worry,



though,	things	pick	up	again	once	the	energy	demand	increases	and	the	cell	uses
up	some	ATP	(resulting	in	more	ADP	and	phosphate	raw	material	for	the
ATPase).	This	slowdown	is	why	exercise—using	up	the	ATP—is	so	important;
I’ll	discuss	exercise	later,	too.

There	could	also	be	a	shortage	of	oxygen	supply—for	example,	during	a
stroke	when	the	blood	flow	to	the	brain	cells	is	cut	off.	When	this	oxygen
shortage	happens,	there	is	nothing	to	remove	the	electrons	at	the	end	of	the	ETC,
and	therefore,	the	electrons	back	up—a	traffic	jam,	so	to	speak—and	oxidative
phosphorylation	stops.	In	any	of	these	situations,	when	electrons	back	up,	they
can	leak	and	create	free	radicals.

However,	in	addition	to	supply	and	demand,	we	also	need	to	consider	the
various	components	of	the	ETC.	Each	component	can	either	be	reduced	(they
have	an	electron)	or	oxidized	(they	don’t	have	an	electron),	but	they	can’t	be
both	at	the	same	time.	For	example,	if	Complex	I	already	has	an	electron,	it	can’t
take	on	another	one	until	it	has	passed	on	the	first	to	the	next	carrier	in	the	chain,
ubiquinone.	The	ETC	will	be	held	up	until	it	has	passed	on	this	electron.
Similarly,	if	Complex	I	doesn’t	have	an	electron,	it	can’t	pass	on	anything	to
ubiquinone	until	it	has	received	an	electron	(from	NADH).	The	ETC	will	be	held
up	until	it	receives	one.

This	reduction-oxidation,	or	“redox”	as	it’s	more	commonly	known,	is	an
important	emerging	field	of	medical	study.	There	are	thousands	of	ETCs	in	each
mitochondrion	(approximately	ten	thousand	ETCs	per	mitochondrion—an
astonishing	number),	and	oxidative	phosphorylation	will	proceed	most
efficiently	when	there	is	a	balanced	50:50	ratio	between	oxidized	and	reduced
electron	carriers.

However,	losing	this	balance	not	only	slows	down	oxidative	phosphorylation
and	energy	production,	but	it	can	also	wreak	havoc	in	the	mitochondria.	This	is
because	each	electron	carrier	in	the	chain	is	reactive.	If	electron	flow	is
progressing	normally,	each	carrier	will	likely	pass	on	its	electrons	to	the	next
carrier,	which	has	a	slightly	greater	desire	for	that	electron	than	did	its
predecessor.	However,	because	carriers	cannot	be	both	oxidized	and	reduced	at
the	same	time,	if	the	next	carrier	already	has	an	electron,	then	the	ETC	becomes
blocked,	and	there	is	a	chance	that	the	electron	will	be	prematurely	transferred	to
oxygen	instead.	When	oxygen	receives	an	electron	from	any	carrier	other	than
Complex	IV	(the	last	carrier	in	the	ETC),	it	forms	the	toxic	free	radical
superoxide.	This	is	not	necessarily	a	bad	thing	(as	I’ll	discuss	later),	but	for	now
let’s	just	consider	that	superoxide	typically	goes	on	to	inflict	damage	to	all	sorts



of	biological	molecules.	We	normally	don’t	want	this.	It’s	just	like	trains
traveling	down	a	railroad:	If	a	train	doesn’t	leave	a	particular	station	in	time,	the
next	train	can’t	arrive.	In	the	best-case	scenario,	this	causes	a	backup.	However,
if	an	approaching	train	didn’t	get	the	message	that	the	station	is	occupied,	and
doesn’t	hit	the	brakes	soon	enough,	there	is	a	good	chance	that	a	crash	will	result
and	the	train’s	cars	will	derail,	causing	all	sorts	of	damage.

So	maintaining	the	50/50	redox	balance	allows	both	a	speedy	and	efficient
electron	flow	down	the	ETC,	but	also	minimizes	the	risk	of	superoxide	free-
radical	formation.	However,	maintaining	this	balance	also	depends	on	the
number	of	electron	carriers	within	the	ETC	relative	to	one	another.	For	example,
if	a	mitochondrion	has	an	abundance	of	Complex	I	that	have	accepted	an
electron	from	NADH,	but	not	enough	ubiquinone,	many	of	those	“full”	Complex
I	entities	will	fumble	their	electron,	only	to	be	picked	up	by	oxygen.	And	just
like	everything	else	in	the	body,	the	relative	number	of	each	component	of	the
ETC	is	in	a	state	of	constant	flux—constantly	being	degraded	and	replaced.

A	Radical	Signal:	The	Positive	Side	of	Free	Radicals
Now,	after	this	roundabout	detour	of	a	discussion,	we	can	progress	to	the	next
step	in	answering	the	original	question:	Why	do	mitochondria	need	any	genes	at
all?	Let’s	consider	a	hypothetical	scenario	and	imagine	that	there	are	one
thousand	mitochondria	in	a	particular	cell,	each	with	about	ten	thousand	ETCs.	It
happens	that	one	of	these	mitochondria	does	not	have	enough	Complex	IV,	the
last	electron	carrier	in	the	ETC.	As	a	result,	in	this	particular	mitochondrion,
oxidative	phosphorylation	slows	down,	and	electrons	back	up	in	the	ETCs.	This
causes	the	electrons	to	escape	and	form	superoxide	free	radicals.	This
mitochondrion	is	in	jeopardy	of	damaging	itself	beyond	repair.	The	logical
solution	to	this	scenario	would	be	to	manufacture	more	Complex	IV.	But	how
does	the	mitochondrion	signal	that	it	needs	to	build	more	Complex	IV?	The
signal	seems	to	be	the	free	radicals	themselves.	Although	the	free	radicals	can
inflict	much	damage,	they	can	also	control	the	action	of	“redox-sensitive”
transcription	factors,	which	are	activated	in	response	to	oxidation	by	free
radicals.	In	turn	these	transcription	factors	go	on	to	alter	gene	activity	to	make
more	Complex	IV.

Some	readers	might	ask,	“How	does	the	cell	know	to	interpret	this	free-
radical	signal	as	a	message	that	more	Complex	IV	is	needed?”	After	all,	low
energy	demand	or	a	shortage	of	oxygen	supply	can	also	produce	free	radicals	as
discussed	earlier,	where	neither	situation	would	be	improved	by	building	new



complexes.	The	cell	does	this	by	putting	the	free-radical	message	into	context,
just	as	we	humans	do	in	any	conversation.	In	order	to	put	a	message	into	the
context	of	what’s	happening,	it	needs	other	pieces	of	information.	For	example,
in	this	case	it	might	be	the	levels	of	ATP.	If	there	were	too	few	Complex	IV
entities	in	the	mitochondrion,	then	ATP	levels	would	fall	(the	ETC	would	get
bunged-up	as	electron	flow	slows	down).	So	the	burst	in	free	radical	would	be
laid	on	a	backdrop	of	low	ATP,	signaling	the	transcription	factors	to	activate	the
genes	for	Complex	IV	production.	On	the	other	hand,	if	the	cell	detected	high
ATP	levels,	the	burst	in	free	radicals	might	signal	that	the	proton	gradient	needed
to	be	dissipated	(and	possibly	more	uncoupling	proteins	needed	to	be	produced
—more	on	this	later).

Assume	for	a	moment	that	all	the	genes	are	in	the	nucleus.	The	free-radical
message	arrives,	and	the	nucleus	sends	orders	to	make	more	Complex	IV.	It	then
tags	these	new	proteins	with	other	proteins	(an	address	tag)	so	that	they	can	find
their	way	back	to	the	mitochondrion.	However,	the	only	thing	these	address	tags
do	is	tell	the	proteins	that	their	destination	is	a	mitochondrion,	but	they	can’t	tell
which	specific	mitochondrion	is	in	need	of	the	new	Complex	IV.	This	is
analogous	to	me	sending	a	package	to	a	friend	in	a	city	when	I	don’t	know	the
specific	address—there	is	a	very	slim	chance	the	package	would	get	to	my
friend.	Further,	considering	that	mitochondria	are	in	a	constant	state	of	flux
(being	degraded,	splitting	into	two	through	fission,	or	merging	into	one	through
fusion),	the	system	wouldn’t	be	too	efficient	even	if	the	nucleus	could	tag	the
newly	constructed	proteins	with	a	specific	address;	that	address	might	no	longer
exist!

So	all	those	new	Complex	IV	entities	would	get	distributed	evenly	to	all	one
thousand	mitochondria	in	the	cell.	The	mitochondrion	that	needed	it—the	one
that	sent	the	original	signal—doesn’t	get	nearly	enough	Complex	IV,	while	the
rest	receive	too	much	(and	send	a	corresponding	message	back	to	the	nucleus
instructing	it	to	stop	producing	more	Complex	IV).	It’s	easy	to	see	the	problems
with	this	situation.	Here’s	what’s	most	important:	When	the	mitochondria	are	not
in	control	of	their	own	destiny,	the	entire	cell	will	inevitably	have	problems	with
energy	production.

Now,	let’s	consider	the	same	scenario,	but	the	genes	for	Complex	IV	are
retained	in	the	mitochondria	(as	they	are	in	reality).	When	the	free-radical	signal
to	produce	more	Complex	IV	is	sent,	it	goes	straight	to	the	mtDNA,	which	also
happens	to	be	in	the	immediate	vicinity	of	the	origin	of	the	free-radical	signal
itself	(so	the	response	can	also	be	very	fast).	The	locally	retained	genes	instruct



the	mitochondrion’s	own	ribosomes	to	make	more	Complex	IV,	and	these	are
immediately	incorporated	into	the	ETCs,	clearing	the	backlog	in	electron	flow
and	restoring	efficient	oxidative	phosphorylation.	Similarly,	if	and	when	the
message	to	stop	producing	Complex	IV	is	sent,	it’s	specific	to	that
mitochondrion	and	the	response	is	immediate.

This	rapid	and	localized	response	happens	in	each	of	the	one	thousand
mitochondria	in	the	cell,	some	requiring	more	Complex	I,	others	more	Complex
III,	while	others	need	to	dissipate	their	proton	gradient.	So	while	it	is	extremely
costly	for	the	cell	to	maintain	tens	of	thousands	of	copies	of	mtDNA,	the
alternative	(only	a	single	copy	in	the	nucleus)	is	ultimately	far	more	costly	and
detrimental.

Allow	me	just	one	last	detour	down	the	deeply	scientific	path.	The	respiratory
complexes	are	constructed	from	a	number	of	separate	protein	subunits,	and	not
all	subunits	are	coded	by	the	mtDNA.	In	fact,	out	of	the	forty-six	subunits	in
Complex	I,	four	subunits	in	Complex	II,	eleven	in	a	Complex	III	dimer,	and
thirteen	in	Complex	IV—a	total	of	seventy-four	different	protein	subunits—only
thirteen	are	coded	for	by	the	mtDNA.	The	rest	are	coded	for	by	the	genes	in	the
nucleus.	The	complexes	of	the	ETC	are	a	blend	of	proteins	encoded	by	two
separate	genomes.

So,	if	this	is	the	case,	how	does	a	mitochondrion,	which	only	retained	a
fraction	of	the	total	number	of	genes	needed	for	the	ETC	complex,	maintain
control	over	its	own	destiny?	Well,	it	seems	that	the	respiratory	complexes
assemble	themselves	around	a	few	crucial	subunits.	Once	these	critical	subunits
have	been	embedded	in	the	inner	mitochondrial	membrane,	they	act	as	a	magnet
that	attracts	the	rest	of	the	subunits	to	self-assemble	appropriately.	Thankfully,
these	crucial	subunits	are	the	ones	encoded	by	the	mitochondrial	genes,	and
therefore	the	mitochondrion	is	able	to	retain	control	over	the	number	of	new
complexes	being	built.

Because	a	cell	has	hundreds	to	thousands	of	mitochondria	at	any	given	time,
the	total	number	of	these	crucial	subunits	embedded	in	the	inner	mitochondrial
membrane	might	remain	fairly	constant.	So	the	nuclear	genes	and	the	overall
rate	of	transcription	could	remain	fairly	constant,	allowing	individual
mitochondria	to	control	their	own	rate	of	oxidative	phosphorylation	while	the
nucleus	could	control	the	overall	rate	of	energy	production	in	the	cell	as	a	whole.

There	is	the	fact,	however,	that	all	protein	subunits	in	Complex	II	(which,	by
the	way,	is	made	of	only	four	subunits)	are	coded	for	by	the	nuclear	genes.
However,	this	fact	doesn’t	detract	from	the	preceding	discussion	because	both



Complex	I	and	Complex	II	pass	on	their	electrons	to	Complex	III.	To	a	large
extent,	a	mitochondrion	can	still	control	its	own	rate	of	oxidative
phosphorylation	by	controlling	the	production	of	just	Complexes	I,	III,	and	IV.
Further,	when	you	consider	that	Complex	II	is	the	only	one	that	doesn’t	pump
protons,	it	would	make	sense	that	at	some	point	in	the	billions	of	years	of
evolution,	the	genes	for	all	four	protein	subunits	of	Complex	II	were	transferred
to	the	nucleus,	unloading	a	little	bit	of	genetic	burden	and	gaining	a	tiny	bit	of
genetic	efficiency.

Mitochondrial	Mutations:	The	Beginning	of	the	End
Mutations	to	mtDNA	accumulate	with	the	passage	of	time.	Other	than	random
mutations	back	to	the	original	sequence,	or	recombination	with	an	original	DNA
strand,	the	original	sequence	is	lost,	and	this	incorrect	set	of	instructions	will
lead	to	defective	proteins	that	don’t	function	the	way	they	are	supposed	to.

If	the	mutations	affect	any	one	of	the	many	protein	subunits	in	the
mitochondrial	ETC,	the	rate	of	free-radical	leakage	increases,	and	the	situation
can	spiral	out	of	control	quite	rapidly.	Unfortunately,	the	odds	are	in	favor	of	free
radicals	damaging	the	genes	for	ETC	proteins.	This	is	because	mtDNA	is	stored
next	to	the	cell’s	primary	site	of	free-radical	generation.	Mitochondrial	DNA	also
doesn’t	have	the	protective	histone	proteins	that	nDNA	does;	its	repair
mechanisms	are	severely	deficient;	and	there	is	no	junk	DNA	(the	genes	are
packed	tightly	together	so	that	a	mutation	anywhere	is	likely	to	result	in	a
negative	effect).	So	it’s	only	a	matter	of	time	before	these	genes	are	damaged,
which	would	undermine	the	functioning	of	the	ETC	and	oxidative
phosphorylation.

A	Radical	Signal	for	Death
Intuitively,	it	seems	that	the	rate	of	free-radical	leakage	from	the	respiratory
chain	would	correspond	with	the	rate	of	respiration—but	it	does	not.	Of	course,
energy	demand	and	use,	uncoupling,	and	other	variables	will	be	contributing
factors	to	the	rate	of	leakage	(factors	tied	to	the	rate	of	respiration),	but
ultimately	it	depends	on	the	availability	of	electrons	(and	oxygen).

We	know	the	primary	cause	of	mitochondrial	damage	is	the	free	radicals
generated	by	the	mitochondria	themselves.	Current	evidence	suggests	that	the
majority	are	generated	by	Complexes	I	and	III	(Complex	I	seems	to	generate
free	radicals	if	there	is	too	much	fuel	relative	to	demand,	and	Complex	III	seems
to	generate	them	if	ATP	isn’t	being	used	up	fast	enough).



During	normal	oxidative	phosphorylation,	0.4–4.0	percent	of	all	the	oxygen
consumed	is	converted	in	mitochondria	to	superoxide	free	radicals.	Superoxide
is	transformed	to	hydrogen	peroxide	(H2O2)	by	superoxide	dismutase.	H2O2	is
then	converted	to	water	by	glutathione	peroxidase	(one	of	the	body’s	primary
antioxidant	enzymes)	or	peroxiredoxin	III.	However,	when	these	enzymes
cannot	convert	superoxide	free	radicals	to	H2O	fast	enough	(or	when	superoxide
generation	greatly	increases	for	one	reason	or	another),	oxidative	damage	occurs
and	accumulates	in	the	mitochondria.

In	laboratory	studies,	superoxide	has	been	shown	to	damage	the	iron-sulphur
cluster	that	resides	in	the	TCA	entity	called	aconitase.	This	exposes	iron,	which
reacts	with	H2O2	to	produce	hydroxyl	radicals.	Further,	nitric	oxide	(NO)	is
produced	within	the	mitochondria	by	mitochondrial	NO	synthase,	and	also	freely
diffuses	into	the	mitochondria	from	the	cytosol.	NO	reacts	with	oxygen	to
produce	another	free	radical,	called	peroxynitrite.	Together,	these	two	radicals	as
well	as	others	can	do	great	damage	to	mitochondria	and	other	cellular
components.

However,	all	this	depends	on	the	availability	of	both	fuel	and	oxygen.	For
example,	consider	a	person	in	a	developing	country	during	a	period	of	famine.
This	person	has	a	shortage	of	fuel	and,	therefore,	hardly	any	electrons	flowing
down	the	ETC.	Even	though	there	might	be	plenty	of	oxygen	available,	very	few
free	radicals	leak	simply	because	of	a	lack	of	electrons.

Then	consider	a	well-fed	elite	athlete	in	training.	This	person’s	muscle	cells
have	plenty	of	fuel,	but	also	a	high	demand	for	energy.	Electrons	flow	smoothly
down	the	ETC	to	oxygen,	and	relatively	few	free	radicals	leak	because	ATP	is
constantly	used	up.

However,	what	about	a	well-fed	sedentary	person?	In	this	case	the
mitochondria	have	plenty	of	fuel,	but	the	cells	don’t	use	the	ATP	that’s	been
generated.	ATP	levels	remain	high	with	little	turnover.	With	this	low	demand	for
ATP,	the	ETCs	become	backed	up	with	excessive	electrons.	There	is	still	plenty
of	oxygen	as	well	as	an	abundance	of	highly	reactive	electrons,	so	there	is	a	high
rate	of	free-radical	leakage.	This	burst	of	free	radicals	will	exceed	the	built-in
antioxidant	defense	system	and	oxidize	the	lipids	in	the	mitochondrial
membranes.	This	oxidation	releases	cytochrome	c	(which	normally	transfers
electrons	from	Complex	III	to	Complex	IV)	from	the	inner	mitochondrial
membrane	and	into	the	intermembrane	space.	At	this	point,	electron	flow	down
the	ETC	is	completely	stopped.	The	upstream	sections	of	the	ETC	become	full
with	electrons,	and	these	electrons	continue	to	leak	and	form	more	free	radicals.



Once	this	stress	crosses	a	threshold,	pores	in	the	outer	mitochondrial	membrane
open	up	and	initiate	the	first	steps	of	cellular	suicide.

Dead	or	Alive:	Mitochondrial	Control	over	Life	and	Death
After	energy	production,	perhaps	the	next	most	critical	function	of	mitochondria
is	regulating	death.	When	cells	become	worn	out	or	damaged	beyond	repair,	they
are	forced	to	commit	cellular	suicide,	or	apoptosis.	If	the	mechanisms	regulating
apoptosis	fail,	the	one	serious	consequence	is	cancer,	which	is	why	apoptosis	is
critical	for	the	integrity	and	organization	of	multicellular	organisms.	This
process	is	controlled	by	the	mitochondria.

Genetically,	multicellular	organisms	are	composed	of	identical	cells	that
perform	dedicated	tasks	for	the	benefit	of	the	organism	as	a	whole.	This	concept
is	unique	because	all	life	has	an	innate	desire	to	survive	at	all	costs.	So	then,	why
and	how	did	cells	in	a	multicellular	organism	get	to	the	point	where	they
obediently	follow	directions—in	most	cases—to	commit	suicide	for	the	greater
good	of	the	whole	organism?	The	process	likely	evolved	over	hundreds	of
millions	of	years,	and	the	enforcement	of	such	altruistic	behavior	became	the
domain	of	the	mitochondria,	without	which	multicellular	organisms	would
develop	massive	amounts	of	tumors	everywhere	and	likely	succumb	to	cancer
very	early	in	life.

In	order	to	live	in	a	community,	and	receive	all	the	benefits	that	come	with	it,
individuals	need	to	commit	to	living	in	a	manner	that	benefits	the	greater	good,
and	some	self-serving	interests	need	to	be	forfeited.	Unfortunately,	cancers	are
common	because	selfish	cells	occasionally	escape	surveillance	and	skirt	their
death	sentence.	These	cancer	cells	replicate	feverishly	without	regard	to	the
consequences	of	their	actions	on	the	community.	In	an	obvious	twist	of	fate,
however,	these	delinquent	cells	eventually	bring	about	the	death	of	their	own
community,	and	in	the	end,	as	a	result,	themselves.

To	prevent	this,	the	mitochondria	have	evolved	to	play	a	central	role	in	the
civilized	death	of	a	cell.	They	do	this	by	assimilating	various	signals	from
different	sources.	If	the	overall	picture	painted	by	the	various	signals	indicates
that	the	cell	is	no	longer	functioning	properly,	or	within	the	confines	of	the
greater	good,	then	the	mitochondria	initiate	the	cell’s	suicide	program.	It	begins
with	the	activation	of	certain	membrane	receptors	and	pathways	that	involve
another	organelle	called	the	endoplasmic	reticulum,	in	addition	to	the
mitochondria.	A	central	event	in	many	forms	of	apoptosis	is	activation	of	the
mitochondrial	apoptosis	channel	(mAC)	by	certain	stimuli.	Opening	of	the	mAC



causes	the	mitochondrial	outer	membrane	to	become	highly	permeable,	and	it
therefore	loses	its	electrical	charge	and	proton	gradient.	This	leads	to	a	sudden
burst	in	free	radicals	that	oxidize	various	lipids	of	the	inner	membrane.	For
example,	when	cardiolipin	becomes	oxidized,	it	can	bind	to	Complex	IV,	which
is	in	turn	released	from	its	position	in	the	inner	membrane,	shutting	down	the
ETC.

This	free-radical	burst	also	releases	cytochrome	c	(and	other	molecules)	that
joins	with	other	components	in	the	cytoplasm	to	form	the	“apoptosome,”	which
then	activates	the	enzymes	of	cellular	death,	the	caspases.	Remember,
cytochrome	c	is	responsible	for	shuttling	electrons	from	Complex	III	to	Complex
IV.	Under	normal	circumstances,	it	is	secured	to	the	outside	of	the	inner
mitochondrial	membrane.	However,	once	free	in	the	cell,	it	binds	to	several	other
molecules	to	form	a	complex	that	activates	the	caspases.

The	release	of	cytochrome	c	from	its	position	on	the	inner	membrane	is	seen
as	a	critical	step	in	apoptosis.	Essentially,	it	pushes	the	process	of	apoptosis
beyond	the	point	of	no	return.	What’s	interesting,	however,	is	that	simply
injecting	cytochrome	c	into	a	healthy	cell	will	also	cause	it	to	die;	this	is	a
perfect	example	of	the	wise	saying,	“A	little	bit	of	knowledge	is	a	dangerous
thing.”	There	are	two	components	of	the	ETC	that	are	not	complexes
themselves:	CoQ10	and	cytochrome	c.	CoQ10	is	an	amazing	therapeutic	natural
health	product,	and	supplementation	has	been	shown	to	be	beneficial	for	many
health	conditions.	However,	if	we	assumed	the	same	for	cytochrome	c	(thinking
it	would	help	shuttle	electrons	to	Complex	IV),	we’d	be	killing	ourselves	(and
this	is	the	reason	why	there	are	no	cytochrome	c	supplements).

Once	the	caspase	enzymes	are	activated,	they	break	down	the	cell	in	an
orderly	fashion.	As	the	cell	shrinks	and	then	fragments,	its	organelles	remain
relatively	intact	and	enclosed	by	membranes.	Neighboring	cells	or	macrophages
safely	digest	the	fragments	and	recycle	the	components	for	reuse.	When
executed	properly,	apoptosis	is	a	well-orchestrated	process	of	cellular	self-
destruction.	Silently,	in	the	human	body,	about	ten	billion	cells	are	lost	by	this
process	every	day.

The	regulation	of	apoptosis	is	complex.	Many	checkpoints	must	be	triggered
before	the	apparatus	of	death	is	put	into	motion.	Virtually	all	these	steps	are
opposed	by	other	proteins	that	counteract	apoptosis,	thereby	preventing	a	false
alarm.	However,	once	the	caspases	have	been	activated,	there	is	little	chance	of
stopping	the	process.	There	is	no	doubt	that	there	are	thousands	of	ways	a	cell
can	be	told	to	die.	For	example,	activated	immune	cells	send	chemical	signals	to



initiate	apoptosis	in	cancer	cells,	DNA	mutations	from	UV	radiation,
environmental	toxins	and	pollutants,	viruses	and	bacteria,	various	physical
stresses	and	trauma,	and	inflammation	(to	name	a	few).	However,	all	these
diverse	triggers	activate	the	caspase	cascade.	In	other	words,	all	these	signals
somehow	converge	at	the	stage	of	the	caspase	enzymes;	these	enzymes,	in	turn,
are	activated	by	the	burst	in	free	radicals	that	follow	the	depolarization	of	the
inner	mitochondrial	membrane	and	the	release	of	cytochrome	c.

Numerous	studies	show	the	value	of	apoptosis	outside	of	controlling	cancer
growth	and	balancing	cell	division.	It’s	also	a	key	occurrence	that	happens	all
throughout	nature.	For	example,	during	embryonic	development	in	humans,	vast
amounts	of	neurons	die	in	waves.	In	some	areas	of	the	brain,	more	than	80
percent	of	the	nerve	cells	formed	during	the	early	phases	of	development
disappear	before	birth	(a	rate	similar	to	the	loss	of	oocytes	from	embryonic
development	to	birth).	The	death	of	all	these	neurons	allows	the	brain	to	be
“wired”	with	great	precision.	Functional	connections	are	made	between	specific
neurons,	enabling	the	formation	of	neuronal	networks,	while	others	are
eliminated.	When	some	of	these	connections	are	not	eliminated,	there	may	be
some	unusual	connections	between	different	areas	of	the	brain	that	normally	do
not	communicate	directly	with	one	another.	The	result	may	explain	some	cases
of	autism,	where	some	“higher	functioning”	individuals	on	the	spectrum	see
colors	and	textures	when	reading	numbers,	or	where	specific	numbers	are
connected	to	specific	emotions.

An	example	from	Lane’s	book	describes	how	we	don’t	form	distinct
extensions	from	our	hands	to	form	fingers.	Instead,	after	the	hand	develops,
apoptosis	takes	hold	to	eliminate	the	cells	in	between	the	digits.	When	this	fails,
the	result	is	“webbed	hands.”	The	shaping	of	the	body	is	brought	about	by
subtraction,	not	addition.

By	contrast,	necrotic	cell	death,	or	necrosis,	is	where	the	cell	swells	and
ruptures,	organelles	disintegrate,	and	inflammation	tends	to	occur.	This	process
can	also	begin	with	the	opening	of	a	channel	in	the	inner	mitochondrial
membrane	of	the	mitochondria	called	the	megachannel	(also	called	the
mitochondrial	permeability	transition	pore,	or	mPTP).	And	there	is	a	more
recently	discovered	third	mechanism	of	death	that	falls	between	apoptosis	and
necrosis,	aptly	called	necroptosis	(a	programmed	form	of	necrosis),	which	can
involve	the	mPTP.

The	study	of	cell	death	is	complex	in	itself,	and	it	is	even	further	complicated
by	studies	showing	that	apoptosis	is	closely	followed	by	necrosis,	and	vice	versa,



so	it	seems	as	if	these	separate	cellular	processes	happen	almost	simultaneously.
However,	regardless	of	the	pathway	taken	to	cell	death,	in	each	case,	it’s	the
mitochondria	that	play	the	central	role.

Discarded	Theories	of	Aging
No	matter	the	life	span,	all	animals	age	in	a	similar	fashion,	just	at	different
rates.	Those	with	a	fast	metabolic	rate	age	more	quickly	and	yield	to
degenerative	diseases	in	a	short	period	of	time.	Those	with	a	slow	metabolic	rate
will	follow	the	exact	same	chain	of	events,	but	just	spread	over	a	longer	period
of	time.

In	general,	the	larger	the	animal,	the	slower	the	metabolic	rate,	and	the	longer
the	life	span.	The	exception	to	this	is	birds,	as	Lane	discusses,	because	they	have
a	fast	metabolic	rate	but	also	a	long	life	span	with	a	lower	risk	of	age-related
degenerative	diseases.	Their	mitochondria	leak	far	fewer	free	radicals,	and	this
fact—as	I’ll	discuss	shortly—has	direct	implications	for	aging,	the	risk	of
degenerative	diseases,	and	death	itself.

If	we	were	to	plot	animals	on	a	life-span	graph	based	on	their	resting
metabolic	rate,	on	average,	a	bird	will	outlive	a	mammal	with	a	similar	resting
metabolic	rate	by	a	factor	of	three	or	four	(at	least).	In	his	book,	Lane	compares
a	pigeon	to	a	rat.	Both	have	similar	resting	metabolic	rates,	but	the	pigeon	will
live	about	thirty-five	years	while	the	rat	will	only	live	three	or	four	years.
However,	a	pigeon	hasn’t	slowed	down	its	pace	of	life	to	live	that	much	longer
than	a	rat—it	maintains	the	same	pace	of	living.	Lane	also	points	out	that	we
humans	live	longer	than	we	“should.”	We	apparently	live	three	or	four	times
longer	than	other	mammals	with	comparable	resting	metabolic	rates.

It’s	also	important	to	dissociate	aging	and	degenerative	diseases.	While	most
warm-blooded	mammals	suffer	an	increasing	number	of	degenerative	diseases	as
they	age,	not	all	do,	which	is	a	small	relief,	for	it	helps	us	imagine	a	long	life
with	the	potential	for	little	or	no	degenerative	diseases.	A	long,	healthy	life—
isn’t	that	what	we	all	want?

If	and	when	a	mammal	does	develop	these	diseases,	the	development	is	not
dependent	on	a	fixed	passage	of	time,	but	instead	is	relative	to	the	life	span	of
the	mammal—and	that	itself	is	somewhat	fixed	for	each	species.	For	this	reason,
rats	are	used	as	models	for	human	disease	in	the	laboratory—they	suffer	similar
diseases	of	old	age,	but	all	within	two	or	three	years	(not	over	decades).	They
can	get	diabetes,	become	obese,	and	develop	cancers,	heart	disease,	blindness,
and	dementia.	Many	birds	also	suffer	from	these	diseases,	but	they	only	do	so



after	a	couple	decades,	which	is	why	they	aren’t	used	as	models	for	humans	in
laboratories.

Interestingly,	long	before	I	decided	to	write	this	book,	I	wrote	an	essay	during
my	first	year	in	medical	school.	The	topic	was	a	theory	I	had	put	together—
without	any	evidence,	I	should	add—that	death	and	age-related	degenerative
diseases	were	not	“normal”	and	humans	are,	in	fact,	meant	to	live	indefinitely	in
great	health.	The	premise	was	that	death	and	disease	were	an	invention	or
creation	of	evolution	to	ensure	the	survival	of	the	human	species	at	the	expense
of	the	individuals.	The	faster	we	age	and	die,	the	faster	we	must	reproduce.	If	we
didn’t	age	or	die,	there	would	be	no	motivation	to	reproduce;	lack	of	aging	or
death	would	put	the	survival	of	the	species	as	a	whole	at	risk—we	would	not	be
well	adapted	to	a	changing	environment.	Also,	the	longer	a	species	lives,	the
longer	the	period	of	time	between	successive	generations.	The	more
“generations”	a	species	can	produce	in	a	given	period	of	time,	the	higher	the
likelihood	of	a	beneficial	combination	of	assembled	genes	(from	mother	and
father),	and	the	greater	the	likelihood	that	a	random	beneficial	mutation	is
introduced	to	the	gene	pool—and	this	increased	gene	diversity	improves	the
likelihood	that	some	within	the	population	will	survive	any	given	change	in	our
environment.	Hence,	in	my	theory,	aging	took	hold	as	a	beneficial	“mutation”
that	motivated	us	to	reproduce	every	fifteen	to	thirty	years.	I	know	there	are
countless	holes	in	this	theory,	which	is	probably	why	I	was	barely	given	a
passing	grade.	Yet	who	would	have	guessed	that	a	dozen	years	later	I’d	be
writing	this	book	with	a	related	train	of	thought,	but	this	time—learning	from	my
mistakes—backed	by	significant	scientific	evidence	spanning	decades	and	many
academic	disciplines.

There	have	been	countless	theories	on	why	we	age.	For	example,	the
Endocrine	Theory	says	that	aging	is	caused	by	a	fall	in	the	circulating	levels	of	a
hormone,	such	as	testosterone	or	estrogen.	However,	is	this	really	a	cause	of
aging,	or	just	a	consequence?	Why	do	levels	of	these	hormones	start	to	fall	in	the
first	place?

Another	is	the	Wear	and	Tear	Theory,	which	stipulates	that	cells	naturally	just
deteriorate	over	many	years.	Since	this	makes	sense,	it	is	a	popular	theory,	but
why	do	cells	deteriorate?	Why	do	different	species	accumulate	wear	and	tear	at
such	different	rates?

What	about	the	Telomere	Theory?	The	telomeres—the	“caps”	at	the	end	of
chromosomes	that	slowly	wear	down	over	our	lives—exhibit	such	varying
patterns	across	species	and	even	within	different	tissues	of	a	human	body	that



they	can’t	possibly	be	the	primary	cause	of	aging.	Besides,	there	are	just	too
many	holes	in	the	theory	at	this	point.

If	you	always	ask	“why,”	it’ll	be	evident	that	most	theories	fail	the	test	of
causality	or	fall	victim	to	assuming	what	they’re	attempting	to	prove.	A	good
theory	must	overcome	a	number	of	apparent	discrepancies,	paradoxes,	and	gaps
in	logic.	It	must	also	explain	any	contradictory	observations	between	different
species.	This	brings	us	to	the	Free-Radical	Theory,	which	says	that	the	damage
from	free	radicals	is	what	causes	aging	and	determines	life	span;	this	does
indeed	explain	many	discrepancies	and	paradoxes,	even	why	birds	live	so	much
longer	than	other	mammals	despite	their	fast	metabolic	rate.	While	this	theory
recognizes	that	free	radicals	come	from	the	mitochondrial	ETCs,	it	also
recognizes	that	those	free	radicals	enter	the	body	from	outside	sources.

As	with	all	theories,	the	Free-Radical	Theory	has	been	challenged	repeatedly,
and	with	each	challenge,	the	theory	has	changed	shape	and	become	stronger.
However,	this	theory	fails	to	explain	the	Exercise	Paradox—the	observation	that
athletes	seem	to	live	longer	and	healthier	lives,	although	they	consume	far	more
oxygen	(and	generate	far	more	free	radicals)	than	sedentary	individuals.	This
theory	also	fails	in	its	application.	If	free-radical	leakage	from	the	ETC	causes
aging,	then	logically	it	makes	sense	that	boosting	the	antioxidant	defense	system
would	prevent	the	damage	in	the	first	place	and	extend	life	span.	Therefore,
mammals	with	a	long	life	span	must	inherently	have	a	better	antioxidant	defense
system.	Based	on	this,	birds	must	have	high	levels	of	antioxidants,	and	rats	very
little.	It’s	therefore	plausible	that	if	we	want	to	live	longer	and	healthier
ourselves,	all	we	have	to	do	is	boost	our	own	antioxidant	protection.	However,
subsequent	studies	have	disproved	this	theory.	Birds	have	very	low	levels	of
antioxidants	(and	live	a	long	time)	and	rats	have	an	abundance	of	them	(yet	have
very	short	lives).	Further,	antioxidant	supplementation	has	failed	to	extend	life
span	in	laboratory	settings.	For	several	decades,	researchers	have	administered
countless	antioxidants	to	all	sorts	of	deteriorating	biological	systems	without
success.	At	best,	they	might	reduce	the	risk	of	certain	diseases,	or	even	improve
symptoms	of	other	diseases,	but	none	have	ever	lengthened	maximum	life	span.
Of	course,	an	argument	could	be	made	that	maybe	the	dose	of	the	antioxidant
was	wrong,	or	the	specific	type	was	wrong,	or	the	distribution	was	wrong,	or	the
timing	was	wrong.	The	fact	is,	however,	that	antioxidants	just	aren’t	the	cure-all
we	previously	thought	they	might	be.	A	number	of	independent	studies	have
advocated	that	there	is	actually	a	negative	correlation	between	endogenous
antioxidant	levels	and	maximum	life	span.	Simply	put,	the	higher	the	antioxidant



concentration,	the	shorter	the	life	span	(and,	in	fact,	numerous	studies	have
shown	oxidative	stress	can	actually	prolong	life	span).

Thankfully,	the	dietary	supplement	industry	has	recognized	this	and	we	no
longer	hear	much	about	antioxidants	the	way	we	used	to.	Even	up	to	a	few	years
ago,	ORAC	(oxygen	radical	absorption	capacity)—a	measure	of	a	substance’s
antioxidant	power	in	a	test	tube—was	flaunted	by	savvy	marketers	as	the	cure
for	everything.	But	we	know	that	we	can’t	measure	the	effect	of	substances	in	a
biological	system	by	using	test	tubes	as	the	measuring	device.	Newer	research	is
showing	that	many	“antioxidants”	still	do	have	therapeutic	benefits;	however,
the	mechanism	is	not	due	to	their	antioxidant	effects,	but	due	to	their	ability	to
modify	the	expression	of	certain	genes	related	to	the	conditions	being	targeted
(i.e.,	turning	relevant	genes	on	or	off).	While	I	find	this	extremely	fascinating
(and	I	will	discuss	this	in	passing),	a	full	discussion	is	beyond	the	scope	of	this
book.

However,	it	remains	that	it’s	very	difficult	to	target	antioxidants	to	the
mitochondria	(and	this	is	an	active	area	of	pharmaceutical	research).	This	has
given	birth	to	the	Mitochondrial	Theory	of	Aging,	which	itself	has	transformed
significantly	since	its	inception	in	the	early	1970s.	It	is	currently	the	strongest
theory	that	explains	aging;	it	also	explains	why	we	suffer	from	degenerative
diseases	later	in	life,	explains	the	Exercise	Paradox,	and	sidesteps	all	the	other
pitfalls	that	have	consumed	the	other	theories.

The	Mitochondrial	Theory	of	Aging
A	modern	version	of	the	Mitochondrial	Theory	of	Aging	was	initially	put	forth
by	Anthony	Linnane,	an	Australian	professor	and	scientist,	back	in	the	late
1980s.	The	theory	has	gone	through	some	further	modifications	since	then,	but	it
essentially	ignores	exogenous	sources	of	free	radicals.	The	theory’s	main	point	is
that	the	mitochondria	are	the	body’s	main	source	of	free	radicals	that	are	linked
to	aging.

Free	radicals	don’t	damage	the	cell	as	much	as	we	think.	We	produce	a
number	of	antioxidant	enzymes	that	mop	them	up,	and	of	course,	if	the	cell	does
get	damaged,	there	are	repair	mechanisms,	and	these	are	constantly	at	work.	But
the	free	radicals	linked	to	aging	do	specifically	damage	the	mitochondria,	and
especially	their	vulnerable	DNA,	which	doesn’t	have	the	repair	mechanisms	the
rest	of	the	cell	has.	When	the	damage	accumulates	faster	than	a	mitochondrion
can	repair	itself,	it	becomes	dysfunctional,	the	first	step	in	aging.	In	essence,	this
theory	says	the	mitochondria	are	the	“biological	clock.”	The	chain	of	events



would	look	like	this:	Free	radicals	escape	the	respiratory	chains	(in	different
scenarios,	some	already	discussed)	and	attack	the	mtDNA	in	its	immediate
proximity,	which	leads	to	mutations	that	might	compromise	mitochondrial
function.	As	the	mitochondria	start	to	weaken	and	eventually	die,	the	functioning
and	viability	of	the	cell	as	a	whole	decline.	As	cells	lose	their	ability	to	produce
energy,	they	commit	apoptosis,	which	then	compromises	the	functioning	and
viability	of	the	tissue	or	organ.

As	random	mutations	in	mitochondria	accumulate,	a	bioenergetic	mosaic
develops—where	cells	all	produce	a	drastically	differing	amount	of	energy,
depending	upon	their	degree	of	mitochondrial	damage	(some	produce	relatively
little	energy,	some	produce	moderate	amounts,	and	some	produce	a	large	amount
of	energy).	In	a	healthy	toddler,	we	do	not	see	this	mosaic	because	energy
production	is	high	in	nearly	all	cells.	However	a	noticeable	mosaic	effect
develops	after	about	age	forty,	and	the	extent	of	this	effect	depends	upon	the	rate
of	bioenergetic	aging	in	a	particular	tissue.

From	a	bioenergetic	perspective,	some	tissues	appear	to	age	very	quickly,
others	at	a	moderate	rate,	and	some	quite	slowly.	This	effect	also	illustrates	why
the	biological	age	of	two	people	could	vary	significantly,	even	though	they	might
be	the	same	chronological	age.

Linnane’s	theory	holds	that	this	mutation-driven	bioenergetic	decline	is	a
major	factor	in	the	degenerative	diseases	and	general	frailty	of	old	age.	Recent
research	from	numerous	disciplines	has	converged	on	the	mitochondria	as	the
center	of	cellular	aging,	giving	more	weight	to	the	theory,	and	enhancing	it.	If
the	Mitochondrial	Theory	of	Aging	is	correct,	the	foundation	of	cellular	vitality
lies	in	the	mitochondria.

However,	through	evolution,	the	rate	of	free-radical	leakage	has	been	set	at
the	optimal	level	for	each	species.	A	bird,	as	Lane	discusses,	leaks	fewer	free
radicals	and,	therefore,	has	a	long	life	span	despite	a	fast	metabolic	rate.	So	then
he	asks	the	question,	why	don’t	all	species	have	well-sealed	mitochondria?	A	rat
would	surely	benefit	from	reducing	free-radical	leakage	in	the	first	place,	rather
than	spending	copious	amounts	of	resources	to	produce	large	quantities	of
antioxidants.	Makes	sense	to	me.	However,	the	answer	is	what	makes	the
Mitochondrial	Theory	of	Aging	radically	(pun	intended,	as	you’ll	see)	different
from	the	Free-Radical	Theory.

Remember	the	reason	why	we	have	a	separate	copy	of	DNA	in	the
mitochondria?	It	is	to	balance	the	requirements	of	oxidative	phosphorylation,
because	an	imbalance	in	the	components	of	the	ETC	can	lead	to	unproductive



respiration	and	free-radical	leakage.	By	keeping	a	local	set	of	important	genes,
each	mitochondrion	retains	control	over	its	own	respiration,	based	on	its	own
need	(and	not	that	of	other	mitochondria).

Also	remember	that	the	signal	to	produce	more	componentry	for	the	ETC
comes	from	the	free	radicals	themselves.	This	could	be	why	a	rat	might	need	the
excessive	free-radical	leakage:	If	it	were	to	have	more	tightly	sealed
mitochondria,	its	free-radical	signal	would	be	weakened	by	the	high	amounts	of
antioxidants	and	so	require	a	more	refined	detection	system.

So	just	as	we	typically	view	a	forest	fire	as	a	bad	thing	(just	like	free
radicals),	in	moderate	amounts,	it	serves	a	vital	role	in	the	maintenance	of	the
ecosystem	(fires	break	down	organic	material	in	a	matter	of	minutes	to	hours,
which	would	otherwise	take	years	or	decades	to	decompose;	they	clear	the
ground	to	make	room	for	new	growth;	and	some	plants,	such	as	the	jack	pine,
require	fire	to	melt	the	protective	resin	that	prevents	them	from	germinating).	At
the	same	time,	firefighters	(the	antioxidants)	do	have	their	role,	but	if	they	were
too	vigilant,	a	forest	would	never	get	the	chance	to	regenerate	and	renew	itself.
Then	there	is	fighting	fire	with	fire	(such	as	using	a	prooxidant,	or	promoting
oxidation).	When	used	properly,	it	can	be	a	valuable	tool	(i.e.,	the	controlled	use
of	oxidants	can	be	used	therapeutically,	such	as	in	treatment	of	cancers,	high-
dose	intravenous	vitamin	C	treatment,	and	so	on).	However,	used	improperly,	it
can	become	an	uncontrolled	fire	itself.

While	it’s	not	known	exactly	how	free-radical	signals	work,	we	do	know	that
the	system	behaves	like	a	thermostat,	and	it	requires	a	certain	degree	of
fluctuation	in	free	radicals.	If	the	rate	of	free-radical	leakage	from	ETC	didn’t
fluctuate,	there	would	be	no	self-correction	(just	like	if	temperature	in	a	room
didn’t	fluctuate,	self-correction	wouldn’t	happen).

However,	when	the	free-radical	signal	fails,	or	indicates	an	uncorrectable
problem,	then	the	free	radicals	initiate	the	apoptosis	program.	When	this	happens
in	just	one	or	a	few	mitochondria,	the	signal	isn’t	strong	enough	for	the	cell	to
commit	apoptosis.	However,	if	a	large	number	of	mitochondria	collapse
simultaneously,	then	the	signal	crosses	the	threshold	and	the	cell	knows	its	time
has	come.	So	whereas	the	Free-Radical	Theory	and	the	early	renditions	of	the
Mitochondrial	Theory	of	Aging	both	suggested	that	free	radicals	were	purely
detrimental,	the	modern	version	of	the	Mitochondrial	Theory	of	Aging
appreciates	that	free	radicals	carry	out	an	essential	signaling	role.

Nonetheless,	this	doesn’t	detract	from	the	point	that	free-radical	leakage	is
correlated	with	aging	and	life	span.	It’s	known	that	mitochondrial	mutations	in



the	“control”	region	of	mtDNA	accumulate	with	age.	This	accumulation	is
significant	to	note	because	mutations	in	the	control	area	in	one	cell	can	often
spread	to	all	the	cells	in	the	tissue.	When	a	mutation	is	in	this	control	region,	it
might	affect	the	binding	of	transcription	or	replication	factors—but	it	doesn’t
affect	gene	sequence.	Depending	on	the	resulting	effects	of	this	mutation,	it	will
tend	to	copy	itself	either	more	often	or	less	often.	So,	for	example,	if	the
mutation	makes	a	mitochondrion	respond	more	sluggishly	to	a	given	signal	to
replicate,	when	the	signal	to	divide	comes,	the	“normal”	mitochondrion	would
divide	and	replicate,	but	the	defective	mitochondrion	might	not	or	might	to	a	far
lesser	degree.	Relative	to	the	normal	mitochondria,	the	number	of	the	defective
mitochondria	would	continually	decrease,	and	eventually	they	would	be
displaced	completely	with	the	regular	turnover	of	cellular	constituents.	If	the
mutation	made	the	mitochondria	swifter	in	their	response	to	the	same	signal,
their	DNA	would	proliferate,	and	eventually	they	would	displace	the	“normal”
mitochondria	in	the	cell.	It’s	important	to	note	that	such	mutations	are	more
likely	to	take	over	all	cells	in	a	tissue	if	they’re	not	particularly	detrimental	to
mitochondrial	function	(e.g.,	the	ETC	components	are	still	normal);	otherwise
the	cells	would	just	die.

By	contrast,	mitochondrial	mutations	in	the	coding	regions	can	be	amplified
within	particular	cells,	but	rarely	spread	beyond	1	percent	of	the	cells	in	a	tissue.
The	reason	is	that	these	mutations	will	likely	affect	mitochondrial	respiration
because	they	code	for	the	critical	protein	subunits	of	the	ETC.	The	result	would
be	an	increase	in	free-radical	leakage,	but	unlike	any	normal	circumstance,	the
signal	to	build	more	new	complexes	would	not	correct	the	deficit	because	all	the
new	proteins	would	be	defective	as	well.	This	sounds	catastrophic,	doesn’t	it?
Thankfully,	under	the	modern	version	of	the	Mitochondrial	Theory	of	Aging,	it
is	not.	Instead,	the	defective	mitochondria	signal	their	deficiency	to	the	nucleus,
which	then	allows	the	cell	to	adapt.

This	signaling	from	mitochondria	to	nucleus	is	called	the	retrograde	response
because	it’s	opposite	to	the	normal	chain	of	command	(from	the	nucleus	to	the
rest	of	the	cell).	The	overall	intention	is	to	correct	the	metabolic	deficiency.
Retrograde	signaling	switches	energy	generation	toward	anaerobic	respiration
(energy	production	without	using	mitochondria	and	oxygen),	and	this	switch
stimulates	the	genesis	of	more	mitochondria,	or	mitochondrial	biogenesis,	which
also	protects	the	cell	against	future	metabolic	stress,	which,	in	the	long	run,	is
the	only	option	a	cell	really	has	to	correct	any	bioenergetic	deficiency.



The	population	of	mitochondria	is	in	continuous	flux.	Mitochondria	will
divide	if	the	energy	deficit	is	fairly	mild,	and	cells	will	amplify	the	least-
damaged	mitochondria—simply	because	these	work	the	best—and	defective
ones	will	eventually	die	out.	The	mitochondria	that	die	will	be	broken	down	(in
an	orderly	mitochondrial	version	of	apoptosis,	called	mitophagy),	and	their
components	will	be	recycled.	Ultimately,	the	most	damaged	and	dysfunctional
mitochondria	are	continuously	eradicated	from	the	population.	In	this	fashion,
most	cells	can	theoretically	extend	their	life	almost	indefinitely	by	persistently
correcting	the	deficit.

You	might	think	I’ve	just	revealed	the	Fountain	of	Youth.	Perhaps,	but	if	it
were	as	simple	as	that,	my	physicality	would	still	be	that	of	a	physically	fit
twenty-something-year-old	(at	least	by	choice),	and	it’s	definitely	not.	While	the
most	destructive	mitochondrial	mutations	can	be	eliminated,	there	is	no	way	of
restoring	them	to	their	original	youthful	state—at	least	not	naturally.	Maybe	in
the	future	we’ll	be	able	to	extract	undamaged	dormant	mitochondria	from	our
stem	cells	and	have	them	infiltrate	every	other	cell,	but	I’d	say	we’re	a	few	years
away	from	that.	What	does	seem	possible,	however,	is	the	ability	to	slow	the
aging	process,	and	delay	or	even	prevent	diseases	connected	to	age-related
mitochondrial	decay.

As	we	age,	the	cells	rely	more	and	more	on	defective	mitochondria.	Things
don’t	spiral	quickly	out	of	control,	however.	The	cell	and	its	mitochondria	retain
control	by	adapting	their	behavior,	establishing	a	new	equilibrium.	Most	studies
searching	for	evidence	of	damaged	proteins,	lipids,	and	carbohydrates	have
failed	to	find	any	serious	difference	between	young	and	old	cells.	Instead,	we
find	evidence	that	the	spectrum	of	operative	genes	is	what’s	affected,	and	this
hinges	on	the	activity	of	transcription	factors.	The	activity	of	some	of	the	most
important	transcription	factors	depends	on	their	redox	state	(whether	they’re
oxidized	or	reduced),	many	of	which	are	oxidized	by	free	radicals,	and	reduced
again	by	dedicated	enzymes.	It’s	this	delicate	balance	between	the	two	redox
states	that	determines	their	activity.	(The	field	of	redox	medicine	is	also	a
growing	discipline	of	study.)

Redox-sensitive	transcription	factors	can	behave	like	radar,	alerting	the	cell	to
imminent	threats	and	enabling	it	to	take	appropriate	action.	Their	oxidation
initiates	the	changes	that	will	prevent	any	further	oxidation.	For	example,	Nrf-1
is	a	nuclear	(meaning	“from	the	nucleus”)	transcription	factor	that	coordinates
the	expression	of	genes	needed	for	mitochondrial	biogenesis.	If	the	conditions	in
the	cell	become	more	oxidized,	Nrf-1	is	activated,	and	in	turn	it	stimulates



mitochondria	to	divide,	in	an	attempt	to	restore	balance	in	the	redox	state.	Nrf-1
also	induces	the	expression	of	numerous	other	genes	that	protect	the	cell	until
more	mitochondria	are	generated.

The	more	oxidizing	the	cell’s	internal	environment	becomes,	the	more	these
redox-sensitive	transcription	factors	shift	the	activity	of	nuclear	genes	away	from
the	day-to-day	administrative	work	and	toward	crisis	management	that	protects
the	cell	from	stress.	This	shift	establishes	a	new	equilibrium	in	the	cell,	one
where	more	resources	are	dedicated	to	crisis	management	instead	of	their
original	tasks.	This	new	equilibrium	can	be	stable	for	years,	even	decades.	Only
the	least-damaged	mitochondria	tend	to	replicate,	so	there	is	usually	no	obvious
sign	of	mitochondrial	mutations	or	damage.	We	do	not	die	right	away,	but	we
might	notice	we	fatigue	more	easily,	or	take	longer	to	recover	from	illnesses,	or
forget	more	things.

The	Mitochondrial	Theory	of	Aging	explains	why	we	don’t	see	the	spiraling,
catastrophic	damage	predicted	by	the	Free-Radical	Theory	or	the	other	original
mitochondrial	theories.	Free	radicals	are	used	to	signal	danger,	which	allows	the
cell	to	adapt.	The	Mitochondrial	Theory	of	Aging	also	explains	why	the	cell
doesn’t	have	more	antioxidants	than	it	needs;	if	there	were	too	many,	it	wouldn’t
be	sensitive	to	changes	in	the	redox	state.	Without	free	radicals,	the	whole
system	would	fail	and	the	mitochondria	would	fail	to	adapt	to	their	changing
environment	or	demands.	Surely	this	would	lead	to	a	high	rate	of	mutations	and
result	in	a	quick	end	to	us	all.

Unfortunately,	after	numerous	decades	of	constantly	adapting	to	a	new
equilibrium,	cells	eventually	run	out	of	healthy	and	normal	mitochondria.	After
this	happens,	when	the	cell	signals	mitochondria	to	replicate,	there	is	no	choice
but	to	amplify	the	defective	mitochondria.	Ultimately,	cells	are	overtaken	by
these	defective	mitochondria.	Interestingly,	if	we	examined	a	dysfunctional
organ	or	tissue,	we	wouldn’t	actually	see	an	abundance	of	cells	with	defective
mitochondria—we	would	only	see	a	few	affected	cells	at	any	given	time.	When
cells	finally	get	to	the	point	where	they	are	packed	full	of	defective
mitochondria,	they	are	given	the	signal	to	remove	themselves	from	the
community	by	apoptosis.	While	this	fact	means	we	don’t	find	high	levels	of
defective	mitochondria	in	aging	tissues,	it	does	result	in	the	slow	but	steady	loss
of	tissue	density	and	function	(osteoporosis	or	sarcopenia,	for	example)—the
prerequisite	for	aging,	disease,	and	ultimately	death.

To	make	matters	even	more	complicated,	and	to	give	a	shred	of	hope,	it’s
been	recently	shown	that	mitochondria	are	better	at	repairing	damage	to	mtDNA



than	previously	thought.	The	five	to	ten	copies	of	mtDNA	usually	present	in
every	mitochondrion	means	that,	at	any	given	point	in	time,	a	good	copy	of	a
particular	gene	is	still	in	working	order.	That	copy	is	used	as	a	template	for
recombination	(repairing)	of	the	damaged	gene.	However,	the	significance	of
this	discovery	to	the	newest	rendition	of	the	Mitochondrial	Theory	of	Aging	is
yet	to	be	determined.

Nevertheless,	beyond	being	consistent	with	the	emerging	scientific	data,	the
modern	Mitochondrial	Theory	of	Aging	provides	profound	insight	into	the
pathology	of	age-related	degenerative	diseases,	and	how	to	prevent	or	maybe
even	cure	them.

Extending	Maximum	Life	Span	in	Mammals
Each	species	of	mammal	has	a	theoretical	maximum	life-span	potential	(MLP).
While	significant	medical	and	public-health	advances	have	produced	staggering
increases	in	average	life	span,	the	MLP	of	about	120	years	for	humans	has	yet	to
be	extended.	Nor	has	the	species-specific	MLP	been	convincingly	extended	in
other	mammals,	the	exception	being	studies	on	caloric	restriction.	The	increase
in	MLP	caused	by	caloric	restriction,	and	the	fact	that	calorie-restricted	animals
are	biologically	younger	at	any	given	age,	suggests	that	at	least	some	basic	aging
processes	are	decelerated	by	caloric	restriction.

Thus	far,	only	caloric	restriction	has	been	shown	to	extend	MLP	in	nearly	all
species	tested,	including	invertebrates,	fish,	and	warm-blooded	vertebrates	such
as	mammals.	The	studies	on	caloric	restriction	have	added	even	more	weight	to
the	Mitochondrial	Theory	of	Aging.	Why	is	this	the	case?	Think	back	to	the
example	I	used	earlier:	a	person	in	a	developing	country	during	a	period	of
famine,	who	experiences	a	shortage	of	fuel,	and	therefore	has	hardly	any
electrons	flowing	down	the	ETC.	Even	though	there	might	be	plenty	of	oxygen
available,	very	few	free	radicals	leak	simply	because	of	the	lack	of	electrons.
However,	in	famine,	there	is	also	malnutrition.	Caloric	restriction	differs	from
famine	because	a	person	might	significantly	lower	the	calories	they	consume,
but	they	ensure	that	the	foods	they	do	consume	are	nutrient-dense.	The	result	is
that	very	few	free	radicals	leak	due	to	a	reduced	amount	of	electrons.

This	concept	also	helps	explain	the	opposite.	Excessive	caloric	intake
introduces	an	excessive	amount	of	fuel	into	the	body,	and	ultimately	excessive
electrons	into	the	mitochondrial	ETCs.	An	overabundance	of	electrons	causes
leakage	at	a	very	high	rate,	which	might	be	why	obesity	(when	a	person



consumes	far	more	calories	than	they	expend)	is	linked	to	countless	degenerative
diseases.

Although	an	increase	in	the	MLP	hasn’t	yet	been	achieved	for	humans,	based
on	what	I	just	discussed,	there’s	a	great	deal	of	hope	that	it	will	happen	soon.	If
indeed	mitochondria	are	at	the	crux	of	aging,	the	fact	that	the	best	mitochondria
with	the	best	mtDNA	are	used	as	templates	for	the	generation	of	more
mitochondria,	that	the	cell	is	better	at	repairing	damage	to	mtDNA	than
previously	thought,	and	that	defective	mitochondria	are	constantly	eliminated,	at
least	theoretically,	the	cell	should	be	able	to	go	on	doing	this	indefinitely.

Degenerative	Diseases	and	the	Eventual	End
We	still	don’t	know	exactly	what	the	signal	for	apoptosis	is,	but	two	related
factors	are	probably	involved:	the	percentage	of	dysfunctional	mitochondria	and
the	total	ATP	level	in	the	cell	relative	to	its	demand.	As	a	cell	gets	the	signal	for
apoptosis,	what	happens	to	the	tissue,	and	eventually	the	whole	organ,	is
dependent	on	the	type	of	cell	it’s	composed	of.	If	it’s	a	type	of	cell	that	is
regularly	replaced	by	stem	cells	that	have	preserved	its	mitochondria	in	an
untarnished	state,	there	won’t	be	any	negative	effect.	However,	if	it’s	a	type	of
cell	that’s	typically	irreplaceable,	such	as	a	nerve	cell,	then	with	each	cell	death,
the	tissue	starts	to	atrophy	and	the	remaining	cells	are	under	greater	pressure	to
meet	the	functional	demands	of	the	organ.	As	the	surviving	cells	get	pushed
closer	to	their	own	metabolic	threshold,	they	are	more	likely	to	be	negatively
affected	by	the	countless	number	of	external	factors	that	could	place	additional
strain	on	them.	As	we	age,	the	process	accelerates	as	fewer	and	fewer	cells	are
left	to	do	the	work	of	many.	Remember,	this	explains	why	we	don’t	see
mitochondrial	mutations	spiraling	out	of	control—defective	mitochondria,	and
the	cells	that	contain	them,	are	constantly	eliminated.	However,	the	number	of
functional	cells	in	any	particular	organ	will	decrease,	which	is	known	as	atrophy.

This	is	how	degenerative	diseases	take	hold.	As	the	quality	of	beta	cells	in	the
pancreas	decreases,	insulin	levels	fall	off;	as	the	heart	loses	its	muscle	cells,	its
contraction	becomes	less	efficient;	as	the	neurons	in	the	brain	start	to	die	off,
dementia	sets	in.	In	each	case,	there	is	a	threshold.	Losing	a	few	cells	in	the	heart
is	unlikely	to	result	in	heart	failure,	but	lose	enough	and	the	function	of	the	heart
will	be	compromised.

If	you	think	this	discussion	of	the	degenerative	disease	process	sounds	very
familiar	to	the	discussion	of	aging,	you’re	right.	The	process	is	the	same	and
shows	how	aging	and	degenerative	diseases	are	linked.	More	importantly,	if	we



could	target	the	underlying	process	of	aging,	we	could	theoretically	extend	our
MLP	and	delay	all	age-related	degenerative	diseases.

What’s	important	to	note	is	that	while	the	rate	of	free-radical	leakage
correlates	very	closely	with	life	span,	it’s	how	free-radical	production	influences
the	threshold	for	apoptosis	that	really	matters.	Some	species,	such	as	rats,	have
cells	that	leak	large	amounts	of	free	radicals	quickly.	These	cells	are	closer	to
their	threshold,	so	it	won’t	take	long	before	they	get	the	signal	for	apoptosis.	For
humans,	it	will	take	many,	many	more	years	for	our	cells	to	reach	their	threshold.
If	we	could	just	slow	down	the	rate	of	free-radical	leakage	from	the
mitochondria	even	further,	we	could	significantly	delay	the	onset	of	degenerative
diseases	or	perhaps	even	eliminate	them	altogether.	At	this	point	in	time,
improving	mitochondrial	function	and	slowing	their	decay	appear	to	be	the	most
promising—and	realistic—way	to	address	both	degenerative	diseases	and	aging.
It’s	spine-tingling	to	think	that	we’re	so	close	to	potentially	finding	the	answer	to
a	long	and	healthy	life.

The	pharmaceutical	industry	spends	many	billions	of	dollars	annually	for
research,	but	nothing	more	than	symptom	management	comes	of	it.	The
paradigm	under	which	that	industry	operates	is	likely	one	of	its	many	problems.
Drugs	are	almost	exclusively	used	after	a	disease	has	manifested	its	physical
symptoms;	they	are	rarely,	if	ever,	used	to	prevent	diseases	in	the	first	place.	If
it’s	true	that	the	quality	of	our	mitochondria	is	the	single	most	important	factor	in
aging	and	degenerative	diseases—and	if	we	can’t	turn	back	the	clock	on	our
mitochondria—prevention	should	start	in	childhood.

As	I	noted	previously	(see	“Discarded	Theories	of	Aging”	on	page	43),	even
the	dietary	supplements	industry	is	on	the	wrong	path	with	all	its	marketing	of
antioxidants.	The	antioxidant	craze	promotes	these	supplements	as	the	cure	for
most	ailments,	and	although	it	seems	to	be	losing	some	steam,	antioxidant	is	still
a	buzzword	thrown	around	excessively	to	hopeful	consumers.	Also	as	mentioned
earlier,	while	antioxidants	do	have	some	benefits	in	certain	diseases	according	to
some	studies,	other	studies	have	found	that	large	amounts	can	potentially	do
some	harm.	Just	because	they’re	marketed	as	natural	and	healthy,	this	doesn’t
mean	it’s	good	for	you	to	use	them	indiscriminately	or	in	excessive	amounts.	If
you	mess	with	the	mitochondrial	thermostat,	the	cell	can’t	calibrate	its	response
to	stress	appropriately.	In	the	long	run	this	can’t	be	good,	and	it	undermines
Nature’s	protective	processes.	This	mitochondrial	thermostat	also	explains	why
while	antioxidants	might	extend	life	in	a	sick	population	(relative	to	people	with
the	same	condition	who	are	not	receiving	antioxidants),	they	fail	to	extend	the



MLP	of	a	species.	Antioxidants	are	likely	beneficial	to	extracellular	components,
at	membrane	surfaces,	and	maybe	even	in	the	cytoplasm	of	our	cells,	but	it	is
highly	unlikely	they	will	be	able	to	quench	the	free	radicals	leaking	into	the
mitochondrial	matrix.

Yet	all	the	expanding	knowledge	about	mitochondria	gives	us	new	hope	and
insight	for	treating	illnesses.	If	all	the	genetic	and	environmental	factors	that	lead
to	age-related	degenerative	diseases	converge	at	the	mitochondria,	we	just	need
to	focus	on	one	organelle.	While	newer	research	is	revealing	the	intricate
interaction	between	mitochondria	and	other	organelles,	such	as	peroxisomes	and
endoplasmic	reticulum,	we	seem	to	be	one	big	step	closer	to	targeting	the
underlying	mechanism	behind	many	diseases	at	once.

It’s	Getting	Hot	in	Here:	Uncoupling	the	Proton	Gradient
Lastly,	no	discussion	on	mitochondria	would	be	complete	without	understanding
their	role	in	heat	production.	The	proton	gradient	is	not	just	used	to	produce
energy;	sometimes	it	is	uncoupled	from	energy	production	and	the	gradient	is
dissipated	as	heat.	Specifically,	the	electron	flow	and	proton	pumping	continue
normally,	but	the	protons	don’t	flow	back	through	the	ATPase,	and	thus	ATP	is
not	produced.	Instead,	the	protons	pass	back	through	other	pores	in	the
membrane	(descriptively	called	uncoupling	proteins,	or	UCP),	where	the	energy
contained	in	the	proton	gradient	is	released	as	heat.

In	fact,	this	process	is	how	warm-bloodedness	evolved,	and	it	is	the	source	of
nonshivering	thermogenesis	(production	of	heat	without	shivering),	which
happens	predominately	in	what’s	called	brown	adipose	tissue	(or	more
commonly	known	as	brown	fat).	In	contrast	to	cold-blooded	animals	such	as
reptiles,	warm-blooded	birds	and	mammals	can	generate	their	heat	internally,
which	is	called	endothermy.	In	fact,	this	is	the	definition	of	“warm-blooded”—
the	ability	to	generate	heat	internally	(the	actual	temperature	of	blood	can	be
similar	in	warm-	and	cold-blooded	animals).

Many	organisms	(including	snakes,	sharks,	and	even	some	insects)	are
endothermic.	They	generally	use	their	muscles	to	generate	heat	during	physical
activity.	In	mammals,	such	as	humans,	muscles	contribute	to	endothermy	by
shivering	in	intense	cold	or	during	vigorous	physical	activity.	However,	birds
and	mammals	can	also	generate	heat	based	on	the	activity	of	their	internal
organs,	such	as	the	brain	and	heart.

How	this	came	to	be	is	another	interesting	discussion	you	can	read	in	Lane’s
book,	but	the	conclusion	is	that	endothermy,	outside	of	the	obvious	advantages



of	physical	performance	(i.e.,	warm	muscles	react	more	quickly)	and
adaptability	to	cold	environments,	protects	mitochondria	from	damage	by
maintaining	electron	flow	during	times	of	low	energy	demand.

But	how?	If	ATP	isn’t	used	due	to	low	energy	demand,	ADP	becomes	scarce
and	the	ATPase	grinds	to	a	halt.	This	is	when	electrons	running	down	the	ETC
are	inclined	to	escape	and	react	with	oxygen,	producing	the	destructive
superoxide	free	radicals.	Let’s	go	back	to	our	analogy	of	a	hydroelectric	dam	on
a	river.	During	times	of	energy	low	demand,	water	flow	(protons)	through	the
turbines	(ATPase)	is	reduced	and	the	reservoir	behind	the	dam	is	at	risk	of
flooding	(free-radical	generation).	The	risk	of	flooding	can	be	minimized	by
opening	the	overflow	channels	(UCP).

To	illustrate	further,	let’s	look	at	an	example	of	an	athlete	who	just	trained,
gobbled	down	a	meal,	and	then	sat	down	to	rest.	The	act	of	training	required	a
significant	spend	in	energy,	but	the	reserves	quickly	get	replenished	as	glycogen
and	fat	are	extracted	from	the	food.	There	is	little	need	to	expend	more	energy,
and	the	mitochondria	fill	up	with	electrons	extracted	from	the	food.	From	our
previous	discussion,	we	know	this	is	a	treacherous	situation.	When	the	ETCs
become	full	with	electrons	(due	to	slow	electron	flow	from	lack	of	energy
demand),	the	electrons	can	easily	escape	to	form	reactive	free	radicals,	which
can	go	on	to	damage	the	cell.

To	minimize	this	situation,	the	athlete	could	get	up	and	start	moving	again	to
use	up	some	of	that	excess	energy,	but	the	other	option	is	to	dissipate	that	energy,
which	can	keep	the	whole	system	from	overflowing.	This	is	accomplished
through	the	use	of	UCPs,	which	act	as	the	overflow	valves	or	channels.	This
uncouples	the	proton	gradient,	so	electron	flow	is	no	longer	linked	to	ATP
production.	When	protons	travel	through	these	UCPs,	the	energy	stored	in	the
proton	gradient	is	dissipated	as	heat.	By	dissipating	the	proton	gradient	in	this
way,	electron	flow	down	the	ETC	is	maintained	because	proton	pumping	can
continue	without	overflowing	the	gradient.	The	result	is	less	free-radical
formation.

In	resting	mammals,	up	to	25	percent	of	the	proton	gradient	is	dissipated	as
heat.	In	fact,	small	mammals	such	as	rats,	and	even	human	infants,	need	to
supplement	their	normal	heat	production	with	brown	fat.	Brown	fat	has	lots	of
mitochondria	and	lots	of	UCPs,	and	because	nearly	all	the	protons	leak	back
through	UCPs	to	generate	heat,	it	becomes	increasingly	essential	as	the	surface
area	to	volume	ratio	of	a	mammal	increases	(smaller	mammals	and	human
infants	lose	heat	much	faster	than	larger	mammals).



Being	able	to	manipulate	brown	fat,	UCP,	and	metabolic	rate	in	general—
while	simultaneously	minimizing	free-radical	production—has	significant
importance	for	preventing	numerous	health	conditions	(as	I’ll	discuss	in	chapter
3,	“Massage	and	Hydrotherapy,”	page	177).	At	the	very	least,	manipulating
brown	fat	would	be	a	great	way	to	help	people	prevent	obesity.	Nonetheless,	I
still	find	it	captivating	to	think	that	without	mitochondria	and	its	uncoupling	of
the	proton	gradient,	warm-bloodedness	would	have	never	evolved,	and	we’d
likely	all	be	enjoying	a	reptilian	lifestyle,	with	all	its	limitations.

It’s	also	interesting	to	note	that	this	is	how	animals	such	as	polar	bears,	who
live	in	the	extreme	opposite	of	environments	as	camels	(discussed	on	page	19,
“A	Game	of	Hot	Potato:	The	Electron	Transport	Chain	[ETC]”),	survive.	Polar
bears	live	only	in	the	northern	Arctic,	where	they	spend	most	of	their	time	on	ice
floes.	They	are	found	in	the	United	States	(Alaska),	Canada,	Russia,	Greenland,
and	Norway—areas	that	are	viciously	cold,	with	temperatures	as	low	as	–55°C
and	wind	speeds	of	up	to	50	kilometers	per	hour.

By	having	a	thick	layer	of	fat	(also	known	as	blubber)	under	their	skin,	the
bears	are	not	only	great	swimmers	(because	they	use	their	fat	and	two	layers	of
dense,	oily,	water-repellent	fur	to	help	keep	them	afloat),	but	with	plenty	of
brown	fat,	they’re	able	to	generate	lots	of	heat	to	keep	themselves	warm.

Because	they	have	such	large	amounts	of	brown	fat,	about	half	of	the	food
polar	bears	eat	is	used	for	the	sole	purpose	of	keeping	them	warm.	The	colder
the	Arctic	gets,	the	more	they	must	eat	to	keep	warm.	All	this	accumulated	fat,
fat	consumption	(mainly	seal	blubber),	and	fat-burning	to	keep	warm	means
polar	bears	rarely	need	to	drink	water—instead	they	meet	their	water	demand
from	their	food	and	through	burning	the	accumulated	fat,	which	ultimately
results	in	water	production	(at	Complex	IV,	part	of	the	ETC	where	water	is
generated,	which	is	similar	to	camels).	Research	has	shown	that	if	you	see	a
polar	bear	drinking	water,	it	means	it	is	suffering	from	extreme	exhaustion	and
starvation.	It’s	also	interesting	to	note	that	with	global	warming	and	climate
change	and	the	resulting	loss	of	their	sea	ice	habitat,	polar	bears	are	having	to
spend	more	energy	swimming	farther	distances	offshore	between	ice	floes	to
hunt	seals,	leaving	less	fat	for	heat	production.	Further,	scientists	have	also
observed	that	they	are—in	the	absence	of	sea	ice—foraging	on	land,	where	they
have	difficulty	finding	prey,	and	therefore	they	are	eating	bird	eggs	that	don’t
provide	nearly	enough	fat	for	them	to	sustain	themselves.

Brown	fat,	according	to	Lane,	also	helps	explain	some	differences	in	health
risks	between	different	racial	groups.	As	I	discussed,	mitochondria	occupy	the



crux	of	degenerative	diseases	and	aging,	and	the	degree	of	uncoupling	has
evolved	differently	between	ethnic	groups.	When	we	look	at	an	Inuit	population
in	the	Far	North,	for	example,	we	see	they	have	relatively	large	amounts	of
brown	fat.	It	doesn’t	take	a	rocket	scientist	to	see	why—the	constant	exposure	to
cold	temperatures	necessitates	that	these	individuals	are	able	to	produce	vast
amounts	of	heat	to	stay	warm,	just	like	the	polar	bears.	Due	to	their	large	amount
of	brown	fat,	the	Inuit	mitochondria	don’t	leak	as	many	free	radicals,	and
consequently,	this	population	is	known	to	have	a	low	incidence	of	degenerative
diseases,	such	as	heart	failure,	which	is	so	common	in	Western	populations.

On	the	other	hand,	those	of	African	descent,	whose	mitochondria	have
evolved	in	the	blistering	heat	of	the	equatorial	sun,	would	not	benefit	from
excessive	heat	production,	and	therefore,	they	have	relatively	small	amounts	of
brown	fat.	Their	mitochondria	are	“tight”	and	more	of	the	proton	gradient	is	used
to	generate	ATP	and	energy,	not	heat.	Unfortunately,	there	is	also	a	larger	amount
of	free-radical	generation—and	studies	show	that	African	Americans	have	a
much	higher	risk	of	degenerative	diseases	than	most	other	populations.	Exercise
and	physical	activity	are	critical	for	individuals	whose	maternal	lineage	can	be
traced	back	to	equatorial	cultures	(remember,	mitochondria	are	inherited	through
the	maternal	line)—these	individuals	must	ensure	they	are	using	up	their	ATP
constantly.	Of	course,	mitochondria	are	just	part	of	the	picture,	as	there	are	many
other	physiological,	epigenetic,	and	socioeconomic	factors	that	lead	to	higher
risk	of	degenerative	diseases	in	this	population—but	it	is	eye	opening	to	see	how
at	least	some	of	these	observations	can	be	explained	by	looking	at	the	differences
in	mitochondrial	genetics.

I	can’t	speak	for	anyone	else	but	myself,	but	I	find	this	stuff	incredibly
fascinating!	I	hope	you	do,	too.	So,	now	that	you’ve	been	introduced	to	the
history,	evolution,	and	significance	of	mitochondria,	let’s	discuss	what	we’ve
discovered	in	terms	of	its	involvement	in	human	diseases.



CHAPTER	TWO

The	Dark	Side	of	the	Force
Health	Conditions	Linked	to	Mitochondrial	Dysfunction

In	the	previous	pages	we	examined	how	energy	production	by	the	mitochondria
is	a	foundation	for	health	and	well-being,	and	is	necessary	for	physical	strength,
stamina,	and	even	consciousness.	We	know	subtle	deficits	in	mitochondrial
function	can	cause	weakness,	fatigue,	and	cognitive	difficulties,	and	we	know
that	certain	chemicals	that	interfere	with	mitochondrial	function	are	known	to	be
potent	poisons.	Indeed,	compromised	mitochondrial	function	is	now	seen	as	one
of	the	leading	causes	of	a	wide	range	of	seemingly	unconnected	degenerative
diseases,	and	even	the	aging	process	itself.

In	this	section,	I	will	elaborate	more	on	this	dark	side—the	health
consequences	associated	with	defective	or	compromised	mitochondria.	I	should
make	it	clear,	however,	that	my	discussion	will	not	be	anywhere	near
comprehensive.	In	fact,	only	a	fraction	of	what	I’ve	researched	actually	made	it
into	this	book;	this	is	only	the	tip	of	the	iceberg.	The	conditions	I	discuss	are
wide-ranging,	which	will	hopefully	give	you	an	appreciation	for	the	importance
and	central	role	that	mitochondria	play	in	our	lives—in	both	health	and	sickness.
Some	of	the	diseases	I	cover	here	are	genetic	(and	comprise	the	group	of
conditions	collectively	known	as	mitochondrial	diseases),	while	others	are
acquired	through	epigenetics	(from	viral	infections,	exposure	to	environmental
toxins,	excess	caloric	intake,	the	natural	aging	process,	and	everything	in
between).

A	Review	of	Bioenergetics
Bioenergetics	is	the	study	of	energy	in	the	human	body,	and	it	is	critically
important	that	we	understand	this	concept,	because	problems	with	energy
production	and	use	are	at	the	heart	of	many	diseases	where	mitochondria	play	a
central	role	(as	I’ll	soon	discuss).

While	scientists	know	a	great	deal	about	ATP,	there	is	a	general	lack	of
understanding	by	physicians	and	other	health	care	practitioners	about	how	to
apply	bioenergetics	in	practice.	Let’s	look	at	just	the	heart	for	starters,	which



contains	approximately	0.7	gram	of	ATP,	just	enough	to	fuel	the	heart	to	contract
at	a	rate	of	about	sixty	times	a	minute,	or	about	one	contraction	per	second.	At
this	rate,	which	is	relatively	slow	for	even	“healthy”	people,	a	heart	will	beat
86,400	times	a	day.	So	the	heart	needs	6,000	grams	of	ATP	in	a	day—
replenishing	its	energy	pool	ten	thousand	times!	But	how	does	the	heart	manage
this	incredible	production	of	ATP?

We	need	to	understand	ATP	first,	before	we	can	understand	the	process	of	its
recycling.	ATP	is	composed	of	three	major	chemical	groups:	adenine	(a	purine
base),	D-ribose	(a	pentose,	or	five-carbon	sugar),	and	three	phosphate	groups.
Energy	is	released	to	the	cell	when	an	enzyme	removes	a	phosphate	from	ATP
and	converts	the	chemical	energy	stored	in	the	bond	into	mechanical	energy.
After	the	phosphate	is	removed,	what	remains	is	ADP.	You	might	recall	from	our
earlier	discussion	in	chapter	1	(see	“ATP	Synthase:	Coupling	the	ETC	with
Oxidative	Phosphorylation,”	page	26)	that	through	the	use	of	the	ATPase	in	the
inner	mitochondrial	membrane,	the	phosphate	is	reattached	to	ADP	to	re-form
ATP.

As	long	as	each	cell	is	provided	with	two	basic	ingredients—electrons	from
food	and	oxygen	from	the	air	we	breathe—this	cycle	occurs	unimpeded	millions
of	times	per	second	in	every	cell	of	the	body.	This	continual	“recycling”	keeps
the	cell	fully	charged	with	energy.	However,	if	either	of	these	two	basic
ingredients	is	in	short	supply	relative	to	demand,	cell	function	is	compromised.

One	good	example	is	the	oxygen	deprivation	experienced	after	a	heart	attack,
or	what	the	medical	community	calls	a	myocardial	infarction	(MI).	An	MI
occurs	when	an	artery	that	supplies	fuel	and	oxygen	to	the	heart	muscle	cells
becomes	blocked.	The	heart	muscle	continues	to	use	energy	at	its	regular	pace,
but	it	has	no	oxygen—a	dangerous	mismatch	in	supply	versus	demand.

While	it’s	not	possible	to	determine	accurately	if	ATP	pools	are
compartmentalized	or	if	they	flow	around	freely,	scientific	evidence	strongly
suggests	that	there	are	localized	areas	of	higher	concentrations	to	perform
specific	tasks	(such	as	contraction	in	heart	muscles	or	movement	of	ions	across
membranes).	However,	no	matter	where	ATP	is	found,	once	the	ATP	releases	its
energy	and	is	converted	to	ADP,	it	must	be	recycled	back	to	ATP,	where	it	once
again	leaves	the	mitochondria	to	where	it’s	needed.

A	small	amount	of	ADP	remains	in	the	cytosol	(the	fluid	part	of	the	cell),
where	it	is	converted	to	ATP	(instead	of	entering	the	mitochondria	for	recycling).
This	ATP	is	generally	associated	with	cellular	membranes	and	provides	the
energy	needed	to	control	the	movement	of	ions	across	membranes.



If	mitochondria	produce	90	percent	of	the	energy	that	the	cell	needs,	how
does	the	ATP	get	transported	to	the	rest	of	the	cell	itself?	ATP	formed	within	the
mitochondria	must	be	moved	back	to	the	cytosol	of	the	cell	so	that	its	energy	can
be	used.	At	the	same	time,	ADP	from	the	cytosol	must	be	moved	back	into	the
mitochondria	to	be	recycled	back	to	ATP.	However,	the	mitochondrial	membrane
is	impermeable	to	both	ATP	and	ADP,	so	these	compounds	are	“traded”	across
the	mitochondrial	membrane	through	the	use	of	another	enzyme	called	ATP-
ADP	translocase.	This	enzyme	keeps	ATP	flowing	out	of	the	mitochondria	to
where	its	energy	can	be	put	to	good	use,	and	keeps	ADP	flowing	into	the
mitochondria.	This	process	is	like	any	manufacturing	plant	that	uses	recycled
materials	—recycled	paper,	for	example,	where	new	paper	is	made	from	old
paper.	In	order	to	keep	the	whole	system	running	smoothly,	the	new	paper	has	to
be	shipped	out,	so	that	it	can	be	used	and	then	make	its	way	back	to	once	again
create	new	paper.	If	there	isn’t	used	paper	coming	back	to	be	recycled,	we	run
out	of	our	raw	material.	If	we	don’t	ship	out	the	newly	created	paper,	it	can’t	be
used	to	create	more	of	our	raw	material.	We	could	use	virgin	paper	pulp	if	we
didn’t	have	enough	recycled	material,	but	creating	it	is	a	long	and	intensive
process	that	requires	years	to	grow	a	tree	and	extensive	resources	to	turn	the	tree
into	our	raw	material	for	creating	paper.	In	a	similar	way,	we	need	ATP	to	be
used	and	broken	down	to	ADP—we	need	this	ADP	to	come	back	to	the
mitochondria	and	serve	as	our	raw	material	to	create	new	ATP.	It’s	true	we	can
build	more	ADP	from	scratch,	but	just	like	growing	a	new	tree,	it’s	a	slow	and
inefficient	process.

Food	and	Oxygen:	The	Ingredients	for	Producing	Energy
The	basic	requirements	for	life—the	food	we	eat	and	the	air	we	breathe—
ultimately	serve	to	provide	mitochondria	with	the	ingredients	they	need	to
produce	energy.	The	most	readily	available	and	main	source	of	fuel	is	glucose,
which	is	a	simple	six-carbon	sugar	extracted	from	the	food	we	eat.	When	we’ve
had	enough	food	to	satisfy	our	immediate	need	for	energy,	the	rest	is	then	stored
as	glycogen.	Most	people	don’t	eat	constantly	throughout	the	day,	so	this	stored
glycogen	is	drawn	upon	and	broken	down	into	glucose	as	needed.	The	first	step
in	this	process	is	called	glycolysis,	which	takes	place	in	the	cytosol	portion	of	the
cell.	Because	much	of	this	process	occurs	near	the	cell	membrane,	scientists
believe	this	pathway	is	used	primarily	to	generate	ATP	for	the	movement	of	ions
across	the	cell	membrane.	And	while	glycolysis	is	capable	of	producing	large
amounts	of	ATP	quickly,	it	cannot	supply	nearly	enough	energy	to	keep	the	cell



functioning	for	long	periods	of	time.	Only	two	molecules	of	ATP	are	produced	if
we	start	the	process	directly	from	readily	available	glucose.	If	we	start	from	the
stored	glycogen,	three	molecules	of	ATP	are	created.

During	normal	carbohydrate	metabolism,	the	six-carbon	glucose	is	converted
to	two	three-carbon	molecules	called	pyruvate.	Pyruvate	can	then	enter	the
mitochondria	and	participate	in	the	second	pathway	of	energy	production:	the
TCA,	or	Krebs,	cycle.

As	long	as	the	cell	is	supplied	with	sufficient	oxygen,	pyruvate	is	converted
and	broken	down	further	by	the	TCA	cycle,	where	the	resulting	compounds	can
enter	the	third	pathway:	the	ETC	(electron	transport	chain).

However,	if	the	cell	is	deprived	of	oxygen,	such	as	during	overly	strenuous
physical	activity	or	if	there	is	significant	blockage	of	an	artery,	then	the	TCA
cycle	doesn’t	function	efficiently	and	pyruvate	is	converted	to	lactic	acid	(also
called	lactate).	Lactic	acid	causes	the	pH	of	the	cell	to	drop	(meaning	increasing
acidity),	which	in	turn	signals	to	the	cell	that	more	energy	is	needed.	However,	if
lactic	acid	levels	build	up	too	high,	this	causes	cellular	stress;	on	the	macro	level,
we	feel	this	as	burning	and	pain	in	the	case	of	physical	activity,	or	chest	pain
(angina)	that	can	occur	if	there	is	decreased	blood	flow	to	the	heart	(called
cardiac	ischemia).

So	while	glycolysis	is	essential	and	glucose	is	readily	available	for	most	of
the	general	population,	it’s	not	actually	the	most	efficient	pathway	of	energy
production,	and	glucose	is	not	the	ideal	source	of	fuel—fatty	acids	are.	Fatty
acids	are	metabolized	in	a	process	called	beta-oxidation,	and	the	burning	of	fatty
acids	is	responsible	for	60–70	percent	of	all	of	the	energy	our	cells	create.	This	is
where	L-carnitine	(discussed	in	more	detail	in	chapter	3,	“L-Carnitine,”	page
153)	enters	the	picture.	The	inner	mitochondrial	membrane	is	impermeable	to
long-chain	fatty	acids,	but	the	fatty	acids	must	enter	the	mitochondrial	matrix
where	beta-oxidation	takes	place.	Interestingly,	L-carnitine	is	the	only	molecule
that	can	transport	long-chain	fatty	acids	into	the	matrix,	and	without	L-carnitine,
the	body’s	ability	to	use	long-chain	fatty	acids	to	create	energy	would	not	exist.

The	product	of	beta-oxidation	enters	the	TCA	cycle	(just	like	pyruvate	does
from	glucose	metabolism).	The	role	of	the	TCA	cycle	is	to	remove	electrons
from	fatty	acids	and	pyruvate	and	package	them	into	other	electron-carrying
molecules,	such	as	NADH	and	FADH2,	which	then	enter	the	ETC.

The	net	result	is	that	each	molecule	of	glucose	forms	a	total	of	thirty-eight
ATP	molecules	(two	from	glycolysis,	thirty-six	from	TCA/ETC),	but	each
molecule	of	a	sixteen-carbon	fatty	acid	called	palmitate	produces	129	ATP



molecules.	You	can	clearly	see	why	healthy,	well-functioning	cells	prefer	fatty
acids	as	their	source	of	fuel.

Just	from	these	numbers	it’s	clear	that	without	L-carnitine	transporting	fatty
acids	we’d	only	produce	ATP	from	glucose,	which	supplies	thirty-eight	ATP
molecules.	Without	another	key	nutrient,	CoQ10	(the	molecule	that	transfers
electrons	from	Complex	I	and	II	over	to	Complex	III),	and	oxygen,	we’d	only
produce	two	ATP	molecules	via	glycolysis.	This	perhaps	gives	you	a	glimpse
into	the	importance	of	specific	nutrients	in	the	optimal	functioning	of
mitochondria	(a	bit	of	foreshadowing,	if	you	will).	Every	step	of	ATP	production
can	run	optimally	with	the	proper	nutrients,	or	in	their	absence,	the	cell	is	forced
to	produce	ATP	in	a	less	efficient	manner,	which	compromises	the	viability	of
the	entire	cell.

ATP	Production	and	Turnover
While	CoQ10	and	L-carnitine	are	a	powerful	nutrient	combination	for
mitochondrial	health,	they	can’t	make	ATP	if	the	body	doesn’t	have	enough	ADP
as	a	raw	material.	After	all,	ADP	doesn’t	just	appear	out	of	thin	air.

Under	normal	circumstances,	this	turnover	of	ATP	occurs	millions	of	times	in
every	cell	each	second.	However,	if	oxygen	supply	is	cut	off	or	reduced,	or	if
there	is	some	other	mitochondrial	dysfunction,	oxidative	phosphorylation	(ATP
production	in	the	mitochondria)	slows	or	stops,	causing	the	cell	to	use	ATP	faster
than	it	can	be	replaced	(remember,	oxidative	phosphorylation	is	the	main
producer	of	ATP—only	two	ATP	molecules	are	produced	without	it).

Figure	2.1.	ATP	production	from	combining	two	ADP.	This	is	called
the	adenylate	kinase	reaction	or	myokinase	reaction,	and	also	results	in
AMP.

When	this	happens,	ATP	concentrations	in	the	cell	decrease,	while	the	ADP
concentration	increases.	In	an	effort	to	continue	to	produce	ATP	and	normalize
the	ratio	of	ADP	to	ATP,	the	cell	combines	two	ADP	molecules	to	produce	one
ATP	and	one	AMP	(adenosine	monophosphate)	in	a	process	called	the	adenylate
kinase	reaction.



However,	while	this	reduces	the	amount	of	ADP	building	up	in	the	cell,	it
increases	the	amount	of	AMP—and	to	very	high	levels	when	the	supply	of
oxygen	is	limited.	The	problem	here	is	that	the	cell	needs	to	maintain	a	relatively
constant	ratio	of	AMP	to	ADP	to	ATP.	So	in	order	to	reduce	the	amount	of	AMP
(relative	to	ADP	and	ATP),	the	cell	must	degrade	and	eliminate	this	excess	AMP.
This	reduction	occurs	through	two	biochemical	pathways,	and	the	end	products
ultimately	exit	the	cell,	which	is	not	necessarily	a	good	thing.	Although	the
removal	of	excess	AMP	restores	the	AMP:ADP:ATP	ratio,	the	absolute	amount
of	these	compounds	becomes	much	lower—in	other	words,	the	total	amount	of
energy	the	cell	can	produce	is	lower	because	it	has	lost	its	important	building
blocks.	The	easy	analogy	here	is	a	battery	and	its	capacity.	Two	AAA	batteries
could	power	the	same	device	because	they	are	the	same	physical	size	and	have
essentially	the	same	specifications	needed	to	power	that	device.	However,	how
long	they	lasted	could	vary	greatly	depending	on	their	capacity.	For	example,	a
1,200	milliampere-hour	battery	has	more	capacity	and	will	last	longer	than	a	540
milliampere-hour	battery,	even	if	they	are	both	AAA	batteries.

These	building	blocks	are	called	purines,	and	their	loss	from	the	cell	can	be
devastating.	Thankfully,	the	body	will	immediately	start	to	rebuild	its	stock	of
purines,	but	this	is	a	slow	process	and	can	only	start	with	the	five-carbon	sugar
D-ribose.

There	are	two	biochemical	pathways	for	D-ribose	in	restoring	the	purine	pool.
The	first	is	called	the	de	novo	pathway,	which	is	a	very	slow	process.	In	fact,	it’s
been	calculated	that	it’d	take	over	one	hundred	days	for	the	human	heart	to	make
all	its	ATP	via	this	pathway.	The	body	just	can’t	make	D-ribose	(the	starting
point	for	this	pathway)	fast	enough	for	this	pathway	to	be	of	much	use	in
diseased	states.	Remember	our	paper	recycling	analogy?	Creating	new	D-ribose
from	scratch	is	akin	to	planting	a	tree	and	harvesting	it	years	later	(versus
recycling	readily	available	used	paper).

The	second	pathway	is	called	purine	salvage.	This	happens	when	the	cell,
instead	of	eliminating	the	end	products	of	AMP	degradation,	retains	them	as
building	blocks	to	accelerate	the	manufacture	of	D-ribose.	However,	even	with
this	pathway,	the	rate-limiting	factor	is	again	the	availability	of	D-ribose.

The	easy	solution	is	to	administer	D-ribose	as	a	supplement.	In	this	situation,
the	body	isn’t	responsible	for	manufacturing	its	own	D-ribose,	and	so	this
pathway—no	longer	limited	by	availability	of	D-ribose—can	proceed	at	full
speed.



The	importance	of	having	a	larger	energy	pool	is	that	it	helps	to	minimize	the
damage	caused	by	oxygen	deprivation	(e.g.,	from	reduced	blood	flow,	called
ischemia,	such	as	during	a	heart	attack	or	stroke).	As	we	know,	cells	die	when
the	mitochondria	malfunction	and	cannot	produce	enough	energy.	During
ischemia,	oxygen	levels	in	the	cell	drop	and	the	mitochondria	can	no	longer
produce	energy	via	oxidative	phosphorylation.	As	the	cell	compensates	by
combining	two	ADP	molecules	to	create	an	ATP	molecule,	the	AMP
concentration	increases	and	then	the	cell	needs	to	break	this	down	to	eliminate	it.
If	the	energy	pool	is	low	to	begin	with,	it’s	depleted	rapidly	during	ischemia.	If
the	energy	pool	is	large,	it	takes	longer	to	deplete	it	from	the	cell.	The	size	of	the
energy	pool	determines	the	extent	of	permanent	damage	to	an	organ
experiencing	ischemia,	whether	it	is	the	brain,	heart,	or	any	other	body	part.

Restoring	blood	flow	is	absolutely	the	most	important	goal	in	cases	of
ischemia.	The	quicker	the	blood	flow	can	be	restored	(and	therefore,	oxygen
levels	restored),	the	smaller	the	loss	of	purines	from	the	energy	pool.

It	is	easy	to	understand	this	need	in	acute	cases	such	as	a	heart	attack	or
stroke,	but	many	diseases	result	in	a	less	severe	restriction	of	blood	flow
resulting	in	hypoxia,	or	reduced	oxygen	levels.	Hypoxia	can	happen	due	to
plaque	buildup	in	the	heart’s	arteries,	which	restricts	blood	flow.	When	blood
flow	is	restricted,	ATP	is	not	generated	as	quickly,	and	the	cell	depletes	its
energy	pool	at	an	accelerated	rate	(although	to	a	lesser	degree	than	outright
ischemia).

In	these	cases,	the	cells	simply	cannot	supply	enough	energy	to	keep	up	with
demand.	We	call	these	conditions	by	various	names.	For	example,	when	this
happens	to	the	cardiovascular	system,	we	call	it	coronary	artery	disease	(CAD),
angina,	or	congestive	heart	failure	(CHF).

Following	this	train	of	thought,	I’ll	start	my	discussion	on	health	conditions
with	cardiovascular	disorders.

The	Role	of	Mitochondria	in	Cardiovascular	Disease
Cardiovascular	disease	is	a	broad	category	of	health	conditions	and	is	likely	of
great	interest	to	the	majority	reading	this	book	because	it’s	a	leading	cause	of
death	globally	(often	alternating	with	cancer	for	the	top	two	spots,	depending	on
the	country	you’re	looking	at).	Conditions	such	as	angina,	hypertension,
congestive	heart	failure,	ischemia,	and	diastolic	dysfunction	all	have	their	roots
in	mitochondrial	energy.	Not	only	can	these	conditions	arise	from	a	cellular
energy	deficiency,	but	they	can	also	leak	the	purine	building	blocks	of	ATP	out



of	the	cell.	Interestingly,	when	purine	building	blocks	leak	from	the	cell,	they	are
metabolized	to	uric	acid,	and	high	uric	acid	in	patients	is	often	reflective	of
dysfunctional	ATP	metabolism	(an	important	point	to	understand	for	clinicians
treating	gout,	for	example).

It	can	take	up	to	two	weeks	(and	in	some	cases	months)	for	the	heart	to
produce	enough	ATP,	by	natural,	built-in	mechanisms,	to	offset	the	deficit
caused	by	ischemia.	Also,	since	the	heart	is	constantly	consuming	ATP,	it’s
difficult	to	make	up	for	this	energy	deficit	quickly,	and	most	patients	with
ischemia	will	need	to	take	targeted	nutritional	therapy	to	help	restore	the	energy
balance.	I’ll	discuss	these	nutritional	therapies	in	depth	in	chapter	3.

Understanding	Smooth	Muscles
A	large	part	of	our	cardiovascular	system	involves	smooth	muscles	(muscles	not
under	voluntary	control),	so	let’s	review	their	significance	and	what	their	normal
and	abnormal	functioning	look	like.	Smooth	muscles	are	found	in	the	blood
vessels	of	the	cardiovascular	system,	but	are	also	contained	within	other	organs
and	tubes	in	the	body,	including	the	stomach,	intestines,	bladder,	airways,	uterus,
and	the	penile	and	clitoral	cavernosal	sinuses.	Bundles	of	smooth	muscle	cells
are	also	attached	to	the	hairs	of	the	skin	and	to	the	iris	and	lens	of	the	eye.

Smooth	muscle	cells	receive	input	from	the	autonomic	nervous	system
(which	is	the	part	of	the	nervous	system	not	under	voluntary	control,	e.g.,	the
part	that	digests	food).	In	addition	to	the	autonomic	nervous	system,	smooth
muscles	are	controlled	by	hormones	and	other	local	chemical	signals.	Smooth
muscle	cells	also	develop	tonic	and	phasic	contractions	in	response	to	changes	in
load	or	length.	By	contrast,	skeletal	muscles	are	under	voluntary	control,	and
these	are	the	muscles	we	consciously	contract	and	relax	when	we	decide	to	move
our	arms	or	go	for	a	walk.

Contraction	(shortening	of	muscle	cells)	in	smooth	muscles	is	a	highly
regulated	process.	In	some	smooth	muscle	cells,	the	contraction	is	maintained	at
a	low	level	in	the	absence	of	external	stimuli.	This	activity	results	in	what	is
known	as	smooth	muscle	tone	and	its	intensity	can	be	varied.	Keep	this	in	mind
when	I	discuss	how	this	relates	to	conditions	such	as	hypertension	(see
“Coenzyme	Q10”	on	page	144).

Regardless	of	the	stimulus,	a	smooth	muscle	contraction	is	initiated	by
calcium	ions	entering	the	cytosol	(from	the	sarcoplasmic	reticulum—a
membrane-bound	structure	in	muscle	cells	that	stores	calcium)	and	binding	to	a
calcium-binding	messenger	protein	called	calmodulin.	This	stimulates	another



protein	called	myosin	(the	protein	that	contracts	and	is	dependent	on	ATP)	to
attach	to	actin	in	cross-bridge	cycling.

Initiation	of	relaxation,	on	the	other	hand,	begins	with	the	removal	of	calcium
ions	from	the	cytosol	and	stimulation	of	an	enzyme	that	deactivates	myosin
(referred	to	as	myosin	phosphatase).

The	Importance	of	Smooth	Muscle	Relaxation
Many	people	don’t	realize	that	muscle	relaxation	(elongation	of	a	muscle	cell)
requires	considerable	amounts	of	energy.	Whether	it	is	a	conscious	decision	to
relax	skeletal	muscles	or	the	involuntary	relaxation	of	smooth	muscles,	the
process	requires	a	decreased	concentration	of	calcium	ions.	All	this	calcium
must	move	out	of	the	cytosol	and	into	the	sarcoplasmic	reticulum.	However,	this
process	requires	the	use	of	a	pump	because	the	calcium	must	move	up	the
concentration	gradient—and	going	against	the	gradient	requires	energy.	That
energy,	of	course,	comes	from	ATP.	The	enzyme	embedded	in	the	membrane	of
the	sarcoplasmic	reticulum,	called	calcium-magnesium-ATPase	(Ca-Mg-
ATPase),	when	activated,	binds	two	calcium	ions,	which	are	then	transferred	to
the	inner	part	of	the	sarcoplasmic	reticulum	and	released	(sequestered,	ready	for
the	next	stimulus	signaling	a	contraction).

This	pump	also	has	two	ATP-binding	sites,	and	both	sites	must	have	ATP
attached	for	it	to	work.	However,	there	are	intricacies.	The	first	ATP-binding	site
has	a	high	affinity	for	ATP,	and	therefore,	any	ATP	in	the	vicinity	binds	to	this
site	readily.	Once	bound	to	this	site,	ATP	releases	its	energy,	and	is	turned	into
ADP.	The	second	ATP-binding	site	does	not	attract	ATP	so	easily.	In	fact,	the
only	way	for	ATP	to	bind	to	the	second	site	is	to	ensure	a	high	concentration	of
ATP	so	that	hopefully	one	will	just	“fall”	into	the	binding	site.	Building	up	this
concentration	obviously	requires	significant	amounts	of	ATP	to	be	produced.

The	state	of	rigor	mortis,	when	our	muscles	become	tense	and	rigid	after
death,	is	a	good	example	of	how	relaxation	requires	more	ATP	than	contraction.
In	death,	fuel	and	oxygen	are	no	longer	delivered	to	the	muscles,	and	ATP
production	stops.	Without	enough	ATP,	the	calcium	ions	cannot	be	pumped	out
of	the	cell,	and	the	muscles	can	no	longer	“relax.”

Magnesium	ions	are	also	necessary	for	the	activity	of	the	Ca-Mg-ATPase;
they	bind	to	the	catalytic	site	of	this	enzyme	to	mediate	the	reaction.	Without
magnesium,	this	enzyme	cannot	function	and	relaxation	of	the	smooth	muscle
cannot	occur	(which	can	lead	to	things	like	high	blood	pressure,	heart	problems,



or	restricted	breathing).	For	those	who	might	have	heard	magnesium	is	great	for
muscle	function	and	relaxation	but	didn’t	know	how	or	why,	now	you	know.

The	Basics	of	Cardiac	Physiology
Now	let’s	discuss	the	other	part	of	the	cardiovascular	system:	the	heart	itself.
The	human	heart	has	four	chambers—two	upper	chambers	(called	the	left	and
right	atria)	and	two	lower	chambers	(called	the	left	and	right	ventricles).	In
terms	of	heart	function,	systole	describes	the	stage	of	a	heartbeat	when	the
ventricles	contract,	squeezing	the	blood	out	to	the	arteries.	This	contraction
ejects	most	of	the	blood	out	of	the	ventricles,	and	the	percent	of	blood	that’s
pumped	out	(relative	to	its	starting	point	when	“relaxed”)	is	called	the	ejection
fraction	(normal	range	is	50–70	percent).	While	it’s	easy	to	see	how	contraction
of	the	heart	requires	energy,	this	stage	requires	the	least	amount	of	energy	in	the
cycle	of	a	heartbeat.	Muscle	cells	in	general	(not	just	smooth	muscle	cells),
including	the	heart,	are	able	to	contract	even	when	energy	levels	are	extremely
low	(they	just	might	not	be	able	to	relax	again).

After	this	systolic	phase	is	the	diastole,	or	“relaxation,”	phase	when	the
ventricles	fill	up	with	blood.	The	diastole	phase	generally	lasts	less	than	a	third
of	a	second	but	requires	the	most	ATP.	There	are	two	reasons,	both	of	which
were	just	discussed.	First,	energy	is	required	to	separate	the	bonds	formed	during
the	contraction	phase,	which	allows	the	muscle	to	return	to	its	relaxed	state.
Second,	the	removal	of	calcium	ions	from	the	cell	requires	energy.

Without	enough	ATP,	the	calcium	ions	cannot	be	pumped	out	of	the	heart
muscle	cells,	and	the	heart	can	no	longer	relax	and	fill	up	with	blood	efficiently.
This	is	called	diastolic	dysfunction.	The	beginning	stages	of	diastolic
dysfunction	are	characterized	by	a	thickening	(called	hypertrophy,	or	enlarging
of	the	heart	muscle,	usually	specific	to	the	left	ventricle)	and	stiffening	of	the
ventricular	walls.	The	combination	of	hypertrophy	and	stiffening	causes	blood
pressure	to	rise,	reduces	the	amount	of	blood	that’s	pumped	out	per	contraction
(lower	ejection	fraction),	and	makes	it	more	difficult	for	the	heart	to	relax	and
fill	up	properly	(which	propagates	this	progressive	cycle).

Despite	seemingly	normal	systolic	function,	diastolic	dysfunction	is	an	early
sign	of	serious	heart	problems	around	the	corner—namely,	congestive	heart
failure.	Preserving	diastolic	function	in	patients	is	a	major	goal	for	cardiologists,
and	the	solution	is	to	ensure	an	abundant	pool	of	ATP	energy.

Another	energy-intensive	process	in	a	heartbeat	is	maintaining	a	proper	ionic
balance.	The	proper	flow	of	ions	in	and	out	of	a	heart	muscle	cell	is	essential	to



maintain	the	normal	electrochemical	gradient	across	the	cell	membrane.	This
gradient	is	what’s	responsible	for	maintaining	regular	heart	rhythm.	When	this
gradient	is	disrupted,	the	result	is	irregular	or	“skipped”	heartbeats	(arrhythmia)
or	another	type	of	abnormal	contraction	or	rhythm.

All	of	these	high	energy	demands	must	be	met	by	a	small	pool	of	ATP.	As	a
result,	the	ATP	supply	must	be	continuously	replenished—and	again,	that	is	the
job	of	our	mitochondria.	I’m	hoping	that	by	now	you	can	appreciate	the
important	role	mitochondria	have	in	one	of	the	leading	causes	of	death;	but
you’ll	soon	see	that	their	importance	goes	far	beyond	the	cardiovascular	system,
and	plays	a	crucial	role	in	essentially	every	functional	system	in	the	body.

The	Role	of	Mitochondria	in	the	Nervous	System,	Brain,	and
Cognitive	Health
Tissues	with	a	high	demand	for	energy	are	uniquely	dependent	on	the	energy
delivered	by	mitochondria	and,	therefore,	also	have	the	lowest	threshold	for
displaying	symptoms	of	mitochondrial	dysfunction.	Thus,	the	central	nervous
system	is	often	one	of	the	first	systems	to	display	outright	symptoms	of
bioenergetic	deficiencies.	Large	amounts	of	energy	are	required	by	neurons
(nerve	cells)	to	carry	out	their	specialized	functions.

In	fact,	while	the	brain	makes	up	only	about	2	percent	of	a	person’s	body
weight	(which	of	course	varies	depending	on	the	person),	at	rest,	it	consumes
about	20	percent	of	the	total	energy	the	body	needs.	The	brain	is	a	giant	tangle	of
countless	neurons,	so	it	would	stand	to	reason	that	this	organ	might	suffer
significantly	from	mitochondrial	dysfunction,	and	possibly	respond	best	to
mitochondrial	nutrients.

Stroke:	Suffocating	the	Brain’s	Mitochondria
The	cycling	of	blood	through	the	circulatory	system	delivers	a	constant	supply	of
oxygen,	glucose,	and	nutrients	to	every	living	cell.	The	brain	consumes	a
disproportionate	share	of	the	body’s	circulating	blood	flow	(14	percent)	and
oxygen	(20	percent),	yet	despite	its	extraordinary	energy	demand,	the	brain’s
energy	reserves	are	actually	very	small.	The	brain’s	metabolism	can	sustain
energy	production	for	only	about	one	minute	before	it	needs	to	be	replenished.
Thus,	nerve	cells	are	particularly	vulnerable	to	ischemia	(reduced	blood	flow)
and	hypoxia	(reduced	oxygen	levels).

When	the	steady	flow	of	blood	through	a	portion	of	brain	tissue	ceases—as
from	a	clot	or	hemorrhage—metabolism	rapidly	fails	in	the	brain	cells.	As	the



oxygen	supply	runs	out,	the	cells	shift	to	anaerobic	metabolism	for	the	short
term,	but	after	a	few	minutes	without	blood,	neurons	suffer	irreversible	injury.

During	a	stroke,	however,	blood	supply	is	not	cut	off	uniformly.	Instead,
impairment	in	circulation	is	more	severe	toward	the	core	of	the	affected	area,
where	the	lack	of	flow	might	be	almost	complete.	Cells	in	the	core	tend	to	die
quickly	through	necrosis.	Remember,	as	opposed	to	apoptosis	(programmed	cell
death	that	happens	in	an	orderly	fashion),	necrosis	is	messy.	Cells	break	apart,
spilling	their	contents	into	nearby	tissue,	which	further	aggravates	the	situation
by	causing	inflammation.

An	important	consequence	of	a	stroke	is	that	cells	in	the	surrounding	areas	die
off	hours	or	days	later.	How	and	why	this	happens	remains	a	mystery;	however,
this	secondary	brain	damage	is	considered	potentially	preventable.	A	growing
body	of	research	suggests	that	the	focus	of	both	primary	and	secondary	stroke
damage—and	potential	intervention	or	therapy—lies	in	the	mitochondria.

What’s	interesting	is	that	mitochondria	might	actually	suffer	greater	injury
when	blood	flow	is	reduced	rather	than	when	it	stops	altogether.	Complete
blockage	of	blood	flow	also	cuts	off	the	supply	of	oxygen,	which	in	turn	reduces
oxidative	stress	and	free-radical	production.	When	blood	flow	is	merely	reduced,
a	small	amount	of	oxygen	continues	to	flow,	generating	further	free	radicals	in
addition	to	those	resulting	from	stroke-impaired	cellular	respiration.	These
additional	free	radicals	could	also	explain	the	secondary	damage	that	occurs
days	later.

A	paper	published	as	early	as	1992	suggested	that	the	transition	from
reversible	to	irreversible	ischemia	depends	on	the	functional	state	of	the
mitochondria.	More	specifically,	their	ability	to	restore	oxidative
phosphorylation	determines	functional	recovery.

With	their	high	sensitivity	to	reduced	blood	flow,	brain	mitochondria	exhibit
the	first	signs	of	injury	even	during	a	moderate	reduction	of	cerebral	blood	flow.
Injury	to	mitochondria	during	and	after	a	stroke	has	many	consequences,	and
includes	impaired	bioenergetics,	free-radical	damage,	calcium	dysregulation,
increased	excitotoxicity,	and	promotion	of	programmed	cell	death.
Unfortunately,	as	typical	for	mitochondrial	impairment,	mitochondrial	brain
injury	causes	further	mitochondrial	damage	in	those	brain	cells	lacking	blood
flow,	generating	a	vicious	cycle	of	cellular	injury	after	a	stroke.

Regardless,	the	primary	goal	is	to	restore	blood	flow	and	oxygen	levels	in	the
brain.	Makes	sense,	right?	Well,	not	so	fast.	Restoring	blood	flow	is	the	primary
goal,	but	this	can	quickly	turn	into	a	very	dangerous	situation.	When	blood	flow



—and	oxygen—is	restored	to	the	affected	area,	there	is	even	greater	injury	to	the
mitochondria,	called	ischemia-reperfusion	injury	(IRI,	or	simply,	reperfusion
injury).	IRI	is	also	frequently	seen	after	cardiac	surgery.	In	some	cases,	such	as	a
planned	cardiac	surgery,	we	can	prepare	for	IRI	and	take	measures	to	reduce	this
damage	by	priming	the	cells	and	mitochondria	for	this	added	stress	through
interventions	such	as	nutritional	therapy.	In	most	cases,	such	as	a	heart	attack	or
stroke,	there’s	no	advance	warning,	so	no	protective	preparations	are	in	place.
Let	me	explain	how	this	all	unfolds.

With	reduced	blood	flow	in	the	brain,	ATP	is	still	being	used	as	usual	for
regular	cellular	activity,	but	is	not	being	produced,	and	so	the	cell	combines	two
ADP	molecules	to	form	ATP.	As	discussed	earlier,	this	results	in	an	increasing
concentration	of	AMP,	which	is	then	eliminated	from	the	cell,	reducing	the
overall	energy	pool	of	the	cell.	Further,	the	absence	of	oxygen	and	fuel	creates	a
condition	where	the	mitochondria	go	into	a	low-use	state,	much	like	hibernation.
When	blood	flow	is	restored,	we	see	a	perfect	storm	of	events:	a	rush	of	fuel	and
lots	of	oxygen	to	the	brain,	a	lag	period	for	the	mitochondria	to	“wake	up,”	and	a
deficiency	of	the	building	blocks	of	ATP	(they	were	eliminated	from	the	cell	as
AMP).	So	even	after	the	mitochondria	wake	up	and	are	running	at	full	speed,
there	is	still	an	ATP	deficiency	because	the	purine	nucleotides	have	been	lost
(which	means	ADP/ATP	recycling	is	reduced).	The	result	is	a	very	high	rate	of
free-radical	production,	rather	than	restoration	of	normal	function.	This	high	rate
of	free-radical	production	pushes	any	cells	already	close	to	their	threshold	for
irreversible	damage	or	death	past	that	line,	resulting	in	the	damage	that’s
typically	seen	with	IRI.

The	extent	of	the	neurological	damage	caused	by	a	stroke	depends	on	this
secondary	brain	damage	that	results	from	IRI.	The	question	being	debated	in	the
field	of	medical	research	is	whether	this	delayed	death	of	neurons	occurs	through
necrosis	or	apoptosis—or	something	in	between.	Much	of	the	recent	evidence
suggests	apoptosis	as	the	major	factor	in	delayed	neuronal	death.	While	this
cellular	suicide	removes	damaged	cells	in	a	neat,	orderly	way,	a	stroke	might
trigger	it	accidentally	in	healthy	cells.	Whatever	the	mode	of	cellular	death,
minimizing	delayed	neuronal	death	is	critical	in	preserving	brain	function	to	the
greatest	extent	possible.	By	nurturing	our	mitochondria,	which	is	what	I’ll
discuss	in	chapter	3,	we	can	prep	them	to	have	the	greatest	chance	of	survival	in
these	types	of	events.

Mitochondrial	Involvement	in	Neurodegeneration



As	early	as	1999,	a	series	of	published	scientific	reviews	summarized	the
mounting	body	of	evidence	on	the	role	of	the	mitochondria	in
neurodegeneration.	One	review	by	Cassarino	and	colleagues	stated,	“It	is
becoming	clear	that	subtle	functional	alterations	in	these	essential	cellular
dynamos	can	lead	to	insidious	pathological	changes	in	neurons.”	The	authors
outlined	a	theory	of	neurodegeneration	based	upon	a	vicious	cycle	of	mtDNA
mutation,	bioenergetic	decline,	and	free-radical	damage—the	same	story	now
seen	in	a	host	of	other	disorders	and	confirmed	by	further	studies	over	the	last
twenty	years	or	so.

These	published	studies	now	corroborate	the	role	of	abnormal	mitochondrial
dynamics	in	neuronal	cell	death	and	the	onset	of	Alzheimer’s,	Parkinson’s,	and
Huntington’s	disease	and	other	neurodegenerative	disorders.	Although	many
health	conditions,	aging,	and	general	neurodegeneration	have	similar	basic
causes,	the	physiology	of	the	brain	is	unique	in	certain	ways,	and	its	pathologies
present	some	interesting	mechanisms	and	features.

The	brain	is	particularly	vulnerable	to	free-radical	damage	(due	to	its	rich
oxygen	supply	and	high	fatty	acid	content),	so	it	might	seem	logical	to	assume
the	brain’s	antioxidant	defense	system	is	especially	powerful.	Unfortunately,	it	is
not,	and	this	delicate	organ	is	relatively	under-defended	against	free-radical
damage.	As	a	result,	the	cells	of	the	brain	gradually	accumulate	oxidative
damage	over	time.	This	is	true	for	everyone,	but	is	of	particular	concern	for
those	with	a	genetic	or	environmental	predisposition	to	neurological
degeneration.

Most	of	the	brain’s	fatty	acid	content	is	contained	in	the	cell	membranes,	their
extensions	(such	as	axons	and	dendrites),	and	their	mitochondria.	As	we	age,
more	of	these	lipids	become	oxidized	from	being	exposed	to	the	brain’s	rich
supply	of	oxygen	and	free	radicals,	and	the	brain’s	vulnerability	to	degenerative
diseases	increases.	Maintaining	mitochondrial	health	is	an	important	strategy	in
preventing	this	slow	decline	in	our	mental	faculties	as	we	age.

Excitotoxicity
In	the	late	1980s,	scientists	at	the	National	Institutes	of	Health	proposed	that
excitotoxicity	(toxicity	from	overstimulation	of	nerve	cells)	develops	when	the
energy	level	of	neurons	declines.	Subsequent	research	has	confirmed	this,	as
studies	have	shown	that	CoQ10	(remember,	this	is	the	compound	that	shuttles
electrons	from	Complex	I	or	II	to	Complex	III,	and	can	be	found	as	a	nutritional



supplement)	protects	against	excitotoxicity	by	raising	energy	levels	in	nerve
cells.

The	neurotransmitter	glutamate	normally	transmits	excitatory	impulses.	In
neurodegeneration,	however,	the	brain	becomes	chronically	oversensitive	to
glutamate,	which	then	becomes	a	slow-acting	“excitatory	toxin”	on	brain	cells.
For	mitochondria,	this	means	that	they	are	constantly	under	the	direction	to
produce	more	energy—more	energy	than	the	neurons	actually	need.	With	this
higher	rate	of	activity	comes	a	higher	rate	of	free-radical	production	and,	over
time,	comes	the	accelerated	demise	of	these	mitochondria.	Ultimately,	this	chain
of	events	results	in	dysfunction	within	the	neurons.

Mitochondria	in	Neuronal	Signaling
Brain	cells	talk	to	one	another	in	a	variety	of	strengths	or	intensities.	Sometimes
they	speak	loud	and	clear,	but	other	times	they	whisper	or	mumble.	For	years
scientists	questioned	why	and	how	neurons	change	their	intensity	so	frequently.
A	study	by	Sun	and	colleagues	published	in	the	summer	of	2013	showed	that
rapidly	moving	mitochondria	emit	bursts	of	energy,	and	this	might	regulate
neuronal	communication.

The	network	of	neurons	throughout	the	body	controls	thoughts,	movements,
and	all	senses	by	sending	and	receiving	thousands	of	neurotransmitters	(the	brain
chemicals)	at	communication	points	between	the	cells	called	synapses.	These
neurotransmitters	are	sent	from	tiny	protrusions	found	on	the	neurons,	called
presynaptic	boutons,	which	are	aligned	along	the	axons.	They	help	control	the
strength	of	the	signals	sent	by	regulating	the	amount	of	neurotransmitters
released	as	well	as	the	manner	in	which	they	are	released.

The	production	of	neurotransmitters,	their	packaging	and	release,	and	the
reception	or	removal	of	these	chemicals	all	require	energy.	Previous	studies
showed	that	mitochondria	can	move	rapidly	along	axons,	dancing,	in	a	sense,
from	one	bouton	to	another.	This	study	showed	that	these	moving	mitochondria
might	control	the	strength	of	the	signals	sent	from	boutons.	The	researchers	used
advanced	techniques	to	watch	mitochondria	move	between	boutons	while	they
released	neurotransmitters,	and	found	that	boutons	only	sent	consistently	strong
signals	when	mitochondria	were	nearby—when	the	mitochondria	were	absent	or
moving	away	from	boutons,	the	signal	strength	fluctuated.	These	results	suggest
that	the	presence	of	stationary	mitochondria	at	synapses	improves	the	stability
and	strength	of	the	nerve	signals.	This	is	the	type	of	data	we	need	to	confirm
mitochondrial	involvement	in	the	pathogenesis	of	neurodegenerative	diseases



and	any	neurological	disease	that	requires	efficient	and	appropriate	transmission
of	nervous	system	signals	(such	as	depression,	ADHD,	and	so	on).

To	test	this	further,	the	researchers	manipulated	mitochondrial	movement	by
changing	levels	of	syntaphilin,	a	protein	that	helps	anchor	mitochondria	to	the
cell’s	cytoskeleton	inside	the	axons.	Removal	of	syntaphilin	resulted	in
mitochondria	that	moved	quicker,	and	the	electrical	recordings	from	these
neurons	showed	that	the	signals	they	sent	fluctuated	greatly.	On	the	flip	side,
elevating	syntaphilin	levels	slowed	mitochondrial	movement	and	resulted	in
boutons	that	sent	signals	with	the	same	strength.	Previously,	it	had	been	shown
that	about	one-third	of	all	mitochondria	in	axons	move	about;	the	rest	are
stationary.	Nerve	cell	communication	is	obviously	tightly	controlled	by	highly
dynamic	events	occurring	at	numerous	synapses.

The	researchers	also	found	that	blocking	ATP	production	in	mitochondria
reduced	the	strength	of	the	signals	sent	even	if	mitochondria	were	near	the
boutons.	Problems	with	mitochondrial	energy	production	and	movement
throughout	neurons	have	been	implicated	in	Alzheimer’s,	Parkinson’s,	ALS,	and
other	major	neurodegenerative	diseases;	this	2013	research	adds	a	key	piece	of
the	puzzle	and	gives	us	more	reason	to	target	mitochondria	and	cellular	energy	in
these	illnesses.

Alzheimer’s	Disease:	Don’t	Forget	the	Mitochondria!
Alzheimer’s	disease	is	the	most	common	form	of	adult-onset	dementia;	an
eighty-year-old	has	about	a	30	percent	chance	of	developing	Alzheimer’s.	Its
pathology	is	complex	and	while	we	cannot	yet	clearly	separate	causes	from
effects,	recent	research	has	discovered	many	of	the	mechanisms	involved	in	the
disease.

At	the	cellular	level,	there	is	an	extensive	loss	of	neurons	and	there	are	high
levels	of	insoluble	fibrous	deposits	(known	as	senile	plaques	and	neurofibrillary
tangles).	At	the	core	of	the	plaques	is	a	toxic	protein	called	amyloid	beta—the
hallmark	of	Alzheimer’s—that	attacks	cells	on	several	fronts.	Amyloid	beta
generates	free	radicals,	damages	mtDNA,	impairs	cellular	bioenergetics,	and
alters	the	proper	folding	of	proteins	so	that	they	form	neurofibrillary	tangles.
However,	there	is	evidence	to	suggest	that	the	formation	of	amyloid	beta	is	the
brain’s	way	of	defending	against	oxidative	stress	(a	result	of	Alzheimer’s,	not	a
cause).	In	her	recent	book,	The	Alzheimer’s	Antidote,	Amy	Berger	does	an
excellent	job	of	assessing	the	current	state	of	affairs	and	offers	diet	and	lifestyle-
related	solutions	based	on	the	newest	information	and	research.	Despite	some



seemingly	contradictory	studies	and	insights,	Berger’s	conclusion	is	that
Alzheimer’s	is	a	metabolic	disorder.	Based	on	the	research	I’ve	done	for	this
book,	I	would	agree	that	the	long-held	beliefs	about	Alzheimer’s	are	falling	apart
and	the	most	current	research	shows	we	need	a	greater	focus	on	mitochondria	in
the	prevention	and	treatment	of	the	disease.

According	to	the	results	of	some	studies,	the	degree	of	disability	in
Alzheimer’s	disease	correlates	with	the	level	of	bioenergetic	impairment	in	the
brain.	In	fact,	a	recent	study	suggests	that	cellular	energy	production	might	be	a
better	indicator	of	Alzheimer’s	disease	severity	than	senile	plaques.	In	this
particular	study,	degree	of	clinical	disability	did	not	correlate	with	the	density	of
senile	plaques,	but	did	correlate	with	a	mitochondrial	abnormality	involved	in
cellular	energetics.

Regardless	of	whether	amyloid	beta	is	a	cause	of	or	result	of	oxidative	stress,
another	potent	free	radical	called	peroxynitrite	(formed	from	nitric	oxide)
oxidizes	lipids	in	the	membranes	of	nerve	cells.	This	generates	the	highly	toxic
by-product	hydroxynonenal	(HNE),	which	is	found	in	excess	quantities	in
multiple	brain	regions	of	Alzheimer’s	patients.	HNE	kills	brain	cells	not	only
directly	but	also	indirectly	by	making	them	more	susceptible	to	excitotoxicity.
(As	a	quick	side	note,	CoQ10	and	vitamin	E	can	protect	cell	membranes	from
lipid	peroxidation,	and	CoQ10	has	been	found	to	reduce	peroxynitrite	damage
and	HNE	formation	in	the	bloodstream.)

Current	research	has	not	identified	a	single	underlying	cause	of	Alzheimer’s
disease,	but	an	interesting	multiple-factor	theory	was	proposed	by	Wan-Tao	Ying
in	1997.	According	to	this	theory,	Alzheimer’s	disease	develops	from	the
interplay	of	four	causes:	imbalances	in	APP	(amyloid	precursor	protein),
calcium,	free-radical	damage,	and	bioenergetic	deficit.	Ying	cites	studies
showing	that	each	factor	reinforces,	and	is	reinforced	by,	each	of	the	other
factors.

Overeating	and	Alzheimer’s	Disease
Data	presented	in	2012	by	the	Mayo	Clinic	Study	on	Aging	suggested	that
consuming	between	2,100	to	6,000	calories	per	day	might	double	the	risk	for
mild	cognitive	impairment	(MCI,	the	precursor	of	Alzheimer’s)	in	adults	aged
seventy	years	and	older	(compared	to	those	who	consumed	less	than	about	1,500
calories	daily).

While	previous	studies	noted	an	association	between	different	dietary	patterns
and	risk	for	MCI	(for	example,	elderly	individuals	who	follow	a	healthy



Mediterranean	diet	are	less	likely	to	develop	MCI,	and	are	also	less	likely	to
progress	from	MCI	to	Alzheimer’s	disease),	this	was	the	first	study	to	find	the
association	between	excessive	daily	calorie	consumption	and	MCI.	All	of	these
studies	together	suggest	that	we	need	to	ensure	we’re	eating	a	nutrient-dense
diet,	and	minimize	empty	calories	that	come	from	foods	such	as	added	sugar,
white	bread,	and	salty	snacks.

Excess	calories	have	also	been	linked	to	countless	other	degenerative
diseases.	On	the	flip	side,	as	previously	discussed,	caloric	restriction	(a	reduction
in	calories	while	ensuring	nutrient	needs	are	met)	has	been	linked	to	life
extension	and	possibly	a	reduction	in	the	risk	of	degenerative	diseases.	This	adds
weight	to	the	free-radical	and	bioenergetic	components	of	Ying’s	multiple-factor
theory.	(I’ll	discuss	caloric	restriction	in	further	detail	in	chapter	3,	“Ketogenic
Diets	and	Calorie	Restriction,”	page	170.)

There	is	a	significant	amount	of	current	research	in	the	area	of	Alzheimer’s
disease,	and	I	hope	we	will	soon	have	greater	clarity	over	how	we	can	help	those
who	have	this	condition.

Parkinson’s	Disease:	Rethinking	L-Dopa	Therapy
Recent	research	in	animal	models	of	Parkinson’s	disease	suggests	that	CoQ10
can	protect	brain	cells	from	neurotoxicity	and	excitotoxicity,	even	in	cases	where
other	powerful	antioxidants	cannot.	This	finding	is	significant	because	it	draws
focus	to	the	importance	of	mitochondrial	dysfunction	and	cellular	energy	in
Parkinson’s	disease.	Subsequent	research	has	further	confirmed	that
dysfunctional	cellular	energy	production	plays	a	large	role	in	the	progression	of
Parkinson’s	disease.

In	Parkinson’s	disease,	cell	death	is	primarily	targeted	to	the	neurons	in	the
substantia	nigra—a	part	of	the	brain	that	coordinates	movement.	These	neurons
produce	the	neurotransmitter	dopamine;	the	death	of	these	cells	depletes
dopamine	stores,	and	ultimately	leads	to	muscle	rigidity,	tremors,	and	difficulty
initiating	movement.

Research	has	shown	that	the	substantia	nigra	is	the	part	of	the	brain	that	has
the	greatest	number	of	mutations	in	mtDNA,	and	human	evidence	reveals	that
the	mitochondria	of	patients	with	Parkinson’s	disease	exhibit	several
deficiencies.	One	of	the	most	well-characterized	deficiencies	is	diminished
Complex	I	activity	(the	first	complex	in	the	ETC).	In	rat	studies,	Complex	I
inhibition	has	been	observed	to	directly	follow	the	administration	of	dopa	or
dopamine	in	a	dose-dependent	manner.	Other	rat	studies	have	shown	a	dose-



dependent	increase	in	hydroxyl	free	radicals	in	the	mitochondria	when
administered	dopa.	These	studies	were	the	first	indication	that	perhaps
increasing	the	amount	of	a	substance	that	we	think	is	deficient	might	not	be	the
answer.

As	previously	discussed,	superoxide	radicals	are	generated	when	electrons
leak	and	react	with	oxygen.	Deficits	in	Complex	I	increase	leakage	of	electrons
and,	in	turn,	increase	superoxide	production,	and	ultimately	diminish	ATP
production	(you	might	remember	that	Complex	I	is	the	primary	site	for
superoxide	radicals).	As	superoxide	is	neutralized,	hydrogen	peroxide	is
generated	in	the	interim.	As	hydrogen	peroxide	is	broken	down,	hydroxyl
radicals	can	be	produced	instead	of	water.	This	is	consistent	with	the	observation
that	hydroxyl	radical	production	is	increased	when	Complex	I	is	inhibited.	The
question	is,	why	are	hydroxyl	radicals	formed	instead	of	water?	The	answer
relates	to	iron	in	its	reduced	form	(Fe2+),	which	catalyzes	the	breakdown	of
hydrogen	peroxide	into	hydroxyl	radicals.	For	this	reason,	the	association
between	tissue	iron	stores	and	Parkinson’s	disease	(incidence	and	progression)
should	receive	more	attention.

Further,	as	alluded	to	earlier,	research	into	mitochondrial	dysfunction	in
Parkinson’s	disease	has	raised	serious	questions	regarding	the	conventional	use
of	L-dopa	in	the	treatment	of	the	disorder.	L-dopa	is	prescribed	in	conventional
medicine	for	its	ability	to	improve	the	symptoms	of	Parkinson’s	(at	least
temporarily),	but	it	does	not	improve	the	underlying	disease	pathology.	There	is
growing	evidence	that	L-dopa	might	actually	aggravate	some	of	the	underlying
causes	of	Parkinson’s	disease.	As	such,	it	might	be	time	to	reconsider	the	costs
and	benefits	of	L-dopa	therapy.	In	fact,	it’s	well	known	that	L-dopa	therapy
eventually	loses	its	effect,	and	the	symptoms	return	with	vigor.	Is	short-term
relief	of	symptoms	worth	accelerating	the	progression	and	increasing	the
severity	of	the	disease?

The	mitochondria	of	Parkinson’s	patients	also	exhibit	some	(although	milder)
inhibition	of	Complex	III	activity	(the	second	most	prominent	site	of	superoxide
generation).

A	relative	deficit	of	alpha-ketoglutarate	dehydrogenase	complex	(KGDHC,	a
key	enzyme	of	the	TCA	cycle	found	in	the	mitochondrial	matrix)	has	also	been
noticed.	KGDHC	produces	NADH,	the	substrate	for	Complex	I,	and	has	been
found	to	be	significantly	depleted	in	the	lateral	part	of	the	substantia	nigra
regions	of	Parkinson’s	patients.	Interestingly,	reductions	in	KGDHC	levels	have
been	noted	in	the	cortex	of	Alzheimer’s	patients	as	well.



M.	Flint	Beal,	a	prominent	neurologist,	has	spent	years	proving	that	CoQ10
has	neuroprotective	properties	that	might	help	diseases	such	as	Parkinson’s	and
Huntington’s,	and	a	growing	body	of	scientific	evidence	supports	his	hypothesis.
Research	has	established	that	mitochondria	from	platelets	in	patients	with	early,
untreated	Parkinson’s	had	reduced	activities	of	Complexes	I,	II,	and	III
(compared	to	age-matched	controls).

His	research	team	also	demonstrated	that	CoQ10	administration	in	middle-
aged	and	old-aged	rats	could	restore	levels	of	the	nutrient	to	those	of	younger
rats.	The	results	showed	that	CoQ10	levels	rose	by	10–40	percent	in	the
mitochondria	of	the	cerebral	cortex	region	of	the	brain.	In	a	later	study	of	mice,
oral	supplementation	with	CoQ10	attenuated	chemically	induced	neurotoxicity
(which	had	been	shown	to	cause	a	Parkinsonian	syndrome	in	test	animals).	After
a	number	of	weeks	of	exposure	to	the	Parkinson’s-inducing	chemical,	striatal
dopamine	concentrations	and	dopaminergic	axon	density	were	reduced,	but	they
were	much	higher	(37	percent	and	62	percent,	respectively)	in	the	group	that	was
pretreated	with	CoQ10,	confirming	a	bioenergetic	deficit	is	a	component	of	the
disease.

Depression
Up	to	20	percent	of	the	population	will	experience	some	form	of	a	stress-
associated	disease,	including	depression,	yet	despite	decades	of	research,	we	still
do	not	completely	understand	this	complex	brain	disorder.	There	is	controversy
about	considering	depression	a	physical	illness,	in	part	because	a	reproducible,
sensitive,	and	specific	biologic	marker	is	not	available.	However,	there	is
evidence	that	mitochondrial	dysfunction	and	free	radicals	might	be	associated
with	abnormal	brain	function	and	various	mood	disorders,	such	as	depression.
Evaluation	of	mitochondrial	dysfunction	in	specific	tissues	could	broaden	the
perspective	of	depression	beyond	theories	about	neurotransmitters	or	receptor
sites,	and	could	explain	the	persistent	signs	and	symptoms	of	depression.

An	increasing	body	of	evidence	implicates	mitochondria	in	the	etiology	of
depression.	It	has	been	proposed	that	the	balance	between	stress	response	(the
adaptation	to	our	constantly	changing	environment)	and	available	energy	(our
mitochondrial	function)	is	crucial	for	mental	health.	More	specifically,	stress
activates	different	areas	of	the	brain,	and	changes	its	structure	and	function	(what
is	called	neuroplasticity).	This	comes	at	a	metabolic	cost,	and	of	course,	it’s	the
mitochondria	that	are	responsible	for	meeting	this	additional	energy	demand.



People	with	optimal	mitochondrial	function	can	cope	with	the	energy
demands	of	stress-induced	neuroplasticity,	which	means	that	these	individuals
are	at	relatively	low	risk	for	depression.	In	individuals	with	mitochondrial
dysfunction,	on	the	other	hand,	stress-induced	depletion	of	the	brain’s	energy
supply	could	ultimately	compromise	neuroplasticity,	which,	in	time,	could
render	an	individual	vulnerable	to	clinical	depression	as	the	adaptation	response
falters.

I	don’t	mean	to	imply	that	all	mitochondrial	disease	patients	suffer	from
depression,	or	that	all	depressed	patients	have	underlying	mitochondrial
dysfunction.	However,	mitochondrial	dysfunction	could	be	a	cause	of	depression
in	a	subgroup	of	patients.	If	so,	this	will	have	a	profound	effect	not	only	on	our
understanding	of	depression	but	also	on	its	treatment.

Attention-Deficit/Hyperactivity	Disorder:	Pay	Attention	to	the
Mitochondria
Attention-deficit/hyperactivity	disorder	(ADHD)	is	a	heterogeneous	condition
that	affects	a	significant,	and	growing,	proportion	of	the	population.	ADHD	is
defined	by	persisting,	developmentally	inappropriate,	cross-situational,	and
impairing	levels	of	inattention,	impulsiveness,	and	hyperactivity.	Several	studies
have	linked	ADHD	with	markers	of	elevated	oxidative	stress	and	free-radical
damage,	and	increasing	evidence	also	documents	that	ADHD	is	linked	to
environmental	pollutants	that	are	known	to	adversely	affect	mitochondria.
Whether	induced	by	pollutants,	illness,	or	predisposing	genetics,	elevated	free-
radical	damage	and	its	effects	upon	mitochondria	might	be	a	significant	factor	in
some—and	potentially	many—cases	of	ADHD.	This	indicates	that	treating
mitochondrial	dysfunction	might	be	beneficial	for	some	individuals	who	have
ADHD.

As	we	already	know,	the	mitochondrial	dysfunction	that	arises	from	free-
radical	damage	will	result	in	an	energy	deficiency,	which	leads	to	inefficient	and
inconsistent	neuronal	transmission	of	information	by	the	astrocyte	(the	major
non-neuronal	component	of	the	central	nervous	system).	Astrocytes	play	an
important	role	in	providing	energy	by	supplying	lactate	to	rapidly	firing	neurons.
Astrocytes	can	also	provide	lactate	to	oligodendrocytes,	where	lactate	is	used	as
a	substrate	for	myelin	synthesis,	and	thus	enables	rapid	neurotransmission
(myelin	allows	nerve	signals	to	travel	quickly,	which	is	normal).	The	presence	of
receptors	for	the	major	brain	neurotransmitters	on	astrocytes	adds	to	the	robust
evidence	for	their	direct	involvement	in	neurotransmission.



According	to	one	bioenergetic	theory	called	the	Energy-Deficiency	Model,
the	genesis	of	the	behavioral	symptoms	in	ADHD	is	directly	linked	to
impairments	in	the	astrocyte-neuron	lactate	shuttle.	This	shuttle	is	based	on	the
astrocytes’	uptake	of	glucose	from	the	blood,	its	storage	as	glycogen,	and	its
conversion	to	lactate.

This	is	critical,	because	as	I	mentioned,	the	brain	at	rest	uses	about	20	percent
of	the	body’s	energy.	Its	energy	demands	are	massive.	Neural	activity	triggers
the	uptake	of	glucose	from	the	blood,	into	the	astrocytes.	It	also	triggers	the
astrocytes	to	break	down	stored	glycogen	into	glucose.	This	glucose	(from	both
the	blood	and	stored	glycogen)	gets	metabolized	to	lactate,	which	in	turn	gets
shuttled	over	to	the	neurons.	The	neurons	then	take	this	lactate	into	the	TCA
cycle	and	then	on	to	oxidative	phosphorylation	to	produce	ATP.

Lactate	is	the	essential	energy	source	for	rapidly	firing	neurons,	and	is	a	more
efficient	fuel	source	than	glucose.	Why?	Because	it	is	metabolized	to	form	ATP
more	rapidly	(glycolysis	has	already	occurred)	and,	unlike	glucose,	it	does	not
require	ATP	for	its	metabolism	(remember:	it	takes	two	ATP	molecules	to
convert	glucose	to	lactate).	Due	to	their	high	energy	demands,	it	is	imperative	for
neurons	to	make	use	of	the	most	efficient	energy	supplies	when	rapid	neural
processing	is	required,	and	the	brain	has	evolved	ways	to	do	so.

However,	in	ADHD,	this	lactate	production	by	astrocytes	is	not	sufficient	to
supply	rapidly	firing	neurons	with	energy	during	brief	periods	of	increased
demand.	The	insufficient	amount	of	lactate	leads	to	a	localized	and	transient
deficiency	in	ATP	production,	impaired	restoration	of	ionic	gradients	across
neuronal	membranes	(which	requires	energy	to	restore	ions	against	a
concentration	gradient),	and	slowed	neuronal	firing.	The	consequence	of	all	this
is	inconsistent	performance	of	demanding	cognitive	tasks.

These	periods	of	rapid	firing	are	then	followed	by	slow	unsynchronized
firing,	which	exerts	less	demand	on	energy	resources.	This	allows	replenishment
of	energy	reserves	and	restoration	of	function.	The	brief	periods	of	energy
deficiency,	followed	by	periods	of	normal	supply,	are	suggested	to	account	for
the	variability	of	behavioral	response	seen	in	patients	diagnosed	with	ADHD
when	performing	complex	tasks	that	require	speed	and	accuracy.
Glutamate,	a	major	excitatory	neurotransmitter,	stimulates	glycolysis	(glucose

utilization	and	lactate	production)	in	astrocytes.	However,	there	is	a	downside	to
glutamate,	as	anyone	sensitive	to	MSG	(monosodium	glutamate)	would	know.
While	glutamate	is	excitatory	to	the	neurons,	long-term	exposure	quickly
depletes	energy	stores.	Many	who	are	sensitive	to	MSG	(and	not	just	those	with



ADHD)	report	a	racing	heart	and	sweating	(referred	to	as	excitation)	followed	by
extreme	fatigue	(energy	depletion).	Astrocytes	normally	maintain	low
extracellular	levels	of	glutamate,	and	this	is	achieved	with	the	help	of	the
membrane	potential	(the	electrochemical	gradient	across	the	neuronal
membrane).	However,	due	to	the	impaired	ability	to	maintain	electrochemical
gradient	in	ADHD,	removal	of	glutamate	from	the	extracellular	fluid	is
hampered.	Failure	to	maintain	low	levels	of	extracellular	glutamate	not	only
impairs	glutamate’s	neurotransmitter	function,	but	also	affects	neuroplasticity,
learning,	and	memory.	Cell	death	can	also	result	from	this	overexcitation	(which
means	the	mitochondria	are	pushed	to	their	limit	in	energy	production,	which
subsequently	results	in	excessive	free-radical	damage,	and	the	chain	of	events
that	leads	to	apoptosis).	ADHD	patients	are	known	to	have	reduced	gray	matter
in	their	brain;	cell	death	due	to	mitochondrial	dysfunction	eventually	results	in
the	atrophy	of	any	affected	organ.

This	process	also	helps	explain	why	the	conventional	medical	field	prescribes
amphetamines	to	patients	who	have	ADHD.	Methylphenidate	(Ritalin),	for
example,	has	been	shown	to	increase	glucose	utilization	by	astrocytes	in	brain
regions.	This	drug	helps	ADHD	patients	who	have	decreased	glucose	utilization
and	impaired	energy	supply,	and	might	also	help	others	who	have	impaired
myelination	from	a	longer-term	lactate	deficiency.	Intrinsically,	however,	most
would	agree	that	administering	amphetamines	to	children	just	doesn’t	sit	well	in
the	psyche—especially	when	schools	consistently	teach	children	how	bad	drugs
are;	it	sends	mixed	and	confusing	messages.	There	is	a	better	way,	which	I’ll
discuss	in	chapter	3.

Chronic	Fatigue	Syndrome,	Myalgic	Encephalomyelitis,	and
Fibromyalgia
Although	chronic	fatigue	syndrome	(CFS),	myalgic	encephalomyelitis	(ME),	and
fibromyalgia	are	all	distinct	and	separate	conditions,	due	to	their	similarity	and
significant	overlap	in	symptomatology,	they	are	often	discussed	together.	For	the
purposes	of	this	book,	I’ll	also	group	them	together.	In	terms	of	diagnosing	these
disorders,	however,	pain	is	the	main	factor	for	fibromyalgia—specifically,	pain
and	tenderness	in	certain	areas	of	the	body	when	pressure	is	applied	to	them
(these	are	called	tender	points).	Most	of	the	other	symptoms	(such	as	fatigue,
cognitive	dysfunction,	headaches,	and	sleep	disturbances)	are	common	to	all
three.



We	know	by	now	that	problems	arise	when	the	production	of	cellular	energy
is	stressed.	Unfortunately,	most	people	with	CFS	are	constantly	in	a	state	where
demand	outstrips	supply.	Investigations	by	Dr.	Sarah	Myhill	and	colleagues	who
have	studied	various	possible	root	causes	of	CFS	have	concluded	that	CFS	is	a
result	of	mitochondrial	dysfunction.

In	a	state	of	constant	undersupply	of	energy,	some	ADP	is	combined	together
to	form	ATP,	but	this	combination	also	creates	AMP—as	discussed	earlier.
Remember,	AMP	is	eventually	eliminated	from	the	cell,	which	means	a	critical
building	block	of	ATP	is	lost.	In	order	to	rapidly	meet	the	energy	demands	of	the
cell	in	the	presence	of	a	reduced	energy	pool,	the	body	will	make	very	small
amounts	of	ATP	directly	from	glucose	through	glycolysis	(or	anaerobic
metabolism),	which	is	much	faster	in	generating	energy,	but	far	less	efficient
than	aerobic	metabolism.	Switching	to	this	anaerobic	state	is	exactly	what	many
people	with	CFS	do.

Unfortunately,	as	Myhill	points	out,	this	switch	results	in	two	serious
problems.	First,	lactic	acid	(the	product	of	anaerobic	metabolism)	quickly	builds
up—as	it	also	does	in	someone	who	is	sprinting,	where	energy	production	must
be	fast—resulting	in	aches	and	pains	known	as	the	“lactic	acid	burn.”	The	person
switches	to	anaerobic	metabolism	to	meet	the	high	energy	demands	in	the	short
term,	but	pays	for	it	later	with	this	lactic	acid	buildup.	Second,	using	glucose	in
this	way	means	very	little,	if	any,	is	available	to	make	D-ribose.	So	people	with
CFS	are	never	fully	able	to	recover	and	get	ahead	in	the	progress	of	rebuilding
their	energy	pool	and	capacity.

For	those	wanting	to	dive	deeper	into	CFS,	I	encourage	you	to	read	more	on
Myhill’s	website,	which	is	full	of	great	information,	in	addition	to	her	book,
Diagnosis	and	Treatment	of	Chronic	Fatigue	Syndrome	and	Myalgic
Encephalitis.	It’s	fascinating	to	learn	that	when	you	follow	the	trail	of	evidence,
mitochondrial	dysfunction	explains	not	only	the	muscle	soreness	and	tenderness
and	intense	ongoing	fatigue	but	also	how	and	why	people	who	have	CFS
experience	poor	cardiovascular	function,	why	they	can’t	tolerate	heat	yet	don’t
sweat	as	they	should,	why	digestion	is	a	mess,	and	why	brain	fog	is	a	common
complaint.	One	domino	knocking	down	the	next,	it	all	starts	with	mitochondrial
dysfunction.

Type	2	Diabetes
Commonly	referred	to	as	just	diabetes,	this	metabolic	disorder	is	characterized
by	high	blood	sugar	over	a	prolonged	period	of	time.	Previously,	a	diagnosis	of



diabetes	meant	a	death	sentence,	but	with	advancing	medical	research,	it’s	no
longer	the	scary	disease	it	used	to	be.	Yet	it’s	important	to	remember	that	if	left
untreated,	diabetes	can	lead	to	many	complications,	including	cardiovascular
diseases,	neurological	disorders,	stroke,	kidney	failure,	and	even	coma.

There	are	two	main	types	of	diabetes,	type	1	and	type	2.	Type	1	occurs	when
the	body’s	immune	system	inappropriately	attacks	and	destroys	the	insulin-
producing	cells	in	the	pancreas.	Type	1	is	an	autoimmune	disease,	and	as	a	result
of	this	destruction,	the	lack	of	insulin	can	no	longer	keep	blood	sugar	levels	in
check.	Type	2,	on	the	other	hand,	occurs	when	the	body	can’t	effectively	utilize
the	insulin	that	is	produced	and	released.	Most	of	our	discussion	here	will	focus
on	type	2,	which	also	happens	to	account	for	about	95	percent	of	the	cases	of
diabetes.

While	the	management	of	diabetes	has	come	a	long	way,	recent	evidence
suggesting	mitochondrial	dysfunction	lies	at	the	heart	of	this	disorder	has	given
us	insight	into	how	to	stop	its	progression,	and	even	reverse	it!	The	reversal	of
diabetes,	which	I’ll	discuss	in	chapter	3	(see	“Ketogenic	Diets	and	Calorie
Restriction”	on	page	170),	is	our	generation’s	best	example	of	how	focusing	on
mitochondrial	function	and	health	can	have	tremendous	benefits	to	what	was
previously	thought	to	be	an	irreversible	disorder.

Mitochondrial	Damage	in	Type	2	Diabetes
Recently,	mitochondria	have	been	identified	as	playing	an	important	role	in
pathogenesis	of	type	2	diabetes,	which	is	associated	with	both	impaired	insulin
release	and	impaired	insulin	action	at	target	tissues.	Evidence	suggests	that
mitochondria	play	a	role	in	both	processes,	and	defects	are	evident	early	in	the
course	of	the	disorder.

On	the	flip	side,	type	1	diabetes	results	mainly	from	the	autoimmune
destruction	of	beta	cells	in	the	pancreas.	Mitochondria	also	are	important	in	this
situation—possibly	in	the	pathogenesis,	but	certainly	in	the	treatment	and
prevention	of	long-term	consequences	of	type	1	diabetes.

Regardless	of	the	cause,	both	types	of	diabetes	(and	less	common	forms,	such
as	mitochondrial	diabetes,	discussed	in	the	next	section)	are	associated	with
similar	long-term	complications	because	they	appear	to	result	from	pathogenic
processes	at	the	mitochondrial	level.

Mitochondrial	function	has	different	implications	for	diabetes	in	different
cells	and	tissues,	but	at	this	point,	the	scientific	community	places	emphasis	on
the	major	cell	types	responsible	for	insulin	secretion	(pancreatic	beta	cells),	the



targets	of	insulin’s	action	(skeletal	and	cardiac	muscle	cells,	and	liver	cells),	as
well	as	target	organs	for	the	major	complications	of	diabetes	(kidneys,	retina,
nerves,	and	vascular	cells).

Type	2	diabetes	is	well	known	to	be	a	progressive	disorder,	and	the	general
consensus	is	that	a	target	cell’s	insulin	sensitivity	is	substantially	impaired
(referred	to	as	insulin	resistance)	early	in	the	course	of	the	disease,	whereas
worsening	of	blood	sugar	over	time	is	related	to	beta-cell	dysfunction.	The	result
is	a	diminished	ability	to	secrete	enough	insulin	to	keep	up	with	the	demand
imposed	by	insulin	resistance.

Inability	to	keep	up	with	the	demand	in	turn	leads	to	hyperglycemia	(or	high
blood	sugar),	which	is	a	major	medical	concern.	Research	has	shown	that
hyperglycemia	induces	mitochondrial	superoxide	production	in	the	endothelial
cells	(the	cells	that	line	the	blood	vessels),	which	is	an	important	mediator	of
diabetic	complications	such	as	cardiovascular	diseases.	Endothelial	superoxide
production	also	contributes	to	atherosclerosis,	hypertension,	heart	failure,	aging,
and	sepsis.

Further,	the	high	glucose	levels	seen	in	diabetes	will	“glycate”	proteins,
known	as	AGEs	(advanced	glycated	end	products).	These	proteins	have	altered
functions,	from	simply	no	longer	working	(which	is	still	quite	dangerous,	even
though	it	sounds	benign)	to,	worse,	harming	the	cell’s	functioning.	These
glycated	proteins	can	also	bind	to	mitochondria	and	compromise	their	function.

In	addition,	the	skeletal	muscles	of	people	with	type	2	diabetes	have	shown	a
reduced	capacity	of	the	ETC,	and	the	mitochondria	are	smaller	than	normal.
Mitochondrial	damage	also	appears	to	be	a	major	cause	of	lipid	accumulation	in
these	cells.	PPARG	coactivator	1	(PGC1)	is	a	key	factor	located	in	the
mitochondrial	matrix	for	lipid	oxidation,	and	the	expression	of	PGC1	is	reduced
in	type	2	diabetes	patients.	The	accumulated	lipids	turn	into	cytotoxic
compounds,	damaging	the	mitochondria	and	leading	to	insulin	resistance.
Lipotoxicity	is	when	accumulated	lipids	lead	to	functional	impairment	of

certain	cells.	Compared	with	other	types	of	lipids,	free	fatty	acids	are	more	toxic
to	the	cells.	Several	researchers	have	identified	that	lipotoxicity	and	lipid
accumulation	can	promote	the	progression	of	type	2	diabetes.	Defects	in	the
capacity	to	metabolize	fatty	acids	in	skeletal	muscles	are	a	common
characteristic	of	type	2	diabetes.	Under	normal	physiological	conditions,	lipids
are	metabolized	through	beta-oxidation	in	mitochondria.	However,	with
mitochondrial	damage,	lipids	cannot	be	metabolized	normally	and	so	fatty	acids
accumulate.



Fatty	acids	are	particularly	prone	to	oxidative	damage,	resulting	in	the
formation	of	lipid	peroxides	(or	fatty	free	radicals).	These	lipid	peroxides	are
toxic	to	the	cell	and	highly	reactive,	leading	to	free-radical	damage	of	proteins
and	mtDNA.	Here,	the	positive	feedback	loop	rears	its	ugly	head	again.	Lipid
accumulation	is	a	cause	of	lipotoxicity	and	leads	to	mitochondrial	dysfunction
through	oxidative	damage.	On	the	other	hand,	mitochondrial	damage	promotes
the	accumulation	of	lipids,	which	cannot	be	metabolized,	and	promotes	further
lipid	accumulation.

To	prevent	the	development	of	this	positive	feedback	loop,	a	protective
mechanism	is	normally	present	in	healthy	cells.	Uncoupling	protein	3	(UCP3),
located	on	the	mitochondrial	membrane,	plays	a	major	role,	essentially	acting	as
an	overflow	valve,	so	that	an	excessive	proton	gradient	doesn’t	slow	down	the
ETC.	However,	research	shows	dysfunctional	UCP3	leads	to	free-radical
damage	in	cells,	which	is	associated	with	insulin	resistance	and	type	2	diabetes.
This	is	an	active	area	of	diabetes	research.

So	at	this	point,	the	chain	of	events	looks	something	like	this:	(1)
mitochondrial	damage	in	the	target	cells,	such	as	muscles,	results	in	lipid
accumulation;	(2)	lipid	accumulation	results	in	insulin	resistance;	(3)	due	to
insulin	resistance,	the	beta	cells	in	the	pancreas	must	increase	their	metabolism
to	create	more	insulin	(and	then	package	it	up,	and	secrete	it—all	of	which	takes
energy);	(4)	while	this	metabolism	increase	helps	control	blood	sugar	to	some
degree	in	the	short	term,	over	time	these	beta	cells	accumulate	damage	to	their
mitochondria	due	to	chronically	high	metabolism	and	energetic	demand;	and
finally,	(5)	the	beta	cells	start	to	die	off,	resulting	in	a	drop	in	insulin	and	a	spike
in	blood	glucose,	which	is	what	is	typically	seen	in	long-standing	uncontrolled
type	2	diabetes.

Mitochondrial	Diabetes
Typically	presenting	at	middle	age,	mitochondrial	diabetes	is	a	form	that
originates	from	an	mtDNA	defect,	so	this	diabetes	is	maternally	transmitted	and,
interestingly,	often	associated	with	hearing	loss	(particularly	for	high	tones).
This	type	of	diabetes	is	characterized	by	decreased	insulin	secretion	but	not
insulin	resistance,	suggesting	that	the	major	problem	is	with	the	mitochondria	of
pancreatic	beta	cells.

The	underlying	clinical	pathology	of	mitochondrial	diabetes	might	seem	to
resemble	that	of	type	1	diabetes,	but	in	this	case,	the	immune	system	doesn’t
destroy	beta	cells.



Instead,	this	type	of	diabetes	results	from	mtDNA	mutations.	The	most
common	mutation	leading	to	mitochondrial	diabetes	is	one	that	encodes	for
“transfer	RNA.”	The	defect	in	transfer	RNA	leads	to	impaired	synthesis	of
multiple	mitochondrial	proteins	and,	ultimately,	mitochondrial	dysfunction.
Although	rare,	its	presentation	will	often	resemble	that	of	type	2	diabetes,	and	it
must	be	diagnosed	properly	in	order	to	treat	it	properly.	(You	can	see	why	this	is
often	misdiagnosed	when	its	pathology	resembles	that	of	type	1	diabetes,	while
its	symptoms	resemble	those	of	type	2	diabetes.)

Medication-Induced	Mitochondrial	Damage	and	Disease
With	the	increasing	use	of	pharmaceutical	medications,	there	has	been	a	rise	in
health	conditions	linked	to	mitochondrial	dysfunction—and	mitochondrial
dysfunction	is	increasingly	implicated	in	the	etiology	of	drug-induced	toxicities.
Despite	this,	testing	for	mitochondrial	toxicity	is	still	not	required	by	the	Food
and	Drug	Administration	of	the	United	States,	Health	Canada,	or	any	other
regulatory	body	responsible	for	drug	approval.	Medications	can	damage	the
mitochondria	both	directly	and	indirectly	(see	table	2.1	on	page	96);	they	can
directly	inhibit	mtDNA	transcription	of	ETC	complexes	(the	thirteen	key
subunits),	damage	ETC	components	through	other	mechanisms,	or	inhibit
enzymes	required	for	any	of	the	steps	of	glycolysis	and	beta-oxidation.
Indirectly,	medications	could	cause	mitochondrial	damage	through	the
production	of	free	radicals,	by	decreasing	the	quantity	of	endogenous
antioxidants	such	as	superoxide	dismutase	and	glutathione,	or	by	depleting	the
body	of	nutrients	required	for	the	creation	or	proper	function	of	ETC	complexes
or	mitochondrial	enzymes.

In	fact,	damage	to	mitochondria	might	explain	the	side	effects	of	many
medications.	Barbiturates	(used	as	sedatives	or	antianxiety	drugs)	were	the	first
medications	noted	to	impede	mitochondrial	function	by	inhibiting	Complex	I.
This	same	mechanism	also	explains	how	rotenone	(an	agricultural	pesticide)
causes	mitochondrial	damage	(which,	incidentally,	happens	to	make	this	a	useful
chemical	for	inducing	Parkinson’s	disease	in	animals	so	we	can	study	them).
Other	drugs	can	sequester	coenzyme	A	(e.g.,	aspirin,	valproic	acid),	inhibit
biosynthesis	of	CoQ10	(e.g.,	statins),	deplete	antioxidant	defenses	(e.g.,
acetaminophen),	inhibit	mitochondrial	beta-oxidation	enzymes	(e.g.,
tetracyclines,	several	anti-inflammatory	drugs),	or	inhibit	both	mitochondrial
beta-oxidation	and	oxidative	phosphorylation	(e.g.,	amiodarone).	Other
substances	impair	mtDNA	transcription	or	replication.	In	severe	cases,



impairment	of	energy	production	could	contribute	to	liver	failure,	coma,	and
even	death.

Many	psychotropic	medications	also	damage	mitochondrial	function.	These
drugs	include	antidepressants,	antipsychotics,	dementia	medications,	seizure
medications,	mood	stabilizers	such	as	lithium,	and	Parkinson’s	disease
medications.

Adverse	effects	of	the	antiretroviral	drugs	for	treating	AIDS	result	from
inhibition	of	the	enzyme	responsible	for	mtDNA	replication.	Inhibiting	this
enzyme	can	lead	to	a	decrease	in	mtDNA,	the	thirteen	critical	subunits	of	the
ETC,	and,	ultimately,	cellular	energy	production.	Mitochondrial	dysfunction
induced	by	these	drugs	explains	the	many	adverse	reactions	reported	for	them,
including	polyneuropathy,	myopathy,	cardiomyopathy,	steatosis,	lactic	acidosis,
pancreatitis,	pancytopenia,	and	proximal	renal	tubule	dysfunction.

Acetaminophen,	the	popular	over-the-counter	pain	reliever	and	antifever
medication,	is	the	active	ingredient	in	more	than	one	hundred	products.	This
drug	is	the	leading	cause	of	drug-induced	liver	failure	in	the	United	States.	Each
year	more	than	450	deaths	are	caused	by	acute	and	chronic	acetaminophen
toxicity.	Acetaminophen	is	metabolized	in	the	liver,	and	when	acetaminophen
passes	through	the	enzyme	that	starts	its	elimination,	it	is	metabolized	to	a	toxic
intermediate	that	is	subsequently	neutralized	by	glutathione	before	finally	being
excreted	in	urine.	Therefore,	the	earliest	effect	of	acetaminophen	poisoning	is	a
depletion	of	the	liver’s	glutathione,	the	accumulation	of	free	radicals,	and
decreased	mitochondrial	function.	Because	glutathione	depletion	is	a	mechanism
by	which	acetaminophen	causes	death	of	liver	cells,	it	is	not	surprising	that	the
antidote	for	acetaminophen	poisoning	is	a	common	nutritional	supplement	called
N-acetyl-cysteine	(the	precursor	of	glutathione),	which	increases	glutathione.

The	exact	mechanism	of	mitochondrial	damage	and	the	tissues	affected
depend	on	the	medication.	For	example,	valproic	acid	depletes	L-carnitine,
which	causes	a	decrease	in	beta-oxidation	in	the	liver,	thereby	contributing	to
fatty	liver.	The	antipsychotic	medications	in	table	2.1	inhibit	ETC	function.	The
antianxiety	medication	diazepam	was	shown	to	inhibit	mitochondrial	function	in
the	brain,	while	alprazolam	does	so	in	the	liver.	Long-term	administration	of
corticosteroids	has	been	shown	to	result	in	mitochondrial	dysfunction	and
oxidative	damage	to	mtDNA	(and	nDNA	as	well).

If	I	had	my	way,	all	medications	would	be	studied	for	their	effect	on
mitochondrial	function.	In	fact,	all	chemicals,	whether	they’re	pesticides,	food
additives,	or	personal	care	products	(and	everything	else),	should	be.	For



example,	the	artificial	blue	color	often	used	in	candies	and	men’s	shaving	gels
inhibits	oxidative	phosphorylation.	Table	2.1	lists	medications	documented	to
induce	mitochondrial	damage	to	date.

Acquired	Conditions	That	Implicate	Mitochondrial
Dysfunction

As	our	understanding	of	mitochondrial	function	and	dysfunction	expands,
we	start	to	realize	the	wide	range	of	conditions	where	mitochondrial
dysfunction	lies	at	the	heart	of	many	familiar	diseases.	Some	recent	data
suggests	mitochondrial	disease	is	now	seen	in	as	many	as	one	in	every
2,500	people.	When	you	consider	the	following	conditions,	it’s	realistic	to
predict	that	we	could	see	the	reported	incidence	of	mitochondrial	disease
(inherited	or	acquired)	skyrocket	to	more	than	one	in	twenty,	or	even	one	in
ten.

•	Type	2	diabetes
•	Cancers
•	Alzheimer’s	disease
•	Parkinson’s	disease
•	Bipolar	disorder
•	Schizophrenia
•	Aging	and	senescence
•	Anxiety	disorders
•	Nonalcoholic	steatohepatitis
•	Cardiovascular	diseases
•	Sarcopenia	(loss	of	muscle	mass	and	strength)
•	Exercise	intolerance
•	Fatigue,	including	chronic	fatigue	syndrome,	fibromyalgia,	and
myofascial	pain

Table	2.1.	Medications	Documented	to	Induce	Mitochondrial	Damage





Mitochondrial	Disease
While	I’m	embarrassed	to	admit	that	I	used	to	be	an	avid	viewer	of	the	television
show	The	Bachelor,	it	was	exciting	to	see	that	on	Season	17,	Episode	3	(aired



January	2013),	Sean	(the	bachelor)	and	Ashlee	(a	“contestant”)	went	on	a	date
with	two	girls	with	mitochondrial	disease.	For	many	of	you,	if	you	watched	the
show,	it	might	have	been	the	first	time	you	heard	of	mitochondrial	disease.
However,	this	group	of	illnesses	is	becoming	more	and	more	recognized	as
genetic	testing	and	genetic	sequencing	technology	become	easier,	cheaper,	and
more	readily	available.

Before	the	human	mitochondrial	genome	was	completely	sequenced	in	the
early	1980s,	reports	of	mitochondrial	diseases	were	rare.	Since	then,	it’s	become
possible	to	sequence	the	mtDNA	of	many	patients.	This	has	resulted	in	the
number	of	cases	skyrocketing,	with	about	one	in	five	thousand	(or	even	one	in
every	2,500)	people	reportedly	born	with	a	mitochondrial	disease	(which	might
actually	be	an	underestimation,	because	many	are	mild	forms	that	don’t	need
medical	intervention).	Further,	the	number	of	conditions	recognized	as
mitochondrial	disease	has	also	skyrocketed,	and	is	revealing	the	bizarre	nature	of
the	disease.

Mitochondrial	diseases	present	extraordinarily	complicated	genetic	and
clinical	pictures	that	cut	across	an	extremely	broad	range	of	established
diagnostic	categories.	The	patterns	of	inheritance	do	not	follow	Mendel’s	laws,
although	sometimes	they	do.	(Mendel’s	laws	govern	the	pattern	of	inheritance	of
“normal”	nuclear	genes.	The	likelihood	of	a	genetic	trait	or	disease	being
inherited	is	easily	calculated	based	on	the	probability	of	inheriting	one	of	two
random	copies	of	the	same	gene	from	each	parent	[giving	everyone	two	copies
of	each	gene].)	When	mitochondrial	diseases	are	a	result	of	defective	nuclear
genes,	the	inheritance	patterns	do	follow	Mendel’s	laws.	However,	there	are	two
sets	of	genomes	involved	in	making	mitochondria	work,	mtDNA	(inherited	only
from	the	mother)	and	nDNA	(inherited	from	both	parents),	so	inheritance
patterns	can	range	greatly	from	autosomal	recessive	to	autosomal	dominant	to
maternal	inheritance.

Making	matters	more	complicated,	there	are	countless	interactions	between
the	mtDNA	and	the	nDNA	in	a	cell.	The	result	is	that	the	same	mtDNA
mutations	can	produce	remarkably	different	symptoms	between	siblings	in	the
same	family	(they	will	have	different	nDNA,	even	though	they	might	all	share
the	same	mtDNA),	while	different	mutations	can	produce	the	same	symptoms.
Even	twins	with	the	same	disease	can	have	a	radically	diverse	symptom	picture
(the	symptoms	are	related	to	what	tissues	are	affected),	while	individuals	with
different	mutations	might	present	with	the	same	symptoms	and	disease.



However,	the	variation	in	mtDNA	in	the	mother’s	eggs	is	surprisingly	high,
and	this	fact	throws	a	wrench	in	any	predictions	of	inheritance.	To	illustrate	the
bizarre	nature	of	this	group	of	diseases,	the	onset	of	symptoms	can	vary	by
decades,	and	even	between	siblings	with	the	identical	genetic	mitochondrial
mutation.	Moreover,	occasionally	the	disease	might	even	disappear	in	an
individual	who	had	(or	should	have)	inherited	them.	This	individual	is	a	lucky
one,	however,	because	in	general,	mitochondrial	diseases	become	progressively
worse	with	time.	Tables	2.2	and	2.3	outline	the	symptoms	and	diseases
associated	with	mitochondrial	dysfunction,	as	well	as	inherited	conditions	that
implicate	it.

Table	2.2.	Signs,	Symptoms,	and	Diseases	Associated	with
Mitochondrial	Dysfunction



Table	2.3.	Inherited	Conditions	That	Implicate	Mitochondrial
Dysfunction



Currently,	there	are	over	two	hundred	known	types	of	mitochondrial
mutations,	and	a	wide	range	of	common	degenerative	diseases	has	been	found	to
involve	one	or	more	of	these	mutations	(indicating	we	might	need	to	reclassify	a
very	large	number	of	diseases	as	mitochondrial	diseases).

As	we	know,	these	mutations	cause	the	mitochondria	to	fail	in	their	task	of
making	energy.	When	less	and	less	energy	is	made	in	the	cells,	the	cells	might
stop	working	or	die.	All	cells	(except	red	blood	cells)	contain	mitochondria,	so
mitochondrial	diseases	tend	to	affect	multiple	body	systems	(either	at	the	same
time,	or	progressively	at	different	times).	Of	course,	some	organs	and	tissues
require	more	energy	than	others.	When	an	organ’s	energy	requirements	can	no
longer	be	fully	met,	the	symptoms	of	mitochondrial	disease	manifest.	They
primarily	affect	the	brain,	nerves,	muscles,	heart,	kidneys,	and	endocrine	system
—all	organs	with	high	demand	for	cellular	energy.



At	the	genetic	level,	it	gets	increasingly	complex.	An	individual’s
bioenergetic	baseline	might	be	established	by	understanding	the	level	of
inherited	defects	in	mtDNA.	As	additional	mtDNA	defects	develop	over	the
course	of	a	lifetime,	their	bioenergetic	capacity	might	decline	until	an	organ’s
threshold	is	crossed,	where	the	organ	begins	to	malfunction	or	become
susceptible	to	degeneration	(each	organ	has	a	different	threshold—which	I’ll
discuss	in	a	moment).

Another	genetic	complication	is	that	each	mitochondrion	contains	up	to	ten
copies	of	mtDNA,	and	each	cell	and	tissue	contains	many	mitochondria,	which
means	there	could	be	countless	different	defects	in	the	countless	different	copies
of	mtDNA	in	each	cell,	tissue,	or	organ.	For	a	particular	tissue	or	organ	to
become	dysfunctional,	a	critical	number	of	its	mtDNAs	must	be	defective.	This
is	called	the	threshold	effect.	Each	organ	or	tissue	is	more	susceptible	to	some
mutations	than	others	and	has	its	own	particular	mutational	threshold,	energy
requirement,	and	sensitivity	to	free-radical	damage.	All	these	factors	combine	to
determine	how	it	will	respond	to	genetic	damage.

For	example,	if	only	10	percent	of	the	mitochondria	are	dysfunctional,	the	90
percent	that	are	healthy	might	mask	the	effects	of	their	defective	counterparts.	Or
perhaps	it’s	a	minor,	less	serious	mutation,	but	present	in	a	larger	percentage	of
mitochondria.	In	that	case,	the	cell	might	still	be	able	to	operate	normally.

Then	there	is	the	concept	of	segregation.	When	a	cell	divides,	its
mitochondria	are	distributed	at	random	between	the	two	daughter	cells.	One
might	inherit	all	the	defective	mitochondria,	and	the	other	might	get	all	the
healthy	ones	(or	any	combination	in	between).	The	cell	with	the	defective
mitochondria	will	die	by	apoptosis,	leaving	the	healthy	cell	(which	could	explain
how	mitochondrial	disease	can	sometimes	randomly	and	unexpectedly
disappear).	This	phenomenon,	where	not	all	of	the	mtDNA	copies	within	a	cell
are	the	same,	is	known	as	heteroplasmy	(meaning	mixed	mtDNA).	The	degree	of
heteroplasmy	will	differ	from	person	to	person,	even	within	a	family.	The	degree
of	heteroplasmy	within	a	person	might	also	differ	from	organ	system	to	organ
system	and	even	cell	to	cell,	leading	to	a	vast	array	of	possible	disease
presentations	and	symptoms.

In	a	developing	embryo,	as	cells	divide,	different	mitochondria	with	different
mutations	will	eventually	populate	different	tissues	with	different	metabolic
requirements.	If	the	defective	mitochondria	happen	to	get	distributed	to	cells	that
eventually	develop	into	metabolically	active	tissues,	such	as	the	heart	or	brain,
these	individuals	will	likely	have	a	poor	quality	of	life,	if	any.	On	the	flip	side,	if



the	defective	mitochondria	end	up	in	less	metabolically	active	cells,	such	as	skin
cells	(that	are	also	constantly	shed),	then	the	individual	might	never	know	they
have	the	genetic	imprint	for	a	mitochondrial	disease.	This	was	evident	on	The
Bachelor	when	one	of	the	girls	affected	by	mitochondrial	disease	appeared,	on
the	surface,	to	be	“normal,”	while	the	other	was	affected	to	a	very	noticeable
degree.

Some	specific	mitochondrial	mutations	develop	spontaneously	with	age,	due
to	free-radical	production	from	normal	metabolism,	which	generates	a
heterogeneous	population	of	mitochondria	in	the	affected	cell.	What	happens
next	depends	on	a	number	of	factors.	For	example,	if	the	affected	cell	were	a
rapidly	dividing	one,	such	as	a	stem	cell	that	regenerates	tissue,	the	defective
mitochondria	would	be	replicated	and	its	prominence	would	spread.	If	the
affected	cell	were	one	that	was	no	longer	active	in	cell	division,	such	as	a	nerve
cell,	then	the	mutation	would	be	contained	to	that	one	cell.	I	shouldn’t	rule	out
the	possibility	that	a	random	mutation	could	be	beneficial,	which	does	happen
occasionally.	However,	the	genetic	complexity	of	mitochondrial	disease	helps
explain	how	bioenergetic	decline,	driven	by	mitochondrial	mutations,	can	have
such	varied	and	complex	effects	over	the	course	of	aging.

We	must	also	remember	that	there	are	numerous	other	genes	involved	in	the
proper	functioning	of	mitochondria.	If	a	mutation	affects	a	gene	coding	for
RNA,	the	consequences	are	usually	serious.	If	a	mutation	affects	a	mitochondrial
transcription	factor	in	the	nDNA	inherited	from	either	parent	at	conception,	then
the	effects	could	affect	all	the	mitochondria	in	the	body.	Yet,	if	the	mutation
affects	certain	mitochondrial	transcription	factors	that	are	only	activated	in	a
particular	tissue,	or	in	response	to	a	particular	hormone,	the	effects	would	be
tissue-specific.

Given	this	wide	degree	of	variance,	the	incredibly	broad	spectrum	of
mitochondrial	diseases	is	a	problem	in	and	of	itself	and	makes	it	almost
impossible	to	predict	how	the	disease	will	progress	in	any	one	individual.	Also,
there	are	so	many	types	of	mitochondrial	disease	it	would	be	difficult	to	name
them	all,	and	many	have	yet	to	be	discovered.	Even	many	common	degenerative
diseases	(e.g.,	various	cardiovascular	diseases,	cancers,	various	forms	of
dementia)	are	now	being	seen	as	specific	mitochondrial	diseases.

While	there	is	no	cure	for	genetic	mitochondrial	disease,	many	people—
especially	those	with	milder	forms—might	have	a	normal	quality	of	life	and	life
span	if	their	disease	can	be	well	managed.



When	Mitochondrial	Disease	Is	the	Primary	Disease
When	mitochondrial	disease	exists	right	from	birth,	it	is	said	to	be	the	primary
disease.	In	mild	cases,	young	people	might	learn	to	cope	and	adapt	to	the	amount
of	energy	they	have	and	don’t	realize	they	even	have	mitochondrial	disease.
Mildly	affected	adults	might	say	that	they	had	a	very	normal	and	healthy	life	as	a
child,	although	they	were	never	really	good	at	sports	or	activities	that	required
endurance.

Some	common	symptoms	of	more	noticeable	mitochondrial	disease	include
developmental	delay	or	regression	in	development,	seizures,	migraine
headaches,	muscle	weakness	(might	be	only	occasional),	poor	muscle	tone
(hypotonia),	poor	balance	(ataxia),	painful	muscle	cramps,	inability	to	keep	up
with	peers	in	physical	activities	(low	endurance),	chronic	fatigue,	stomach
problems	(vomiting,	constipation,	pain),	temperature	problems	from	too	little	or
too	much	sweating,	breathing	problems,	eyes	that	are	not	straight	(strabismus),
decreased	eye	movement	(ophthalmoplegia),	loss	of	vision	or	blindness,	droopy
eyelids	(ptosis),	loss	of	hearing	or	deafness,	heart/liver/kidney	disease	at	a	young
age,	and	shaky	parts	of	the	body	(tremors).	Although	some	of	these	symptoms
are	common	in	the	general	population,	people	with	mitochondrial	diseases	are
usually	affected	with	multiple	symptoms	at	a	young	age.

Similarly,	many	common	health	conditions	can	be	misdiagnosed.	While	the
diagnosis	could	be	relevant	to	the	symptomatology,	the	underlying	condition
might	actually	be	mitochondrial	disease.	For	example,	mitochondrial	defects
could	contribute	to	a	diagnosis	of	heart	disease	in	some	patients.	A	recent	study
of	dilated	cardiomyopathy	found	that	about	one	in	four	patients	(25	percent)	had
mtDNA	mutations	in	the	heart	tissue.

Other	patients	might	have	a	genetic	CoQ10	deficiency	and	suffer
dysfunctions	in	the	brain,	nerves,	and	muscles,	often	including	fatigue	on
exertion,	and	seizures.	Such	patients	appear	to	respond	to	CoQ10
supplementation,	but	observations	are	limited	because	diagnosis	of	this	disorder
is	in	its	infancy.	Primary	CoQ10	deficiency	is	one	of	the	mitochondrial	diseases
caused	by	mutations	in	nDNA.

Table	2.4	outlines	the	features	of	mitochondrial	disorders	caused	by	mtDNA
mutations	in	children	and	adults.

Table	2.4.	Features	of	Mitochondrial	Disorders	Caused	by	mtDNA
Mutations	(Maternally	Inherited)





Treating	Mitochondrial	Disease
Recent	advances	in	medicine,	science,	and	genetics	have	helped	us	gain	a	better
understanding	of	the	diagnosis	and	treatment	of	mitochondrial	diseases.
Unfortunately,	there	is	still	no	cure,	and	current	treatments	cannot	guarantee
symptom	relief	or	improvement	in	quality	of	life.

The	effectiveness	of	treatment	varies	depending	on	the	exact	disorder
affecting	a	person	and	its	severity.	Also,	treatment	cannot	reverse	any	existing
damage	(such	as	brain	malformations	or	damage	from	a	stroke).	Generally,	those
with	a	mild	form	of	the	disease	tend	to	respond	to	treatment	better	than	those
with	a	severe	form.



Recent	research	has	shown	that	several	nutritional	supplements	can	help
relieve	symptoms	and	improve	function.	Case	reports	and	pilot	studies	have
found	that	some	patients	with	mitochondrial	diseases	respond	to	long-term
CoQ10	therapy,	and	promising	results	have	been	reported	in	mitochondrial
encephalomyopathy,	lactic	acidosis,	and	strokelike	syndrome	(MELAS);	Kearns-
Sayre	syndrome;	and	maternally	inherited	diabetes	with	deafness.	An	Italian
study	of	patients	with	mitochondrial	disease	measured	the	bioenergetic	activity
in	their	brain	and	skeletal	muscles,	and	demonstrated	the	positive	impact	of
CoQ10	therapy.	After	six	months	of	CoQ10	therapy	(at	only	150	milligrams
daily),	brain	bioenergetics	returned	to	normal	in	all	patients,	and	skeletal	muscle
energetics	improved	significantly.	A	number	of	other	studies	have	also
confirmed	the	value	of	CoQ10	in	mitochondrial	disease.	Typically,	it’s
prescribed	in	combination	with	other	nutrients,	in	what’s	often	called	the
“mitochondrial	cocktail,”	and	a	knowledgeable	and	progressive	doctor	might
recommend	some	or	all	of	these	supplements:	creatine	monohydrate,	vitamin	C,
vitamin	E,	alpha-lipoic	acid,	thiamine	(vitamin	B1),	riboflavin	(B2),	niacin	(B3),
L-carnitine,	or	L-arginine.	Others	include	D-ribose,	PQQ,	magnesium,	and
medium-chain	fatty	acids.

Regular	exercise	and	physical	activity	provide	immense	benefits	for	the	body,
mind,	and	spirit	for	everyone.	However,	for	those	with	mitochondrial	disease,
physical	activity	becomes	extremely	important	as	a	way	to	build	more
mitochondria	in	the	cells	(mitochondrial	biogenesis),	which	generates	more
energy	for	the	cells,	resulting	in	increased	tolerance	to	physical	activity.
Ultimately,	exercise	can	improve	the	quality	of	life	for	anyone	with	a
mitochondrial	disease.

Examples	of	Inherited	Disorders	Caused	by	mtDNA
Mutations

The	following	disorders	have	been	shown	to	be	caused	by	mutations	in
mtDNA,	which	means	they	will	typically	follow	maternal	inheritance
patterns.

•	Mitochondrial	encephalomyopathy,	lactic	acidosis,	and	strokelike
syndrome	(MELAS)
•	Myoclonic	epilepsy	associated	with	ragged-red	fibers	(MERRF)
•	Neuropathy,	ataxia,	and	retinitis	pigmentosa



•	Maternally	inherited	Leigh	syndrome
•	Leber	hereditary	optic	neuropathy	(LHON)
•	Chronic	progressive	external	ophthalmoplegia
•	Maternally	inherited	diabetes	and	deafness
•	Nonsyndromic	maternally	inherited	deafness
•	Kearns-Sayre	syndrome	(KSS)
•	Pearson	syndrome

Examples	of	Mitochondrial	Disorders	Caused	by	nDNA
Mutations

These	disorders	are	known	to	be	caused	by	mutations	in	nDNA,	which
means	they	can	be	inherited	either	maternally	or	paternally,	and	will
typically	follow	Mendel’s	inheritance	pattern.

•	Autosomal	recessive	external	ophthalmoplegia	(paralysis	of	muscles	that
control	eye	movements)
•	Hypertrophic	cardiomyopathy	(large,	damaged	heart)
•	Myoneurogastrointestinal	encephalomyopathy
•	Leigh	syndrome
•	Mitochondrial	depletion	syndrome
•	Dominant	optic	atrophy

Age-Related	Hearing	Loss
Age-related	hearing	loss	(known	as	presbyacusia	or	presbycusis)	affects
approximately	one-third	of	all	people	aged	sixty-five	and	older,	and	is	due	to	the
changes	that	occur	in	the	aging	body.	Circulatory	disorders,	for	example,	which
limit	the	flow	of	blood	throughout	the	body,	as	well	as	to	the	brain	and	auditory
system,	are	common	in	later	years.	There	are	many	reasons	why	circulation
slows	down	as	the	body	grows	older,	among	them	heart	disease,	hardening	of	the
arteries,	diabetes,	and	sedentary	lifestyles.

Alarmingly,	nearly	half	of	all	baby	boomers	today	suffer	from	some	degree	of
hearing	loss.	While	its	onset	can	be	almost	imperceptible,	the	end	result	is	an
impaired	ability	to	interact	with	the	world	that	significantly	detracts	from	quality
of	life.	In	fact,	“cognitive	load”	is	a	possible	explanation	from	newer	research



that	shows	that	hearing	loss	is	linked	to	cognitive	decline.	It’s	possible	that	as
hearing	becomes	worse,	a	person’s	perceived	intelligence	decreases	because,
during	a	conversation,	the	brain	spends	more	resources	just	trying	to	hear	what’s
being	said,	rather	than	processing	the	contents	of	what’s	been	spoken.

But	how	do	mitochondria	fit	into	this	explanation?	A	growing	body	of
evidence	from	animal	studies	has	suggested	that	the	cumulative	effect	of	free
radicals	could	induce	damage	to	mtDNA,	which	can	result	in	the	eventual
apoptosis	of	the	cochlear	cells	of	the	ear.	Exposure	to	noise	is	known	to	induce
excess	generation	of	free	radicals	in	the	cochlea,	and	genetic	investigation	has
identified	several	genes	that	mutate,	including	those	related	to	antioxidant
defense	and	atherosclerosis.	Genetic	variation	in	the	antioxidant	defense	system
might	also	help	explain	the	large	variations	in	the	onset	and	extent	of	age-related
hearing	loss	among	elderly	subjects.

What’s	fascinating	is	that	the	research	and	clinical	work	of	a	leading
otolaryngologist	show	that	it	is	possible	to	slow	the	progression	of—and
sometimes	even	reverse—hearing	loss	using	an	integrative	approach	that
includes	optimal	nutritional	and	lifestyle	choices.	In	his	book,	Save	Your
Hearing	Now,	Michael	Seidman	revealed	that	age-related	hearing	loss	is	linked
to	free-radical	damage	and	mitochondrial	dysfunction.

After	establishing	this	link,	Seidman	tested	the	theory	using	caloric	restriction
in	rats.	A	calorie-restricted	diet	(which	I	will	detail	later	in	chapter	3,	“Ketogenic
Diets	and	Calorie	Restriction,”	page	170)	is	proven	to	reduce	free-radical
production	and	reduce	mitochondrial	damage.	Compared	to	rats	that	were
allowed	to	eat	freely,	the	calorie-restricted	rats	and	another	group	treated	with
antioxidants	(including	melatonin	and	vitamins	E	and	C)	had	decreased
progression	of	age-related	hearing	loss.

Another	study	showed	that	elderly	rats	given	either	acetyl-L-carnitine	or
alpha-lipoic	acid	saw	an	improvement	in	hearing,	compared	to	the	placebo	group
(which	saw	further	decrease	in	hearing	over	the	study	period).	Our
understanding	of	how	these	nutrients	function	in	relation	to	mitochondria
indirectly	confirms	the	organelle’s	involvement	in	age-related	hearing	loss.
Along	with	improved	hearing	in	the	supplemented	rats,	the	researchers	found	a
much	lower	level	of	mitochondrial	damage	all	throughout	the	body.	The
supplements	actually	reduced	the	amount	of	free-radical	damage	everywhere,
creating	an	antiaging	effect	that	not	only	improved	hearing	but	also	carried	over
to	other	cells	throughout	the	body.



A	study	published	in	2013	looked	at	a	Hungarian	family	with	numerous
members	suffering	from	unexplained	hearing	loss.	Based	on	the	matrilineal
inheritance	of	this	condition,	the	researchers	analyzed	the	family’s	mtDNA	to
discover	what	was	leading	to	this	hearing	impairment.	It	was	a	genetic	mutation
within	mtDNA,	which	adds	significant	weight	to	the	theories	about
mitochondria’s	role	in	at	least	a	portion	of	those	with	hearing	loss.

Mitochondria,	Aging	Skin,	and	Wrinkles
It	might	seem	politically	incorrect	or	superficial	to	say	it,	but	your	face	is	one	of
your	most	precious	assets.	Unfortunately,	as	we	age,	most	people	will	display	a
face	ravaged	by	time,	free-radical	damage,	and	excessive	sun	exposure.	And
while	some	might	feel	young	and	vibrant,	their	face	might	communicate	a	very
different	state	of	affairs.

The	skin	is	not	only	the	body’s	largest	organ,	it	is	also	one	of	the	most
complex,	comprising	multiple	layers	of	epithelial	tissues	that	protect	underlying
muscles	and	organs.	The	skin	also	has	a	multitude	of	functions:	It	protects
against	pathogens;	provides	insulation,	temperature	regulation,	and	sensation;
and	helps	synthesize	vitamin	D.	The	epidermis	(the	outermost	layer	of	skin)
provides	a	waterproof	barrier	against	the	external	environment,	and	largely
contains	keratin	(a	fibrous	protein	made	by	keratinocyte	cells)	and	melanin	(the
skin’s	main	pigment,	which	is	produced	by	melanocyte	cells).

Below	the	epidermis	is	the	dermis.	In	addition	to	providing	essential	support
to	the	epidermis,	the	dermis	contains	nerves,	glands,	and	essential	proteins	called
collagen	and	elastin.	Collagen	is	the	skin’s	main	structural	protein,	while	elastin
provides	elasticity	to	the	skin.	This	layer	also	contains	essential	fats	and
glycosaminoglycans,	which	are	large,	sugarlike	molecules	that	bind	and	hold
water—all	helping	to	keep	moisture	in	the	skin.

Emerging	research	now	suggests	that	impaired	mitochondrial	energy
production	plays	an	important	role	in	aging	of	the	skin.	For	example,	in	aging
adults,	fibroblast	cells	demonstrate	dramatic	mitochondrial	dysfunction.
Fibroblasts	are	cells	essential	to	youthful,	healthy	skin;	they	produce	collagen
and	elastin.

With	mitochondrial	dysfunction,	fibroblasts	are	less	capable	of	producing	the
energy	required	to	carry	out	their	essential	skin-related	functions	of
manufacturing	collagen	and	elastin.	Scientists	believe	that	this	energy	deficit	in
fibroblast	cells	contributes	to	the	visible	signs	of	skin	aging,	which	might	be	why



so	many	antiaging	creams	and	concoctions	now	contain	CoQ10,	an	essential
component	of	the	ETC.

Further,	years	of	cumulative	free-radical	damage	(from	whatever	source,
including	ultraviolet	radiation	from	excessive	sun	exposure)	can	induce
mitochondrial	dysfunction.	This	dysfunction	eventually	leads	to	dramatic
changes	in	the	skin’s	health	and	appearance.	The	epidermis	becomes	less	capable
of	tissue	repair	and	renewal.	Collagen	becomes	sparser	and	less	soluble.	Elastin
fibers	are	slowly	degraded	and	damaged,	and	areas	of	sun-damaged	skin	accrue
abnormally	structured	elastin.	Glycosaminoglycans	can	no	longer	properly
interact	with	water,	while	lipid	content	decreases	with	age.	The	end	result	of
these	age-related	changes	is	that	skin	becomes	prone	to	wrinkling,	dryness,
sagging,	decreased	flexibility,	dullness,	and	poor	healing	responses.

Infertility	and	Mitochondria
As	discussed,	in	general,	for	most	organisms,	including	mammals,	mtDNA	from
the	father	is	not	transmitted	to	the	offspring.	Only	maternal	mitochondria,
already	present	in	the	oocyte,	remain.	Therefore,	the	study	of	mitochondria	in
women	has	provided	incredible	insight	into	mitochondrial	dysfunction	and	its
consequences.

It’s	well	established	that	as	women	age,	the	risk	of	infertility	increases.
Further,	should	a	woman	get	pregnant	at	an	older	age,	there	is	a	much	higher	risk
of	birth	defects.	Unfortunately,	“older”	with	respect	to	fertility	means	over	thirty-
five	years	of	age	(although	still	“young”	by	any	other	account).

The	reason	why	mitochondria	are	so	important	in	fertility	is	that	each	oocyte
contains	about	one	hundred	thousand	mitochondria—a	huge	number	despite	the
lack	of	demand	(most	ooctyes	are	dormant	for	the	majority	of	their	existence,
presumably	to	protect	mitochondria	from	damage	for	as	long	as	possible).	In
contrast,	a	sperm	cell	only	has	a	few	hundred	mitochondria.

To	be	motile,	sperm	need	to	have	very	high	metabolisms.	Unfortunately,	this
results	in	significant	free-radical	damage	in	their	very	short	life	spans,	and	sperm
have	been	known	to	quickly	accumulate	mutations	in	their	mtDNA.	By
eliminating	this	potential	source	of	defective	DNA,	the	oocyte	prevents	such
mutations	from	being	passed	on	and	affecting	the	offspring.

Within	minutes	after	fertilization,	if	and	when	sperm-derived	mitochondria
enter	the	oocyte,	a	localized	reaction	is	triggered	around	the	sperm’s
mitochondria,	where	the	autophagosomes	engulf	the	paternal	mitochondria,
resulting	in	their	degradation	(referred	to	as	autophagy).	This	ensures	only



maternal	inheritance	of	mtDNA.	However,	in	a	situation	where	autophagy	is
impaired,	paternal	mitochondria	and	their	genome	remain	even	in	the	first	stages
of	embryonic	development.

Another	reason	why	this	mixing	of	mtDNA	is	so	disastrous	and	why	the
oocyte	eliminates	the	paternal	mtDNA	lies	in	the	way	proteins	responsible	for
energy	production	are	created.	Remember	that	the	mtDNA	encode	for	only
thirteen	proteins	related	to	the	ETC.	By	comparison,	the	DNA	in	the	nucleus
codes	for	over	eight	hundred	proteins	involved	in	the	respiratory	chain.	Further,
even	if	the	mtDNA	is	“normal,”	the	newly	created	nDNA	(which	never	existed
before,	and	is	a	mix	of	both	parents’	nDNA)	must	not	only	be	“normal”	itself,
but	must	also	communicate	efficiently	with	its	mtDNA	counterpart.

For	example,	for	Complex	I	to	be	built	properly,	there	needs	to	be	clear
communication	between	the	mtDNA	and	nDNA.	However,	it’s	the	mtDNA	that’s
in	charge	because	it	codes	for	the	critical	subunits	of	the	complexes,	which	get
embedded	into	the	inner	mitochondrial	membrane.	Once	there,	it	acts	as	a
beacon	that	attracts	the	other	subunits	encoded	by	nDNA.	If	the	mtDNA	and
nDNA	are	a	good	“fit,”	the	complexes	get	built	properly	and	in	sufficient
quantities.	This	allows	the	production	of	sufficient	energy	that’s	“clean”
(meaning,	there’s	minimal	free-radical	leakage),	and	the	mitochondria	survive.
As	long	as	there	are	enough	of	these	types	of	mitochondria	in	a	cell,	the	cell
survives.

On	the	flip	side,	if	they	are	not	a	good	fit	and	energy	production	is
suboptimal,	the	mitochondria	die.	If	there	are	enough	of	these	types	of
mitochondria	in	a	cell,	the	cell	dies.	For	this	reason,	ensuring	only	one	set	of
mtDNA	survives	in	the	fertilized	egg	makes	this	whole	process	smooth.

Oocytes	from	women	of	advanced	reproductive	age	show	accumulations	of
mtDNA	mutations	that	impair	function.	Vast	amounts	of	energy	are	needed	for
the	rapid	cell	division	in	the	embryo,	so	mtDNA	mutations	aren’t	compatible
with	the	prospects	of	normal	and	healthy	fertility,	and	any	fertilization	of	these
eggs	will	quickly	be	terminated	(i.e.,	result	in	a	miscarriage).

Based	on	this,	infertile	women	in	their	thirties	(or	even	forties)	who	were
otherwise	healthy	could	be	candidates	for	a	procedure	called	nuclear	genome
transfer.	Remember,	this	is	where	an	oocyte	from	a	healthy	and	fertile	female
donor	has	its	nucleus	removed	(leaving	all	other	components,	including	the
healthy	mitochondria),	and	then	the	nucleus	from	the	fertilized	egg	of	the
infertile	woman	is	transferred	into	the	healthy	donor	egg.



As	mentioned	previously,	due	to	ethical	issues	regarding	children	born	with
three	parents,	this	procedure	is	banned	throughout	most	of	the	world.	Although
recent	evidence	suggests	that	mitochondrial	disease	can	still	creep	back	in,	even
if	a	mother’s	defective	mitochondria	are	virtually	eliminated,	one	benefit	that
arose	from	this	experiment	in	human	reproduction	was	that	it	essentially
confirmed	the	role	of	age-related	mitochondrial	dysfunction	as	a	key	contributor
to	infertility.

The	importance	of	this	confirmation	is	that	scientists	now	have	a	target	to
focus	on—the	mitochondria—and	can	begin	the	search	for	suitable
pharmacological	compounds	that	could	improve	cellular	bioenergetics:
something	that	could	revive	the	youthful	integrity	of	healthy	mitochondria
without	using	donor	mitochondria.

The	Purge:	Selecting	Only	the	Highest-Quality	Eggs	and	Mitochondria
After	the	sperm	fertilizes	the	oocyte,	the	resulting	“zygote”	goes	through
tremendous	growth	through	cell	division.	As	previously	mentioned,	this	requires
incredible	amounts	of	energy.	However,	while	the	cells	divide,	the	mitochondria
do	not.	Instead,	the	initial	number	of	mitochondria	(about	one	hundred	thousand)
gets	partitioned	with	each	division,	so	that	by	a	couple	weeks	after	conception,
each	cell	only	has	about	two	hundred	mitochondria.	Again,	this	is	by	design.
Whereas	defective	mitochondria	could	hide	and	coast	by	in	a	sea	of	healthy
mitochondria,	when	their	numbers	are	reduced	to	about	two	hundred	per	cell,
each	mitochondrion	had	better	be	pulling	its	own	weight.	Defective	ones	can	no
longer	coast	alongside	their	harder-working	comrades.	When	exposed,	these
dysfunctional	mitochondria	will	be	eliminated,	which	is	probably	not	a	big	deal
if	this	results	in	only	one	cell	dying,	but	when	enough	mitochondria	are	defective
in	enough	cells,	the	pregnancy	is	terminated.

After	all	the	defective	mitochondria	and	cells	have	been	eliminated	(and	if
that	hasn’t	resulted	in	a	miscarriage),	the	number	of	mitochondria	per	cell	can
multiply	in	normal	fashion	as	the	embryo	grows.

If	the	embryo	is	female,	she	will	start	to	produce	her	own	oocytes	at	an
alarming	rate.	In	fact,	at	five	months’	gestation,	she’s	already	produced	about
seven	million	oocytes!	From	this	crest,	the	body	starts	its	purging.	By	the	time
she’s	born,	she’s	already	down	to	about	two	million	oocytes.	Why?	Natural
selection—the	natural	process	where	only	those	most	able	to	flourish	will
survive.	During	the	development	of	the	fetus,	the	body	is	comparing	its	mtDNA
to	the	new	nDNA	to	ensure	that	any	incompatible	oocyte	is	eliminated.	It	doesn’t



stop	there,	though—the	purging	continues.	By	puberty,	when	she	is	biologically
mature	enough	to	bear	her	own	children,	she’s	down	to	about	three	hundred
thousand	oocytes.	By	this	point,	only	the	cream	of	the	crop	(in	terms	of	healthy
oocytes)	remains.	Her	body,	from	gestation	to	puberty,	has	selected	only	the
healthiest	oocytes	that	will	give	her	the	best	chance	for	conceiving	her	own
healthy	offspring.	From	there,	the	cycle	of	life	repeats	itself.

Fertile	Coenzyme	Q10	(CoQ10)
Biologically,	we	are	most	fertile	in	our	adolescence	and	early	twenties.	After
these	optimal	reproductive	years,	there	are	other	things	that	happen	to	our	bodies
that	prepare	us	for	our	eventual	exit	from	this	world—to	make	room	for	the	next
generation	and	free	up	valuable	resources.	One	of	the	things	that	happens	is	our
body	starts	to	produce	less	and	less	CoQ10.	Remember,	CoQ10	is	the	compound
that	shuttles	electrons	from	Complex	I	(or	II)	to	Complex	III	in	the	ETC.	As	we
produce	less	of	this	essential	compound,	we	produce	less	and	less	cellular
energy,	starting	the	chain	of	events	that	will	ultimately	lead	to	our	demise.

However,	before	our	eventual	demise,	we’ll	experience	various	symptoms,
and	for	women,	one	of	them	is	infertility.	If	there	is	a	relative	deficiency	of
CoQ10,	the	eggs	cannot	produce	enough	energy,	and	as	a	result,	when	they	are
fertilized	by	sperm,	the	zygote	(embryo)	is	aborted.

In	cases	where	there	might	be	sufficient	cellular	energy	production	to	stay
above	the	threshold	for	miscarriage,	the	embryo	will	continue	to	develop	and
mature.	Yet,	in	some	cases	that	evade	miscarriage,	there	is	still	insufficient
cellular	energy	to	properly	separate	the	chromosomes	during	cell	division.	An
example	of	this	is	Trisomy	21	(more	commonly	known	as	Down	syndrome),
where	there	are	three	copies	of	chromosome	21.	This	example	demonstrates	why
older	women	have	a	higher	risk	of	bearing	children	with	birth	defects.

CoQ10	deficiency—either	alone	or	in	combination	with	mtDNA	mutations	or
a	mismatch	between	mtDNA	and	nDNA—is	thought	to	be	responsible	for	a
significant	percentage	of	age-related	infertility	cases	in	women.	Animal	studies
have	shown	promising	results,	and	based	on	this,	it	is	recommended	that	women
with	age-related	infertility	undergoing	various	fertility	treatments	supplement
with	CoQ10—even	in	the	absence	of	human	studies.	As	I	write	this	book,
however,	I’m	aware	of	at	least	one	human	clinical	trial	underway	in	Toronto,
Canada.

Eye-Related	Diseases



As	we	age,	we’re	at	a	higher	risk	of	developing	age-related	eye	diseases,	and	we
might	predict	that	these	conditions	have	mitochondrial	components	to	them.
These	conditions	include	age-related	macular	degeneration,	cataract,	glaucoma,
diabetic	eye	disease,	and	others.	I’ll	discuss	a	couple	of	them	here.

Age-Related	Macular	Degeneration
Free-radical	damage	seems	to	be	the	most	important	factor	in	the	pathogenesis	of
age-related	macular	degeneration	(AMD),	a	condition	affecting	many	elderly
people	in	the	developed	world,	and	the	leading	cause	of	blindness.

Several	studies	have	found	an	increase	in	mtDNA	damage	and	a	concurrent
decrease	in	the	efficacy	of	DNA	repair—and	both	these	factors	are	correlated
with	the	occurrence	and	the	stage	of	AMD.	Considering	that	mtDNA	repair	is
executed	by	proteins	encoded	by	nDNA,	certain	mutations	in	the	nucleus	might
affect	the	ability	to	repair	mtDNA.

It’s	been	suggested	that	this	poor	DNA	repair,	combined	with	the	enhanced
sensitivity	of	retinal	cells	to	environmental	stress	factors	(e.g.	ultraviolet	light,
light	in	the	blue	spectrum,	air	pollution),	contributes	to	the	development	of
AMD.	Collectively,	the	scientific	data	suggests	that	the	cellular	response	to	both
mitochondrial	and	nuclear	DNA	damage	might	play	an	important	role	in	AMD
pathogenesis.

Further,	the	retina	requires	proportionally	more	energy	(per	cell)	than	any
other	tissue	in	the	body,	and	the	retina	is	also	where	the	density	and	number	of
mitochondria	per	cell	are	among	the	highest	found	in	the	body.	Both	of	these
facts	have	significant	implications	for	AMD.

With	age,	the	high	energy	demand	and	constant	assault	from	ultraviolet	and
blue	light	produce	debris	and	significant	free-radical	damage.	In	humans,	this
can	result	in	a	decline	of	up	to	30	percent	in	the	numbers	of	light-receptive	cells
in	the	eye	by	the	time	we	are	seventy	and	can	lead	to	progressively	poorer
vision.

Glaucoma
Glaucoma	is	the	second-leading	cause	of	blindness.	It	often	progresses	without
symptoms	until	it	succeeds	in	damaging	the	optic	nerve.	Up	to	50	percent	of
people	with	glaucoma	remain	undiagnosed,	and	as	many	as	one	in	ten
individuals	aged	eighty	or	older	are	afflicted	by	it.	Mitochondrial-associated
free-radical	damage	affects	the	eyes’	drainage	system,	where	tissue	integrity	is
essential	to	maintaining	normal	pressure	and	fluid	flow	out	of	the	eye.



Encouraging	research	has	shown	that	several	of	glaucoma’s	underlying
causative	factors	might	be	prevented	and	even	reversed	through	natural
interventions,	offering	new	hope	to	the	millions	at	risk	for	this	widespread,
debilitating	condition.	The	picture	is	even	more	encouraging	with	studies	that
suggest	a	common	link	between	glaucoma	and	Alzheimer’s	disease.	Why?
Because,	as	we	discussed	earlier,	Alzheimer’s	disease	has	known	deficits	in
mitochondrial	function,	and	targeting	bioenergetics	in	this	cognitive	disorder	has
shown	improvements	in	symptoms	and	disease	progression.	So	if	we	can	do	that
for	Alzheimer’s	disease,	we	should	be	able	to	do	the	same	with	glaucoma.

Stem	Cells	Require	Healthy	Mitochondria
Our	bodies	possess	remarkable	abilities	for	sustained	tissue	renewal	throughout
our	lifetimes.	This	continuous	self-renewal	process	is	dependent	on	reservoirs	of
stem	cells.

A	report	published	a	few	years	ago	describes	how	mitochondrial	function	is
crucial	for	maintenance	of	stem	cells.	As	age-related	mitochondrial	dysfunction
becomes	more	prominent,	damaging	free	radicals	increase	and	are	accompanied
by	stem-cell	compromise.

Interestingly,	researchers	have	discovered	that	stem-cell	populations	do	not
necessarily	decline	with	advancing	age,	but	instead	they	lose	their	restorative
potential.	This	functional	stem-cell	decline	is	accompanied	by	eventual	organ
malfunction	and	increased	incidence	of	disease,	which	bears	some	resemblance
to	oocytes	and	female	infertility	(where	the	number	of	oocytes	doesn’t	fall	off
with	advancing	age,	but	instead	they	lose	their	reproductive	potential	due	to
declining	cellular	energy	production).

A	study	published	in	2015	by	Katajisto	and	colleagues	proved	this	by
observing	how	mitochondria	are	portioned	off	during	the	formulation	of
daughter	cells.	The	researchers	followed	the	fates	of	old	and	young	organelles
during	division	of	stemlike	cells	and	saw	that	aged	mitochondria	were
distributed	asymmetrically	between	daughter	cells.	Daughter	cells	that	received
fewer	old	mitochondria	maintained	stem-cell	traits,	or	stemness.	Further,
inhibition	of	mitochondrial	fission	disrupted	various	processes	and	caused	loss
of	stem-cell	properties	in	the	daughter	cells.	From	this	study,	it	appears	there
might	be	built-in	mechanisms	for	stemlike	cells	to	asymmetrically	sort	aged	and
young	mitochondria,	allowing	at	least	one	daughter	cell	to	maintain	a	large	pool
of	healthy	mitochondria	and,	as	a	result,	to	keep	its	stemness	going	as	long	as
possible.



Mitochondrial	dysfunction	thus	underlies	a	degenerative	cycle	that	robs	aging
humans	of	the	renewal	benefits	of	their	own	stem	cells.	The	integration	of
mitochondria	into	stem-cell	research	has	led	scientists	to	propose	that
improvements	in	mitochondrial	health	(along	with	other	cellular	modulations)
could	yield	advanced	therapeutic	strategies	designed	to	rejuvenate	tissues	of	the
aged.

Cancers:	Understanding	the	Causes	Brings	Us	One	Step	Closer	to
Cures
No	discussion	of	mitochondria	is	complete	without	a	discussion	of	cancers.	As
Nick	Lane	said	in	Power,	Sex,	Suicide,	a	cancer	is	the	most	extreme	example	of
conflict	within	an	individual—a	single	cell	becomes	“selfish,”	escapes	the
body’s	systematic	control,	and	multiplies	like	a	bacterium.

Cancers	are	usually	the	result	of	genetic	mutations	(although	there	are
exceptions).	Typically,	a	cell	must	accumulate	eight	to	ten	mutations	in	specific
genes	before	it	can	transform	into	a	malignant	cell—a	single	mutation	is	rarely
enough.	Upon	transformation	to	a	malignant	cell,	its	own	interests	are	put	before
those	of	its	community,	the	body.	There	are	also	several	checkpoints	in	the	cells,
which	is	why	it	takes	an	average	of	eight	to	ten	particular	mutations	before	a	cell
becomes	malignant.	Some	people	might	inherit	some	of	these	mutations	from
their	parents,	leaving	them	with	a	lower	threshold	of	“new”	mutations	that	must
accumulate	before	the	onset	of	cancer—they	have	a	genetic	predisposition	to
cancer.

Normally,	defective	cells	no	longer	working	toward	the	greater	good	are
eliminated	via	apoptosis.	Apoptosis	is	critical	to	immune	function,	and	helps
enable	the	immune	system	to	distinguish	between	“self”	and	“nonself”	(where
cells	that	could	react	against	our	own	body	tissues	commit	apoptosis).	Immune
system	cells	can	also	exert	many	of	their	own	effects	by	inducing	apoptosis	on
damaged	or	infected	cells.	This	kind	of	active	screening	by	immune	cells
removes	damaged	cells	before	they	get	a	chance	to	get	a	foothold	and	proliferate.

In	apoptosis,	the	chain	of	events	is	perfectly	coordinated	and	leaves	no
evidence	that	the	cell	ever	existed.	However,	there	is	a	price	to	pay	for	such	a
coordinated	series	of	events.	All	steps	along	the	way	require	ATP—if	the	supply
of	ATP	fails	to	meet	the	cell’s	demand,	the	cell	cannot	commit	apoptosis,	and	the
defective	cell	is	given	a	chance	to	run	wild.	Deficient	ATP	production	can
happen	for	many	reasons,	but	two	of	them	are	due	to	gene	mutations	in	either	the
mtDNA	or	nDNA	that	(1)	no	longer	produce	functional	proteins	involved	in



energy	production,	or	(2)	result	in	defects	in	any	of	the	many,	many	proteins
involved	in	the	apoptosis	cascade.	Thus,	mitochondrial	function	is	in	absolute
control	over	apoptosis	and	prevention	of	cancers	and,	in	addition,	illustrates	how
nDNA	mutations	are	in	play	because	it	encodes	many	mitochondrial	proteins.

Many	people	just	learning	about	the	importance	of	mitochondria	to	human
health	and	aging	are	shocked	to	find	mitochondria’s	critical	part	in	cancer
formation.	What’s	even	more	shocking	is	that	this	association	between
mitochondrial	dysfunction	and	cancers	was	made	as	early	as	1930,	when
German	scientist	Otto	Warburg	first	hypothesized	that	the	increased	rates	of
aerobic	glycolysis,	which	he	observed	in	a	variety	of	tumor	cell	types,	might	be
due	to	an	impaired	respiratory	capacity	in	these	cells	(he	was	later	awarded	the
Nobel	Prize	for	his	research).	This	increase	in	aerobic	glycolysis	changes	the
bioenergetics	of	the	cell,	and	the	shift	has	been	confirmed	by	studies	showing
reduced	activity	of	the	TCA	cycle	and	oxidative	phosphorylation,	increased
gluconeogenesis,	increased	lactic	acid	production,	and	reduced	fatty	acid
oxidation.	There	are	some	excellent	references	that	summarize	the	totality	of
evidence	and	these	are	concluding	what	Warburg	knew	nearly	a	century	ago:
Cancers	are	a	metabolic	disorder	—just	like	everything	else	we’re	talking	about
in	this	book.	If	this	is	an	area	of	interest	for	further	reading,	I	suggest	the	book
Tripping	Over	the	Truth,	by	Travis	Christofferson.

Mitochondria	as	Clinical	Markers	for	Cancers
The	abundance	of	mitochondria	and	their	DNA	makes	them	an	attractive
molecular	marker	of	cancers.	Cancer	cells	have	been	found	to	have	220	more
mutated	mtDNA	than	mutated	nDNA.	Mutant	mtDNA	is	readily	detectable	in
urine,	blood,	and	saliva	samples	from	patients	with	various	cancers,	and	has
been	used	as	a	marker	in	hepatocellular	carcinoma	and	breast	cancer.	Recently,
rapid	sequencing	protocols	have	been	developed	to	detect	mtDNA	variants	in
tumor	and	blood	samples	taken	from	patients.

Over	one	thousand	different	proteins	are	found	in	mitochondria,	and	advances
in	proteomic	technologies	have	made	the	quantitative	analysis	of	mitochondrial
protein	expression	possible.	In	fact,	the	US	National	Institutes	of	Standards	and
Technology	has	recently	established	a	mitochondrial	proteomic	database,	and
research	into	mitochondrial	protein	profiles	in	normal	cells	versus	cancer	cells
will	hopefully	lead	to	identification	of	markers	for	clinical	detection	of	cancers,
and	contribute	to	an	understanding	of	how	differential	protein	expression	might
influence	the	development	of	these	diseases.



Mitochondria	as	a	Therapeutic	Target
There	are	many	distinct	differences	between	the	normal	structure	and	function	of
mtDNA	and	those	of	cancer	cells,	and	this	fact	opens	the	possibility	of	targeting
cancer	cells	with	anticancer	agents.	One	chemotherapeutic	approach	utilizes
delocalized	lipophilic	cations	(DLCs)	that	selectively	accumulate	in	cancer	cells
in	response	to	the	increased	mitochondrial	membrane	potential.	Several	of	these
compounds	have	exhibited	at	least	some	degree	of	efficacy	in	killing	cancer	cells
in	the	laboratory	and	in	biological	systems.	Certain	DLCs	have	been	employed
in	photochemotherapy	(PCT),	an	investigational	cancer	treatment	involving	light
activation	of	a	photoreactive	drug	(also	known	as	a	photosensitizer)	that	is
selectively	taken	up	or	retained	by	cancer	cells.	There	has	been	considerable
interest	in	PCT	as	a	form	of	treatment	for	cancers	of	the	skin,	lung,	breast,
bladder,	brain,	or	any	other	tissue	accessible	to	light	transmitted	either	through
the	body	surface	or	internally	via	fiber-optic	endoscopes.	Cationic	(or	positively
charged)	photosensitizers	are	particularly	promising	as	potential	PCT	agents.
Like	other	DLCs,	these	compounds	are	concentrated	into	the	mitochondria	of
cancerous	cells	in	response	to	the	negative	charge	inside	the	matrix.	In	response
to	localized	photoradiation,	the	photosensitizer	can	be	converted	to	a	more
reactive	and	highly	toxic	species,	thus	enhancing	the	selective	toxicity	to
carcinoma	cells	and	providing	a	means	of	highly	specific	tumor	cell	killing
without	injury	to	normal	cells.

An	alternative	strategy	employs	the	mitochondrial	protein-import	machinery
to	deliver	macromolecules	to	mitochondria.	For	example,	certain	short	peptides
with	functional	domains	act	as	a	sort	of	homing	device	that,	when	internalized
into	the	target	cells,	readily	penetrates	the	mitochondrial	membrane,	and
becomes	toxic	by	disrupting	the	proton	gradient.

Researchers	are	also	attempting	to	develop	drug	and	DNA	delivery	systems
attracted	to	mitochondria.	Recent	data	demonstrates	that	a	liposome	(a	tiny
vesicle	composed	of	a	phospholipid	membrane	surrounding	another	molecule,	in
this	case	a	chemotherapeutic	drug)	can	be	rendered	mitochondria-specific	via	the
attachment	of	known	residues	to	its	surface.	The	goal	of	this	type	of	research	is
to	someday	create	mitochondria-specific	vehicles	that	will	effectively	deliver
drugs	into	the	organelle	to	destroy	dysfunctional	mitochondria	or	to	replenish
mitochondria	with	healthy	copies	of	the	genome	(another	shot	at	the	Fountain	of
Youth?).

Aging	as	a	Disease



I	conclude	this	section	with	aging.	Yes,	I’ve	talked	about	this	previously,	but	I
want	to	include	it	here	with	all	the	other	“diseases.”	Why?	Because	if
mitochondrial	dysfunction	is	at	the	heart	of	all	these	age-related	degenerative
diseases,	and	I’ve	previously	established	that	deteriorating	mitochondrial
function	is	at	the	fulcrum	of	the	aging	process,	does	it	not	make	sense	that	aging
itself	is	a	disease	(just	as	I	wrote	in	my	medical	school	essay)?	What	makes	this
train	of	thought	even	more	exciting	is	that	if	it’s	a	disease,	we	should	be	able	to
“cure”	it.	Right?	In	fact,	aging	can	be	considered	the	ultimate	disease,	because	it
claims	100	percent	of	the	population	(if	we	don’t	die	from	other	causes	first).

Unfortunately,	the	mechanisms	related	to	all	these	degenerative	diseases	and
aging	are	complex,	and	numerous.	For	example,	there	can	be	mutations	in	the
protein	subunits	of	the	complexes	(either	in	the	nDNA	or	mtDNA),
supercomplex	disassociation,	defective	autophagy,	defective	fission	or	fusion,
defective	transcription,	defective	protein	transport	or	channels,	defective	protein
assembly	or	folding,	defective	permeability	transition	pores,	defective	caspase	or
apoptotic	enzymes,	mutations	in	any	of	the	enzymes	of	the	TCA	cycle	or	beta-
oxidation,	mutations	in	UCP,	defects	in	the	peroxisomes	or	endoplasmic
reticulum	(or	communication	errors	between	these	organelles	and	the
mitochondria),	inefficient	mitochondrial	movement,	and	the	list	goes	on.

So	while	it	seems	we	can	fantasize	about	the	Fountain	of	Youth,	we	are	still	a
ways	from	finding	it.	The	good	news	is	that	in	the	last	decade	we’ve	made
incredible	strides,	and	we	don’t	need	to	solve	the	puzzle	in	one	go.	To	start,	all
we	need	to	do	is	extend	life	span	and	delay	aging.	Instead	of	discovering	the
Fountain	of	Youth	right	off	the	bat,	we	just	need	to	make	incremental	steps
toward	it.	Why?	The	rate	of	scientific	progress	is	accelerating—this	increases
exponentially	as	technology	gives	birth	to	greater	technology—and	as	we	are
able	to	slowly	extend	life	span,	to	say	150	or	160	years,	by	the	time	we	actually
reach	that	age,	science	and	medical	research	will	have	figured	out	how	to	get	us
through	the	next	several	centuries.

Research	in	life	extension	received	a	significant	boost	in	September	2013,
when	Google	Inc.	announced	it	was	forming	and	funding	a	company	dedicated
to	researching	aging	and	age-related	diseases.	While	many	people	reading	this
book	might	say	this	aspect—life	extension—is	pretty	much	impossible,	if	any
organization	is	going	to	push	the	boundaries	of	what	is	or	isn’t	possible	(at	least
within	our	lifetime),	Google,	with	its	seemingly	bottomless	pit	of	funds	and	its
creative	and	scientific	geniuses,	is	humankind’s	best	shot.



Google	refers	to	these	projects	as	“moonshots.”	While	they	are	not	part	of	its
main	business,	moonshots	embody	the	company’s	philosophy	of	questioning
what’s	possible,	and	“10x	thinking”	(creating	things	that	are	at	least	an	order	of
magnitude	better	than	what	already	exists).	So	for	Google,	these	side	projects
indicate	that	nothing	is	off	limits—not	even	death	is	safe.

There	is,	of	course,	debate	over	how	far	we	would	want	to	extend	life.	Just
extending	old	age	would	not	be	much	of	an	achievement,	and	it	would	place	a
heavy	burden	on	society.	The	goal	should	rather	be	to	extend	the	healthy	and
vital	years	of	life—or,	as	a	quote	I	once	read	said,	“the	goal	is	to	die	young	as
late	as	possible.”	And	if	we	could	manage	that,	there	would	still	be	practical
questions.	For	example,	the	world	is	already	struggling	with	overpopulation	and
aging	societies.	Extending	life	could	exacerbate	the	situation.	To	keep	population
growth	at	net-zero,	previous	generations	had	to	have	families	with	many
children.	As	mortality	rates	dropped	with	improved	sanitation	and	health	care,
we	have	been	able	to	maintain	a	slow	growth	of	the	population	with	families
having	fewer	and	fewer	children.	However,	even	in	developed	countries,	we	still
find	countless	families	with	more	than	two	children.	So	you	can	see	it	would
take	a	significant	shift	in	thinking	to	keep	population	growth	under	control—and
it	might	even	require	government	intervention	(such	as	we	saw	in	China—and
you	can	see	how	well	that	worked:	badly).

However,	before	we	get	into	the	numerous	ethical	debates	on	this	topic,	let’s
move	on.	It	is	fascinating	to	discuss,	if	anything,	just	from	a	philosophical	point
of	view,	but	you	should	know	that	there	are	very	good	and	meaningful	debates
already	in	progress	among	the	life-extension	community.	While	“knowledge	is
power,”	there	is	hope	in	the	unknown,	and	there	is	just	so	much	we	still	don’t
know.



CHAPTER	THREE

Nurturing	the	Force
Nutritional	and	Lifestyle	Factors	to	Improve

Mitochondrial	Health

What	can	we	do	to	preserve	our	mitochondria	and	cellular	bioenergetics?	While
most	mammals	rely	heavily	on	antioxidants	to	neutralize	the	free	radicals
produced	within	their	mitochondria,	as	Lane	discussed	in	his	book,	birds	slow
down	the	rate	of	free-radical	leakage.	Understanding	the	differences	between
birds	and	mammals	might	help	us	gain	insight	into	the	best	way	to	approach
aging	and	its	related	degenerative	diseases.	So	let’s	see	how,	and	if,	we	can	be
more	like	the	birds.

How	Do	the	Birds	Do	It?
It’s	now	confirmed	that	the	majority	of	free	radicals	are	produced	from	Complex
I	of	the	ETC.	The	various	subunits	from	which	the	free	radicals	leak	are
positioned	in	such	a	way	that	they	leak	directly	into	the	matrix,	which	is	where
the	mtDNA	resides.	Just	about	every	antioxidant	supplement	has	failed	to	deliver
on	its	promises	because	it	needs	to	be	targeted	to	this	specific	complex	with
astonishing	precision.	The	next	best	target	would	be	the	matrix	to	protect	the
mtDNA.	However,	the	antioxidants	would	alter	the	cells’	free-radical	signaling.
Birds	have	evolved	to	approach	it	from	a	different,	more	efficient	angle.	We
already	know	they	have	low	levels	of	antioxidants,	but	how	do	they	reduce	free-
radical	leakage	in	the	first	place?

We	don’t	know	the	definitive	answer	at	this	point,	but	birds	might	lower	their
free-radical	leakage	by	uncoupling	their	ETCs.	As	I	previously	mentioned,
uncoupling	is	where	electron	flow	is	disconnected	from	ATP	production	and,
instead,	the	proton	gradient	that	is	created	by	the	electron	flow	is	dissipated	as
heat.	The	benefit	of	uncoupling	is	that	the	electrons	can	continue	flowing—they
don’t	get	backed	up—and	this	flow	in	turn	reduces	free-radical	leakage.
Uncoupling	the	proton	gradient,	in	theory,	has	profound	benefits	for	slowing	the
progression	of	all	age-related	degenerative	diseases	and	also	aging	itself.	It	could



also	help	us	to	burn	more	calories	and	lose	weight.	The	promise	is	promising
indeed!
Salicylic	acid	(or	its	derivatives,	such	as	aspirin)	is	a	mitochondrial	uncoupler,

and	it	has	been	shown	to	reduce	the	risk	of	a	number	of	degenerative	diseases,
and	even	cancers.	Because	it	is	a	mitochondrial	uncoupler,	it	is	also	often	a	part
of	“stack”	formulas	frequently	used	in	the	fitness	and	weight-loss	industries.
However,	there	are	downsides	to	chronic	administration	of	even	low-dose
salicylic	acid—gastrointestinal	ulcers	are	among	the	more	commonly	reported
adverse	effects.	Other	uncouplers	of	note	are	the	recreational	drug	MDMA	(more
commonly	known	as	Molly,	ecstasy,	or	“e”),	notoriously	known	for	inducing
excessive	heat	production	in	its	users,	and	metformin,	the	popular	antidiabetes
drug,	which	is	now	being	investigated	against	a	host	of	other	diseases.	A
thought-provoking	study	published	in	June	of	2014	demonstrated	that	metformin
consistently	benefited	African	Americans	more	than	their	Caucasian
counterparts	with	respect	to	blood	sugar	control.	Based	on	our	earlier	discussion
regarding	“tight”	mitochondria	in	people	with	equatorial	origins,	it’s	predictable
this	uncoupler	would	have	benefited	these	individuals	to	a	significantly	greater
extent.	Although	it	seems	there	are	pharmacological	interventions	that	can
induce	the	production	of	uncoupling	proteins,	it’s	important	to	be	mindful	of
their	numerous	adverse	effects.

Then	there’s	always	the	hope	that	a	spontaneous	genetic	mutation	could	lead
to	the	same	benefits.	In	fact,	a	study	published	in	the	late	1990s	found	that	nearly
two-thirds	of	Japanese	individuals	who	were	over	one	hundred	years	old	shared
the	same	mutation	within	their	mtDNA.	This	single	letter	change	in	the	gene	for
a	particular	subunit	of	Complex	I	meant	these	lucky	individuals	were	50	percent
more	likely	to	live	to	one	hundred	years	of	age	than	those	without	the	mutation
(the	general	population).	Further,	the	researchers	discovered	these	individuals
were	50	percent	less	likely	to	end	up	in	the	hospital	for	any	reason	at	all	in	the
latter	half	of	their	lives,	and	less	likely	to	experience	any	age-related
degenerative	disease!	An	investigation	into	the	effect	of	this	genetic	mutation
showed	that	it	resulted	in	a	small	reduction	in	the	rate	of	free-radical	leakage.
Though	not	hugely	significant	at	any	given	moment,	this	small	reduction	over
the	course	of	a	lifetime	ultimately	led	to	a	considerable	benefit.	This	kind	of
evidence	supports	the	Mitochondrial	Theory	of	Aging	and	the	premise	that	all
age-related	degenerative	diseases	can	be	addressed	by	targeting	the	health	of
mitochondria.



This	beneficial	genetic	mutation	is	found	only	in	Japan,	though,	so	our	only
hope	of	replicating	this	study	is	the	genetic	modification	of	our	own	genes.
However,	there	are	obviously	serious	ethical	and	moral	issues	related	to
modification	of	genes,	so	we’re	left	with	a	hunt	for	other	alternatives.	Genetic
modification	is	not	the	only	possibility.

If	escaping	electrons	are	responsible	for	free-radical	production,	the	best	way
to	prevent	it	would	be	to	minimize	the	number	of	electrons	passing	through	any
given	ETC	(if	there	are	relatively	few	electrons	hanging	out,	they	are	less	likely
to	leak	to	form	free	radicals).	Having	fewer	electrons	pass	through	any	given
ETC	seems	to	be	how	the	birds	do	it.	The	question	is,	how	can	humans	minimize
electron	passage	through	ETCs?	We	can	increase	the	number	of	ETCs	per	given
mitochondrion	to	spread	out	the	electron	load;	however,	this	number	seems	to	be
under	genetic	control,	so	it’s	probably	not	the	lowest	hanging	fruit.	Conversely,
we	could	reduce	the	number	of	electrons,	which	is	how	caloric	restriction	works.
Caloric	restriction	is	currently	the	only	proven	method	to	extend	life	span	in
numerous	mammals.	(More	on	this	in	“Ketogenic	Diets	and	Calorie	Restriction,”
page	170.)

There	are	also	numerous	other	ways	we	can	optimize	the	health	of	our
mitochondria.	We	can	create	more	mitochondria,	we	can	ensure	electrons	are
removed	from	the	complexes	quickly	(to	make	room	for	the	next	incoming
electrons),	we	can	dissipate	the	proton	gradient	as	heat,	and	so	on.	The	question
is,	how	do	we	do	these	things?

We	know	that	most	cells	generate	60–70	percent	of	all	their	energy	from	the
metabolism	of	fatty	acids.	However,	without	adequate	supply	of	nutrients	such
as	L-carnitine	to	transport	fatty	acids	into	the	mitochondria	(and	also	remove
toxic	metabolites),	cellular	energy	production	will	be	inefficient—which	I’ve
already	established	as	being	the	start	of	the	end.	The	same	is	true	for	CoQ10.
Stephen	Sinatra,	a	cardiologist	and	one	of	the	leaders	in	the	field	of	metabolic
cardiology,	has	tracked	CoQ10	levels	in	hundreds	of	patients	over	twenty	years
and	has	found	that	levels	of	this	critical	component	of	the	ETC	are	dangerously
low	in	many	more	people	than	initially	thought.	Further,	statin	medications	(the
best-selling	drugs	prescribed	in	order	to	lower	cholesterol	levels)	block	the
body’s	synthesis	of	CoQ10,	so	as	more	people	are	placed	on	these	controversial
drugs,	we	can	logically	predict	that	major	deficiencies	of	CoQ10	will	become
more	common.	As	previously	discussed,	other	drugs	such	as	beta-blockers,
hypoglycemic	(diabetic)	medications,	and	tricyclic	antidepressants	can	further



depress	CoQ10	levels.	This	is	all	on	top	of	the	natural	decline	in	CoQ10
production	by	the	body	as	we	age.

In	addition,	vegetarians	and	vegans,	in	most	cases,	don’t	get	enough	CoQ10
and	L-carnitine	through	their	diets	because	the	primary	dietary	sources	of
numerous	“mitochondrial	nutrients”	are	meat.	(We	consume	the	animals’
mitochondria	and	its	components	when	we	eat	meat.	Plants	have	chloroplasts
that	are	similar	to	mitochondria,	but	they	are	not	quite	the	same.)	Table	3.1	lists
the	nutrients	required	for	mitochondrial	components.

Table	3.1.	Nutrients	Required	for	Mitochondrial	Components





You’ll	soon	see	how	other	nutrients,	such	as	D-ribose,	fit	into	this	picture	and
why	they	are	so	critical	for	those	affected	by	health	conditions	with	decreased
mitochondrial	energy	production.	I’ll	also	discuss	the	importance	of	magnesium
—a	popular	mineral	supplement—because	a	magnesium	ion	is	almost	always
attached	to	ATP	in	the	cells	(it	reduces	the	electrical	charge	of	ATP	and	helps	it
move	around	in	the	cell).	A	lot	of	what	I’ll	discuss	comes	from	Sinatra’s
teachings	and	the	field	of	metabolic	cardiology.	I	will	address	questions	such	as
why	heart	disease	patients	feel	worse	for	several	days	following	a	stress	test.	In
such	a	test,	a	patient	is	placed	on	a	treadmill	to	increase	the	demand	for	oxygen
and	create	a	state	of	temporary	hypoxia	(lack	of	oxygen	relative	to	demand);
when	the	treadmill	stops	and	demand	for	oxygen	returns	to	“normal,”	hypoxia
should	resolve.	But	why,	then,	do	patients	experience	fatigue,	weakness,	and
shortness	of	breath	for	several	days	afterward?	As	you	might	have	guessed,	it	all
relates	to	mitochondrial	energy!

What	follows	is	a	discussion	of	the	various	nutritional	and	lifestyle	factors
that	can	boost	energy	production	and	improve	mitochondrial	health.	Of	course,
this	is	by	no	means	an	exhaustive	list;	in	fact,	I	was	forced	to	minimize	the
breadth	of	nutrients	and	therapies	included	in	order	to	publish	this	book	in	a
timely	fashion	(and	it	still	took	over	two	years	to	research).

D-Ribose
In	the	1940s	and	1950s,	research	showed	that	D-ribose,	a	simple	five-carbon
sugar,	was	the	primary	intermediate	in	an	important	metabolic	pathway	called
the	pentose	phosphate	pathway.	Prior	to	this	discovery,	this	unique	sugar	was
thought	to	only	be	used	as	a	structural	component	of	the	genetic	molecules	DNA
and	RNA.

While	D-ribose	is	important	for	energy	synthesis	(as	a	structural	component
of	ATP),	it	wasn’t	until	the	1970s	that	researchers	discovered	that	with
supplemental	D-ribose,	when	given	prior	to	or	immediately	after	ischemia	in	the
heart,	energy-deficient	hearts	could	recover	their	cellular	energy	levels.

In	1991,	the	first	clinical	study	of	D-ribose	in	cardiology	was	published.	The
researchers	theorized	that	parts	of	the	heart	affected	by	ischemia	and	hypoxia
were	just	hibernating	and	not	actually	dead;	they	were	lying	dormant	and
conserving	energy	until	they	had	enough	blood	flow	and	oxygen	to	ramp	up
energy	production	and	function	properly	once	again.



The	purpose	of	this	study	was	to	help	doctors	determine	what	areas	of	the
heart	needed	to	be	supplied	with	a	new	blood	supply	through	bypass	surgery.	If	a
segment	was	just	hibernating,	a	surgeon	could	run	a	new	blood	vessel	to	that
area.	However,	if	an	area	was	dead,	there	was	no	need	to	reroute	blood	to	the
dead	zone.

What	they	discovered	had	repercussions	that	were	significant	not	only	for
those	with	ischemia	and	hypoxia	but	also	for	the	general	population.	By
administering	D-ribose	and	replenishing	the	purine	pool	and	energy	reserves,	the
researchers	found	they	could	“wake	up”	dormant	sections	of	the	heart,	proving
their	hypothesis.

Since	then,	many	more	studies	have	been	conducted,	and	the	benefits	of	D-
ribose	supplementation	include	improved	recovery	from	cardiac	surgery,
improved	function	of	the	heart	in	congestive	heart	failure,	restored	energy	to
depleted	skeletal	muscles,	and	others.

Restored	energy	to	depleted	skeletal	muscles	is	important	because	while	D-
ribose,	at	this	time,	is	underutilized	for	cardiology,	it	has	gained	significant
traction	among	athletes.	Between	2002	and	2004,	significant	studies	were
conducted	that	showed	D-ribose	supplementation	resulted	in	a	lower	heart	rate
for	a	set	amount	of	work	on	a	stationary	bike,	improved	diastolic	function	in	the
heart,	increased	exercise	tolerance,	and	accelerated	recovery	of	the	energy	pool
of	stressed	skeletal	muscles.

Athletic	Heart	Syndrome
These	results	from	studies	of	D-ribose	are	highly	significant	because	they	give
us	a	possible	explanation	for	the	diagnosis	of	an	“athletic	heart.”	Athletic	heart
syndrome,	also	known	as	athlete’s	heart	or	athletic	bradycardia,	is	a	condition
commonly	seen	in	sports	medicine,	in	which	the	human	heart	is	enlarged,	and
the	resting	heart	rate	is	lower	than	normal.	It	is	caused	by	significant	amounts	of
aerobic	exercise	performed	over	a	period	of	at	least	several	months.

Athlete’s	heart	is	common	in	athletes	who	routinely	exercise	more	than	an
hour	a	day,	and	occurs	primarily	in	endurance	athletes,	though	it	can
occasionally	arise	in	heavy	weight	trainers.	While	the	condition	is	generally
believed	to	be	benign,	it	might	sometimes	be	hard	to	distinguish	from	other
serious	medical	conditions,	and	it	has	caused	the	sudden	cardiac	death	of	many
highly	trained	and	seemingly	healthy	athletes.

Why?	Let’s	think	back	to	the	process	here.	Remember	that	if	ATP	cannot	be
generated	fast	enough,	two	ADPs	will	combine	to	produce	ATP	and	AMP.	This



AMP	will	be	broken	down	and	eliminated	from	the	cell,	reducing	the	purine
pool.	It	takes	significant	time	for	the	purine	pool	to	recover	naturally,	but	instead
of	resting	and	allowing	the	heart	to	recover,	the	athlete	goes	out	the	next	day	(or
even	later	that	same	day)	and	does	more	exercise,	which	further	depletes	the
purine	pool.

As	the	energy	pool	gets	minimized	by	successive	bouts	of	exercise	with	little
chance	to	recover,	the	heart	starts	to	enlarge	(referred	to	as	hypertrophy)	to
increase	the	muscle	mass	to	compensate	for	its	inefficiency.

Eventually,	“the	straw	that	breaks	the	camel’s	back”	is	not	any	one	particular
intense	bout	of	exercise	(although	we’ve	seen	many	cases	of	healthy	athletes
experiencing	a	sudden	cardiac	arrest	during	an	intense	event	such	as	a
marathon),	but	just	another	regular	exercise	session.	The	threshold	is	breached
and	the	heart	can	no	longer	compensate—through	any	mechanism—for	the
energy	demands	placed	on	it	by	the	physical	activity.	The	heart	stops—not
because	of	a	heart	attack	in	the	traditional	sense	(a	blockage	cutting	off	blood
flow)—but	because	the	heart	just	simply	runs	out	of	steam.	While	athletic	heart
syndrome	is	typically	thought	of	as	a	nonpathological	condition,	it’s	plausible,
based	on	bioenergetic	chemistry,	that	pathological	effects,	and	even	death,	might
occur	in	extreme	situations.

D-ribose	is	likely	one	of	the	most	important	nutrients	for	elite	athletes	who
want	to	maximize	the	benefits	of	training	but	minimize	its	health	risks.	It	is
possible	to	consume	D-ribose	naturally	from	some	foods	(such	as	milk	and	dairy
products,	eggs,	and	mushrooms),	but	you	can’t	get	enough	from	these	food
sources	to	realize	the	benefits	seen	in	the	above-mentioned	D-ribose	studies.

Cardiovascular	Diseases
Essentially	everyone	with	a	cardiovascular	disease	will	have	some	degree	of
energy	deficiency.	The	heart	is	one	of	the	most	metabolically	active	tissues	in	the
body,	and	because	its	energy	production	is	almost	entirely	aerobically	produced
through	oxidative	phosphorylation,	it	requires	a	large	and	constant	supply	of
oxygenated	blood.	Perhaps	this	is	why	the	heart	is	the	first	organ	blood	flows	to
after	picking	up	fresh	oxygen	from	the	lungs.

The	heart’s	energy	demand	makes	it	particularly	vulnerable	to	ischemia	and
hypoxia,	and	although	it	does	have	various	mechanisms	in	place	to	help	maintain
its	energy	production	when	faced	with	oxygen	deprivation,	in	reality,	these
quickly	run	dry—literally	in	seconds	(which	is	the	reason	why	every	second
counts	during	a	heart	attack).



Although	ATP	levels	have	been	shown	to	decrease	by	up	to	30	percent	in
failing	hearts,	the	loss	of	the	purine	pool	is	hard	to	detect	until	the	heart’s
function	is	severely	affected.

Due,	in	part,	to	reduced	oxygen	levels	and	resulting	loss	of	mitochondria
(there	is	no	need	for	mitochondria	if	there	is	no	oxygen),	the	heart	shifts	energy
metabolism	to	the	less	efficient	pathway	of	glycolysis.	Not	only	does	this	result
in	lactic	acid	buildup,	but	with	reduced	energy	efficiency,	there	is	a	progressive
loss	in	contractility.	The	heart	tries	to	compensate	by	enlarging	its	size,	and	this
in	turn	worsens	the	ejection	fraction	and	diastolic	function,	which	in	turn	further
deprives	the	heart	of	oxygenated	blood.	It’s	a	vicious	cycle	that	continues	unless
nutritional	intervention	takes	place.

The	same	situation	is	true	for	those	undergoing	medical	intervention.	After
heart	surgery	or	after	a	clot	busting	therapy	(in	cases	of	a	heart	attack	or	stroke),
there	is	a	rush	of	freshly	oxygenated	blood.	However,	during	the	preceding
ischemia,	the	purine	energy	pool	was	significantly	reduced	and	the	electrons
backed	up	in	the	ETC.	With	reperfusion,	we	have	lots	of	oxygen,	but	not	enough
mitochondria	or	enough	ETC	within	each	mitochondrion.	Further,	with	all	the
excess	electrons	primed	for	free-radical	production,	introducing	oxygen-rich
blood	is	a	prescription	for	disaster.	The	result	is	a	burst	of	superoxide	free
radicals	(produced	within	the	remaining	mitochondria),	the	opening	of	the
mPTP,	and	eventually	the	death	of	mitochondria	and	ultimately	the	cells.	Sound
familiar?	It	should;	this	is	ischemia-reperfusion	injury,	or	IRI,	which	we	already
discussed	(“The	Role	of	Mitochondria	in	the	Nervous	System,	Brain,	and
Cognitive	Health,”	page	75).

D-ribose	is	finding	utility	and	acceptance	in	cardiac	surgery;	the	heart	is	one
of	the	organs	that	respond	most	favorably	to	D-ribose	supplementation.
Supporting	the	heart’s	ability	to	preserve	and	rebuild	its	energy	pool	by
supplementing	with	D-ribose	is	one	of	the	first	steps	in	restoring	energy
efficiency	in	any	cardiovascular	condition.	Studies	have	shown	it	is	effective	in
improving	cellular	energetics	in	congestive	heart	failure,	coronary	artery	disease,
and	angina.

Fibromyalgia
Discussed	earlier,	fibromyalgia	is	a	common	chronic	syndrome	in	which	a
person	has	long-term,	body-wide	pain	and	tenderness	in	the	joints,	muscles,
tendons,	and	other	soft	tissues.	Many	times,	patients	become	so	sore,	weak,	and



fatigued	that	they	are	not	able	to	do	basic	tasks,	and	this	can	be	compounded	by
sleep	problems,	headaches,	depression,	and	anxiety.

Research	has	revealed	that	in	fibromyalgia	patients,	the	lining	of	the
capillaries	(the	tiny	vessels	that	supply	blood	and	oxygen	to	the	muscles)
becomes	thickened.	When	this	happens,	oxygen	cannot	cross	the	blood-tissue
barrier,	and	without	enough	oxygen	to	adequately	supply	the	tissues,	localized
ischemia	develops	and	drains	the	energy	pool	in	the	affected	muscles.	Without
oxygen,	the	cells	shift	energy	production	from	oxidative	phosphorylation	to
anaerobic	glycolysis.	This	results	in	lactic	acid	production	and	buildup,	which
aggravate	symptoms	of	severe	pain,	muscle	stiffness,	soreness,	and
overwhelming	fatigue.	Also,	because	muscle	relaxation	takes	more	ATP	than
muscle	contraction,	the	cell	sustains	a	contraction	and	keeps	the	muscle	tense.

Of	course,	there	is	more	to	the	story.	For	example,	the	sustained	increase	in
intracellular	calcium	during	a	contraction	also	causes	potassium	ions	to	rush	out
of	the	cell,	activating	pain	receptors.	Regardless,	the	point	is	that	D-ribose
administration	in	these	patients	would	help	rebuild	the	cellular	energy	pool,
allowing	the	calcium	pumps	to	work	better,	which	would	help	manage	the	cells’
calcium	load,	reducing	the	outflow	of	potassium	ions	and	resulting	pain,	and
relaxing	the	muscle.	Many	fibromyalgia	patients	who	use	D-ribose	to	support
cellular	bioenergetics	report	that	they	are	able	to	become	involved	in	the	normal
activities	of	daily	life	again.

Supplementing	with	D-Ribose
D-ribose	is	naturally	present	in	food,	but	dietary	intake	is	insufficient	to	provide
any	meaningful	impact	on	purine	pools,	especially	in	cases	of	chronic	illnesses.
Our	main	source	of	D-ribose	is	our	body’s	own	production,	which	occurs	in
every	cell	of	the	body,	beginning	with	glucose	through	the	pentose	phosphate
pathway.	However,	because	this	pathway	occurs	slowly,	the	best	way	to	quickly
replenish	D-ribose	is	to	supplement.	When	administered,	a	whopping	97	percent
(approximately)	is	absorbed	into	the	blood,	and	eventually	moves	into	tissues
without	any	difficulty.

Once	in	the	cells,	D-ribose	is	used	by	the	body	to	synthesize	and	salvage	the
energy	pool,	to	produce	RNA	and	DNA,	and	to	manufacture	other	critical
molecules	used	by	the	cell.	Of	all	the	naturally	occurring	sugars	found	in	nature,
D-ribose	is	the	only	sugar	that	functions	in	these	essential	metabolic	processes.

While	there	is	technically	no	such	thing	as	a	D-ribose	“deficiency”	in	the
traditional	sense,	it’s	obvious	that	in	certain	circumstances,	there	is	a	deficiency



relative	to	the	demand	or	speed	at	which	we	need	it	to	be	available.
For	example,	ischemic	hearts	can	lose	up	to	50	percent	of	their	energy	pool.

Assuming	blood	flow	and	oxygen	supply	are	restored,	it	might	take	up	to	ten
days	for	the	heart	to	rebuild	its	energy	pool	naturally	and	restore	diastolic
function—and	this	assumes	the	heart	is	allowed	to	rest!

Without	supplemental	D-ribose,	the	heart	is	forced	to	create	it	from	glucose
(again,	through	the	pentose	phosphate	pathway).	However,	the	problem	is	that
under	ischemic	conditions	when	oxygen	is	in	short	supply,	the	mitochondria
cannot	produce	ATP	through	oxidative	phosphorylation,	and	the	cell	must	rely
more	heavily	on	anaerobic	metabolism	or	glycolysis,	which	uses	glucose.
Glycolysis	is	great	because	it’s	fast,	but	the	process	needs	a	constant	supply	of
glucose	to	ensure	quick	energy	turnover.	The	downside	of	this	is	that	the	cell
does	not	want	to	sacrifice	or	donate	any	glucose	to	the	pentose	phosphate
pathway	to	produce	D-ribose,	making	recovery	in	the	absence	of	surgical	or
nutritional	intervention	highly	unlikely.	When	supplemental	D-ribose	is	given,
the	energy	pool	and	diastolic	function	can	return	to	normal	within	one	or	two
days!

Who	Should	Supplement
Depletion	of	energy	pools	can	happen	for	many	reasons	and	can	also	be	highly
variable	between	people,	so	it’s	not	easy	to	generalize	who	should	supplement
with	D-ribose.	For	example,	any	type	of	exercise	can	cause	energy	pools	to	be
depleted,	but	for	highly	trained	athletes,	it	might	take	hours	of	exercise,	while	it
takes	only	a	few	minutes	for	sedentary	people	to	reach	the	same	level	of
depletion.	One	generalization	we	can	make,	however,	is	that	physical	activity
depletes	energy	pools,	and	D-ribose	supplementation	becomes	progressively
important	with	frequency	and	intensity	of	physical	activity.

Further,	CoQ10	levels	naturally	decrease	as	we	age	(discussed	in	“Coenzyme
Q10,”	page	144),	with	related	symptoms	typically	presenting	starting	in	our
forties.	CoQ10	is	an	essential	component	of	oxidative	phosphorylation,	and
those	in	their	forties	and	beyond	typically	show	signs	of	mitochondrial
dysfunction,	making	the	cells	rely	more	on	glycolysis,	tying	up	the	available
glucose	for	energy	production.	Therefore,	without	glucose	readily	available	for
the	pentose	phosphate	pathway,	supplemental	D-ribose	becomes	increasingly
important	as	we	age.

D-ribose	is	also	useful—and	sometimes	critical—for	those	using	a	ketogenic
diet	(discussed	in	more	detail	in	“Ketogenic	Diets	and	Calorie	Restriction,”	page



170)	or	those	who	have	dramatically	reduced	carbohydrate	intake.	Certain	drugs
can	increase	the	need	for	D-ribose.	For	example,	drugs	that	help	the	heart
contract	more	forcefully	will	eventually	deplete	the	heart’s	energy	pool.	Those
with	fibromyalgia,	as	we	already	discussed,	as	well	as	those	with	a	host	of	other
health	conditions,	will	also	benefit	from	supplementation.

How	to	Supplement	with	D-ribose
Any	amount	of	D-ribose	given	to	energy-depleted	cells	will	help.	Even	doses	as
low	as	500	milligrams	could	be	beneficial,	although	likely	are	not	nearly	enough
to	make	a	real	improvement	in	health.	Standard	dosages	range	from	3	to	5	grams
per	day.

For	healthy	people	and	athletes,	a	dose	taken	before	exercise	helps	the	cell
with	the	process	of	purine	salvage	as	purines	are	broken	down.	A	dose	after
exercise	helps	speed	the	de	novo	process	to	aid	recovery.	For	people	with	a
chronic	health	condition,	an	adequate	dose	will	usually	result	in	symptom
improvement,	typically	within	a	few	days.	If	a	standard	dose	doesn’t	help,
increase	the	dose	until	an	effect	is	noticed	(e.g.,	relief	of	symptoms).	D-ribose	is
safe	even	at	large	doses,	and	many	clinical	trials	have	studied	amounts	ranging
from	10	to	15	grams	per	day,	with	one	study	of	McArdles’s	disease	using	60
grams	per	day!	If	you	think	this	is	an	extremely	high	load	of	sugar,	note	that	D-
ribose	doesn’t	impact	blood	glucose	or	insulin	levels	like	glucose	does.	It’s
completely	safe	for	diabetics,	even	at	these	high	doses.

Since	it	is	blood	that	delivers	D-ribose	to	the	tissues	in	need,	for	some	with
blood	flow	issues,	the	dose	might	need	to	be	substantial	in	order	for	the	D-ribose
to	work	its	way	through	areas	of	reduced	blood	flow	in	sufficient	quantities	to
have	a	noticeable	impact	on	symptoms.	Further,	because	the	energy	pool	will
continue	to	be	drained,	it’s	important	to	ensure	continual	supply	of	D-ribose	to
the	cells.	This	means	daily	supplementation	is	usually	in	order,	though	more	so
for	those	with	chronic	health	conditions	than	for	healthy	individuals.

Pyrroloquinoline	Quinone	(PQQ)
Traditionally,	it	was	believed	that	generating	new	mitochondria	(mitochondrial
biogenesis)	could	only	occur	as	a	result	of	strenuous	exercise	or	extreme	calorie
restriction,	which	is	why	research	on	PQQ	(pyrroloquinoline	quinone)	is	so
exciting.	Early	in	2010,	researchers	found	PQQ	not	only	protected	mitochondria
from	oxidative	damage,	it	also	stimulated	the	growth	of	new	mitochondria!

Mechanisms	and	Functions	in	Humans	and	Animals



A	number	of	physiological	properties	have	been	attributed	to	PQQ,	ranging	from
classic	water-soluble	vitamin	and	cofactor	functions	to	protection	of	nerve	cells,
promotion	of	nerve	growth,	and	mitochondrial	biogenesis.	While	a	role	as	a
vitamin	in	animal	or	human	nutrition	might	(or	not)	be	possible	pending	further
research,	at	this	time,	similar	to	other	related	compounds,	there	is	strong
evidence	PQQ	might	play	an	important	role	in	pathways	important	to	cell
signaling.	The	importance	of	PQQ	to	mammalian	health	is	evident	when	it	is
omitted	from	chemically	defined	diets,	resulting	in	a	wide	range	of	systemic
responses,	including	growth	impairment,	compromised	immune	responsiveness,
and	abnormal	reproductive	performance	in	experimental	mouse	and	rat	models.
Further,	varying	PQQ	levels	in	diets	cause	modulation	in	mitochondrial	content,
alter	lipid	metabolism,	and	reverse	the	negative	effects	of	Complex	I	inhibitors.

Under	appropriate	conditions,	PQQ	is	capable	of	catalyzing	continuous	redox
cycling	(the	ability	to	catalyze	repeated	oxidation	and	reduction	reactions),
which	is	a	novel	chemical	property	in	many	respects.	For	example,	in	chemical
assays,	PQQ’s	stability	renders	it	capable	of	carrying	out	thousands	of	redox
catalytic	cycles,	whereas	other	bioactive	quinones	capable	of	redox	cycling	(e.g.,
epicatechin	in	green	tea)	tend	to	self-oxidize	or	form	polymers	(e.g.,	tannins),
rendering	them	useless	in	further	redox	reactions.	PQQ	and	its	principal
derivative,	IPQ,	are	widely	distributed	in	animal	and	plant	tissues	ranging	from
pico-	to	nanomolar	concentrations.

From	an	evolutionary	perspective,	current	evidence	suggests	PQQ	is	a
component	of	interstellar	dust,	and	since	it’s	been	postulated	that	strong	redox
catalysts	were	required	to	trigger	the	earliest	chemical	evolutionary	steps,	the
extraterrestrial	origin	of	PQQ	raises	the	question	of	its	evolutionary	importance
to	simpler	life	forms.	This	theory	is	especially	interesting	when	you	consider
PQQ’s	wide	range	of	chemical	properties,	such	as	a	redox	catalyst	and	the	ability
to	modify	amino	acids	(e.g.,	oxidative	deamination	reactions).	Could	PQQ	be
our	common	point	of	origin	with	life	in	other	areas	of	the	galaxy?

Mitochondrial	Biogenesis	and	PQQ
Improvements	in	mitochondrial	energy	production	are	potentially	important	for
treating	a	number	of	health	issues,	as	previously	discussed,	so	increasing	the
number	of	mitochondria	in	any	given	cell	can	have	far-reaching	benefits	ranging
from	increased	longevity	to	improved	energy	utilization	and	protection	from	free
radicals.



Many	mitochondrial-related	events	are	regulated	by	peroxisome	proliferator-
activated	receptor-gamma	coactivator-1	alpha	(PGC-1alpha)	and	nuclear
respiratory	factors.	PGC-1alpha	is	a	transcriptional	coactivator	that	regulates
genes	involved	in	energy	metabolism.	An	interaction	with	this	protein	and	its
resulting	association	with	multiple	transcription	factors	can	provide	a	direct	link
between	an	external	physiological	stimulus	(such	as	PQQ)	and	the	regulation	of
mitochondrial	biogenesis.	Indeed,	such	interactions	have	recently	been	reported.

PGC-1alpha	is	also	a	major	factor	that	regulates	muscle	fiber	type	and
appears	to	be	involved	in	the	control	of	blood	pressure,	the	regulation	of	cellular
cholesterol	homeostasis,	and	the	development	of	obesity.	Moreover,	PGC-1alpha
is	associated	with	a	reduction	in	free	radicals	and	protection	against	various
mitochondrial	toxins.

In	addition	to	interacting	with	PGC-1alpha,	PQQ	can	also	reduce	cancer	risk
by	mechanisms	separate	from	mitochondrial	biogenesis.	For	example,	PQQ	has
been	shown	to	affect	the	activity	of	ras	(a	gene	that	can	potentially	cause
cancers).	PQQ	administration	has	been	shown	to	activate	other	transcription
factors,	such	as	nuclear	respiratory	factors	(NRF	1	and	2)	and	mitochondrial
transcription	factors	(e.g.,	Tfam),	which	lead	to	increased	mitochondrial
biogenesis.

PQQ	also	has	another	beneficial	effect	on	mitochondria.	It	appears	that	PQQ
might	be	an	essential	cofactor	in	one	of	the	many	protein	subunits	that	make	up
Complex	I	of	the	ETC.	With	the	bulk	of	endogenous	free	radicals	produced	at
Complex	I,	you	can	see	why	having	an	abundance	of	PQQ	is	important	to
mitochondrial	health.

Given	its	powerful	effects	on	mitochondrial	biogenesis,	it	makes	sense	that
PQQ	would	result	in	powerful	effects	on	various	health	conditions.	Studies	in
both	animals	and	humans	have	shown	that	PQQ	improves	reproduction,	early
development,	growth,	and	immune	function.	It	has	protected	nerve	cells	from
degeneration	and	damage,	and	even	promoted	the	growth	of	nerve	cells	and
helped	form	new	synapses	(connections)	between	nerve	cells	(important	in	the
brain	for	memory).	For	cardiovascular	health,	it	has	reduced	the	damage	from
ischemia-reperfusion	injury,	heart	attacks,	and	stroke.

Is	PQQ	the	Latest	New	Vitamin?
In	2003,	Japanese	scientists	made	a	significant	announcement	in	the	prestigious
journal	Nature:	They	had	discovered	direct	molecular	evidence	that	PQQ	was	in
fact	a	previously	unidentified	B	vitamin.	A	vitamin,	by	definition,	is	a	compound



that	human	bodies	can’t	make	(we	must	get	it	from	dietary	sources)	and	is	an
absolute	necessity	to	carry	out	at	least	one	essential	biochemical	function.

The	first	and	most	obvious	evidence	of	its	vitamin	role	came	from	animal
studies,	where	researchers	found	that	in	mice,	eating	a	PQQ-free	diet	led	to
impaired	reproductive	and	immune	function.	Further,	the	growth	of	the	mice	was
impaired	and	their	skin	became	thin	and	fragile.	Their	offspring	were	less	likely
to	survive	the	first	few	days	after	birth.	However,	and	most	importantly,	PQQ-
deficient	mice	had	30–40	percent	fewer	mitochondria.	Further,	the	mitochondria
that	they	did	have	were	abnormally	small	and	did	not	appear	to	function
properly.	None	of	these	signs	and	symptoms	occurred	in	the	mice	that	ate	the
same	diet	supplemented	with	PQQ.

However,	proving	a	chemical	compound	is	a	vitamin	is	a	complex	task,	and	it
was	a	serendipitous	discovery	by	the	Japanese	researchers	that	gave	the	most
direct	evidence	of	PQQ’s	role	as	a	vitamin.	The	discovery	was	made	while	the
researchers	were	investigating	whether	bipolar	disorder	(previously	known	as
manic	depression)	involved	abnormalities	in	mitochondrial	calcium	transport.
They	were	looking	for	the	genes	responsible	for	building	the	proteins	that
control	the	transport	of	calcium	into	the	mitochondria.	Although	their	work	on
bipolar	disorder	wasn’t	completed	as	planned,	what	they	discovered	was	how
PQQ	is	involved	in	activating	a	key	enzyme	in	collagen	production	(the	basic
structural	protein	in	skin,	bone,	and	connective	tissue)—a	connection	previously
suggested	by	the	brittle	skin	and	dysfunctional	connective	tissue	of	PQQ-
deficient	animals.	This	same	PQQ-dependent	enzyme	is	found	in	humans.

More	recent	evidence	has	thrown	into	question	whether	PQQ	is	a	vitamin,	but
research	is	ongoing,	and	at	this	time	it	seems	a	little	too	early	to	make	a
conclusion	either	way.

Other	Roles	of	PQQ
Studies	suggest	that	PQQ	might	also	(1)	have	anti-inflammatory	effects,	(2)	be
an	effective	neuroprotectant	(reducing	brain	damage	during	simulated	stroke	and
protecting	brain	cells	against	“excitotoxic”	overstimulation),	and	(3)	be	a
stimulator	of	nerve	growth	factor	(NGF,	a	key	protein	involved	in	the	growth
and	survival	of	nerve	cells).

Related	to	this	is	cognitive	function.	As	we	discussed,	the	brain	uses	an
incredible	amount	of	energy,	and	it	is	utterly	dependent	on	the	mitochondria	for
fuel.	A	double-blind,	randomized,	placebo-controlled	human	clinical	trial	found
that	20	milligrams	of	oral	PQQ	taken	daily	improved	short-term	memory,



attention	and	concentration,	information	identification,	and	processing	ability	in
healthy	adults.	Effects	were	greatly	enhanced	with	the	addition	of	CoQ10
supplementation,	which	makes	sense	because	Complex	I	transfers	its	electrons	to
CoQ10	in	the	ETC.	If	PQQ	is	stimulating	the	production	of	more	mitochondria,
and	there	is	a	corresponding	increase	in	the	number	of	Complex	I	units,	we	need
to	increase	the	concentration	of	CoQ10	to	ensure	that	all	the	ETCs	in	all	those
mitochondria	are	passing	their	electrons	down	the	chain	uninhibited.

Dark	Chocolate
Table	3.2	shows	the	high	content	of	PQQ	in	cocoa	powder.	Perhaps	this	is	one
reason	for	the	many	health	benefits	associated	with	chocolate	consumption.	Of
course,	there	are	plenty	of	other	health-giving	compounds	in	chocolate	(such	as
flavonols,	theobromine,	and	epicatechin),	but	we	should	definitely	not	discount
the	high	concentration	of	PQQ.

In	fact,	research	into	the	health	benefits	of	chocolate	compounds	has	shown
cardiovascular	and	neurological/cognitive	health	benefits,	improved	exercise
performance	and	endurance,	and	even	weight-loss	benefits.	When	you	consider
the	benefits	of	mitochondrial	biogenesis,	it’s	logical	to	see	how	PQQ	could	be
the	link	that	explains	these	effects.	More	research	should	be	done	to	clarify
PQQ’s	contribution	to	the	health	benefits	of	chocolate,	but	in	the	meantime,
moderate	consumption	of	dark	chocolate	would	seem	to	be	a	great	way	to	treat
yourself.	Personally,	I	usually	overdo	it	with	this	therapy.	Feed	me	chocolate	and
I’ll	do	whatever	you	say.

Table	3.2.	PQQ	Content	of	Various	Foods





Coenzyme	Q10
Coenzyme	Q10	(CoQ10)	is	an	antioxidant,	a	membrane	stabilizer,	and	a	vital
component	in	the	mitochondrial	ETC.	It	also	regulates	gene	expression	and
apoptosis;	is	an	essential	cofactor	of	uncoupling	proteins	and	permeability
transition	pores;	and	has	anti-inflammatory,	redox	modulatory,	and
neuroprotective	effects.

CoQ10	is	a	vitamin-like	molecule	that	is	naturally	present	in	just	about	every
single	cell	in	our	body.	Like	vitamins,	it	is	absolutely	essential	to	life.	However,
since	our	bodies	produce	CoQ10,	it’s	not	technically	a	vitamin.	In	order	to
produce	CoQ10,	the	cell	needs	an	amino	acid	called	tyrosine,	at	least	eight
different	vitamins,	and	several	trace	minerals.	A	deficiency	of	any	of	these
impairs	the	cells’	ability	to	produce	CoQ10.

Despite	the	fact	that	we	can	produce	it,	CoQ10	becomes	more	vitamin-like	as
we	age	because	we	produce	less	and	less	with	advancing	age	(with	the	body
slowing	its	production	starting	in	our	late	twenties	or	early	thirties).	Many
believe	this	is	by	design,	because	by	our	late	twenties,	our	prime	reproductive
years	are	behind	us,	and	as	we	raise	our	children	to	take	our	spot	on	this	finite
planet,	reduction	of	CoQ10	is	Nature’s	way	of	preparing	us	for	our	eventual	exit.
Considering	how	important	mitochondria	and	oxidative	phosphorylation	are	to
our	health	and	longevity,	by	reducing	the	production	of	this	one	molecule,	the
body	can	start	winding	things	down	to	make	room	and	free	up	resources	for	the
next	generation.

Although	we	do	get	small	amounts	of	CoQ10	from	our	food,	it’s	literally	a
few	milligrams	daily—not	nearly	enough	for	our	bodies	to	benefit	clinically,	and
supplementation	becomes	increasingly	important	the	older	we	get.
Unfortunately,	absorption	of	this	rather	large	fat-soluble	molecule	is	challenging,
which	is	a	main	factor	limiting	its	therapeutic	use.

Research	has	shown	that	oil-based	formulations	(typically	softgels)	are	much
better	absorbed,	and	water-dispersible	liposomal	or	pre-emulsified	formulations
are	even	better.	Ubiquinol	(reduced	CoQ10)	seems	to	offer	much	better
absorption	than	ubiquinone	(oxidized	CoQ10),	and	water-soluble	(solubilized)
ubiquinol	is	even	better	absorbed.

Many	familiar	with	CoQ10	also	know	it	as	an	antioxidant,	and	its	antioxidant
properties	are	directly	related	to	its	primary	function	in	the	ETC,	where	it
participates	in	redox	(reduction-oxidation)	reactions.	When	it	picks	up	an
electron	from	Complex	I	or	II,	CoQ10	becomes	reduced.	For	this	reason,	CoQ10



is	arguably	the	single	most	important	nutrient	for	mitochondrial	health.	If	the
bulk	of	free	radicals	are	formed	at	Complex	I,	we	could	probably	guess	that	the
next	step	in	the	chain	would	be	the	bottleneck.	In	fact,	this	has	not	only	been
confirmed	by	many	studies,	but	therapeutically,	CoQ10	supplementation	has
been	shown	to	dramatically	improve	the	status	of	patients	with	all	sorts	of	health
conditions.	In	a	sense,	CoQ10	supplementation	essentially	rescues	failing
bioenergetics,	and	targets	the	main	site	of	free-radical	production.

CoQ10	can	even	take	free	radicals	and	put	them	(or	more	specifically,	their
electrons)	to	good	use,	as	it	can	bring	those	rogue	electrons	back	into	the	ETC
for	energy	production.	But	even	more	importantly,	this	antioxidant	activity	will
help	prevent	the	associated	damage	typically	caused	by	free	radicals,	by
protecting	mtDNA,	membranes,	and	other	peptides	and	enzymes.

Although	80	percent	of	CoQ10	is	found	in	mitochondria,	its	presence	in
microsomes,	Golgi	apparatus,	and	plasma	membranes	indicates	its	importance	as
an	endogenously	produced	lipid-phase	antioxidant.	Even	in	mitochondria,	up	to
a	third	of	CoQ10	is	bound	to	mitochondrial	membrane	proteins,	apparently	to
serve	primarily	as	an	antioxidant.	Long-lived	mammalian	species	show	a	greater
proportion	of	mitochondrial	membrane-associated	CoQ10	than	short-lived
species.

Congestive	Heart	Failure	and	CoQ10
Congestive	heart	failure	(CHF)	and	dilated	cardiomyopathy	are	both	conditions
where	the	heart	muscle	is	so	weak	that	it	can’t	contract	and	pump	blood
effectively,	which	causes	the	blood	to	back	up	or	become	“congested,”	especially
in	the	legs	and	the	lungs.	This	congestion	sets	up	a	chain	reaction	because	the
blood	can’t	be	oxygenated	properly	(inefficient	flow	to	the	lungs),	and	without
oxygen	as	the	final	acceptor	of	electrons	at	Complex	IV,	the	ETC	backs	up	and
starts	to	spill	free	radicals,	aggravating	that	vicious	cycle	that	you’re	probably
sick	of	hearing	about	by	now.

One	of	the	greatest	natural	tools	the	medical	community	has	against	CHF	is
CoQ10,	and	its	benefit	to	CHF	is	due	to	multiple	actions.	Medical	literature	is
overflowing	with	studies	showing	the	benefits	of	CoQ10	for	CHF,	but	the
dosages	typically	used	in	those	studies	(especially	the	earlier	studies)	were	too
low	to	provide	a	benefit	—compounded	by	the	fact	that	early	formulations	were
difficult	to	absorb.	New	research	using	higher	doses	and	highly	absorbable
formulations	is	proving	CoQ10	could	very	well	be	one	of	the	single	most
important	nutrients	for	mitochondrial	health	in	CHF.



Hypertension
CoQ10’s	effectiveness	in	lowering	blood	pressure	has	been	known	since	the
1970s.	It	does	so	in	a	number	of	ways.	First,	as	an	antioxidant,	it	can	neutralize
peroxynitrite	free	radicals.	Peroxynitrites	are	generated	from	an	important
molecule	called	nitric	oxide.	The	benefit	of	nitric	oxide	is	that	it	can	help	dilate
(relax)	blood	vessels	and	reduce	the	platelet	“stickiness,”	which	ultimately
lowers	blood	pressure.	In	fact,	many	medical	therapies	for	blood	pressure,	both
conventional	and	traditional,	target	the	nitric	oxide	pathways.	Unfortunately,	as
nothing	is	100	percent	good	and	nothing	is	100	percent	bad,	an	overabundance
of	nitric	oxide	results	in	peroxynitrites	that	can	damage	the	blood	vessels	(both
the	endothelial	cells	that	line	the	blood	vessels	and	the	smooth	muscle	cells
surrounding	them).	Thankfully,	in	normal	healthy	individuals,	over	90	percent	of
the	circulating	CoQ10	in	the	blood	is	found	as	ubiquinol,	the	powerful
antioxidant	form	that	can	help	minimize	the	damage	and	maximize	the	benefits
of	nitric	oxide	to	the	cardiovascular	system.

Second,	it	can	prevent	the	oxidation	of	LDL	(bad	cholesterol),	which,	when
oxidized,	can	lead	to	plaque	buildup	and	hardening	of	the	blood	vessels	(called
atherosclerosis).	As	long	as	LDL	is	not	oxidized,	it’s	actually	not	a	bad	thing
(contrary	to	what	many	people	think	based	on	conventional	medicine).

Third,	remember	that	muscle	relaxation	takes	more	ATP	than	muscle
contraction	(remember	our	discussion	of	rigor	mortis).	ATP	is	critical	for
relaxation	and	this	becomes	especially	important	for	the	smooth	muscles	that
line	the	blood	vessels.	Without	enough	energy,	these	muscles	remain	tenser	than
they	should,	increasing	blood	pressure.	By	supplying	CoQ10	and	improving	the
energy	efficiency	of	the	mitochondria,	muscles	have	the	ATP	they	need	to	relax,
thereby	normalizing	blood	pressure.	I	specifically	say	“normalize”	as	opposed	to
“lower”	blood	pressure,	because	clinical	trials	have	shown	that	CoQ10	can	lower
high	blood	pressure,	but	will	not	lower	normal	or	low	blood	pressures.	I	should
quickly	mention,	however,	that	those	taking	blood	pressure	medications	should
know	that	additive	effects	have	been	reported,	and	supplementing	with	CoQ10
without	adjusting	medications	sometimes	can	result	in	blood	pressure	that	is	too
low.	While	most	people	with	high	blood	pressure	who	supplement	with	CoQ10
are	able	to	lower	the	dose	of	their	medication	(or	even	stop	in	some	cases),	it’s
always	best	to	discuss	how	to	take	advantage	of	this	effect	with	your	health	care
practitioner.

Lastly,	research	has	shown	that	CoQ10	can	indirectly	influence	blood	vessel
function	by	improving	blood	sugar	control.	High	blood	sugar	increases	oxidative



stress,	which,	as	described	previously,	damages	the	blood	vessels	and	makes
them	stiffer.

Heart	Protection	during	Cardiac	Surgery
There	are	three	main	types	of	heart	surgery,	all	intended	to	restore	blood	flow	to
an	ischemic	heart.	Regardless	of	the	surgical	procedure,	the	result	is	that	blood
flow	is	restored.	Sounds	great,	right?	Wrong.	Remember	reperfusion	injury,
which	we	discussed	earlier?	When	reperfusion	(restoring	blood	flow)	allows
oxygenated	blood	to	finally	reach	the	areas	of	the	heart	that	were
hypoxic/ischemic	for	a	long	period	of	time,	the	cells	that	were	once	starved	of
oxygen	have	a	fresh	supply	of	highly	oxygenated	blood	delivered	directly	to
them	and	the	result	is	a	burst	in	superoxide	free	radicals.

Reperfusion	injury	is	one	of	the	main	side	effects	of	these	life-saving	surgical
procedures.	However,	as	a	powerful	antioxidant,	CoQ10	minimizes	the	damage
caused	by	these	superoxide	free	radicals,	thereby	improving	the	results	of	heart
surgery	and	speeding	recovery.

CoQ10	as	Adjunct	to	Statin	Therapy
Statins	are	a	class	of	prescription	drugs	that	are	widely	used	to	treat	high
cholesterol	levels.	In	fact,	they	are	among	the	most	overprescribed	drugs	in	the
world.	This	highly	controversial	group	of	drugs	lower	cholesterol	by	blocking
the	key	enzyme	(HMG	CoA	reductase)	in	our	bodies’	own	production	of
cholesterol.	This	enzyme	is	targeted	because	approximately	80	percent	of	the
cholesterol	in	our	bodies	is	made	internally,	not	obtained	from	diet.	This	same
enzyme,	however,	is	involved	in	making	CoQ10	(and	also	vitamin	D,	all	the	sex
hormones,	and	so	on);	many	of	the	adverse	side	effects	associated	with	statins
(such	as	muscle	pain	and	muscle	damage)	are	theorized	to	be	caused	by	an
“induced	deficiency”	of	CoQ10.

Patients	performing	endurance	exercise	while	taking	a	statin	have	had
significantly	more	muscle	damage	compared	with	patients	not	taking	a	statin,
which	further	suggests	that	the	side	effects	of	statins	are	due	to	this	induced
CoQ10	deficiency	(muscles	require	high	amounts	of	ATP	and,	therefore,	CoQ10
during	physical	activity).	There	are	also	at	least	two	randomized,	controlled
trials	that	showed	significant	lowering	of	the	severity	of	muscle	pain	with	the
use	of	CoQ10	in	patients	taking	statins.

Thus,	it	is	reasonable	to	recommend	that	almost	everyone	taking	a	statin
medication,	especially	if	experiencing	muscle	pains,	should	supplement	with
CoQ10.	Many	progressive	cardiologists	and	pharmacists	are	now	recommending



CoQ10	anytime	a	statin	prescription	is	filled.	In	fact,	the	rationale	for	using
CoQ10	to	treat	statin-induced	muscle	pain	was	so	overwhelming	that	Merck	&
Co,	Inc.,	decided	to	pursue	a	patent	for	a	CoQ10-statin	combination	product.
Merck	&	Co,	Inc.,	was	eventually	issued	two	patents	for	this	combination	for
counteracting	the	statin-associated	disease	of	the	muscles.

Other	Drug	Interactions
CoQ10	is	likely	one	of	the	safest	nutrients	to	take	with	pharmaceutical	drugs,
which	is	great	because	the	people	who	need	it	the	most	are	likely	on	a	cocktail	of
different	drugs.	In	fact,	there	are	certain	instances	where	CoQ10	is	highly
recommended	with	certain	drugs,	but	other	situations	where	some	caution	must
be	exercised.

Beta-blockers	are	a	group	of	drugs,	typically	prescribed	for	hypertension	and
arrhythmias,	that	have	been	shown	to	deplete	CoQ10	levels—meaning	for	those
who	take	beta-blockers,	CoQ10	supplementation	is	recommended	(as	it	is	in
statin	therapy).	In	fact,	CoQ10,	when	given	concomitantly	with	beta-blockers,
was	shown	to	reduce	the	fatigue	that	is	usually	induced	by	these	drugs.	However,
people	taking	beta-blockers	should	be	aware	that	there	could	be	possible	additive
effects,	as	there	sometimes	are	when	CoQ10	is	taken	with	blood	pressure
medications.

The	main	drug	that	is	of	concern	when	supplementing	with	CoQ10	is
warfarin,	a	blood	thinner.	Until	recently,	warfarin	was	considered	first-line
therapy	for	atrial	fibrillation	(fluttering	of	the	heart—when	the	heart	flutters	and
creates	turbulence	in	blood	flow,	there	is	a	greater	risk	of	clots	forming).
Warfarin	is	a	vitamin	K	antagonist,	and	it	“thins”	the	blood	by	blocking	vitamin
K’s	ability	to	activate	clotting	factors	(which	is	why	anyone	taking	warfarin	must
watch	their	intake	of	vitamin	K,	even	from	foods).	The	chemical	structure	of
CoQ10	and	vitamin	K	is	very	similar	(they’re	both	quinones),	so	there	is	a
potential	for	CoQ10	to	decrease	the	effectiveness	of	warfarin.	However,	CoQ10
will	not	have	a	negative	impact	on	other	classes	of	blood	thinners—only
warfarin—and	CoQ10	will	not	“thicken”	blood	(knowledge	of	the	biochemistry
of	clotting	is	required	to	understand	this,	but	that	is	beyond	the	scope	of	this
book).

On	the	other	hand,	CoQ10	can	have	antiplatelet	action,	similar	to	that	of
another	class	of	blood	thinners	called	“antiplatelet	agents.”	It	seems	that	CoQ10
can	reduce	the	“stickiness”	of	platelets,	and	can	help	prevent	clots	from	forming.

Neurodegenerative	Diseases



Research	has	also	shown	that	CoQ10	might	help	neurodegenerative	diseases,
such	as	Huntington’s	disease	and	amyotrophic	lateral	sclerosis	(ALS,	or	Lou
Gehrig’s	disease).	Additional	research	findings	suggest	that	CoQ10
supplementation	might	also	help	various	forms	of	ataxia	(reduced	control	over
voluntary	movement),	particularly	cases	that	show	a	decreased	level	of	CoQ10
in	their	muscles.	For	example,	scientists	found	marked	improvements	in
mitochondrial	defects	among	Friedreich’s	ataxia	patients,	which	involve	a
deficiency	of	a	mitochondrial	protein	called	frataxin.

The	bioenergetic	effect	of	oral	CoQ10	supplements	in	people	with
Parkinson’s	disease	has	also	been	studied.	Researchers	found	that	CoQ10
restored	the	depressed	activity	of	Complex	I	to	approximately	normal	levels.

Restoring	the	Stress-Recovery	Response
The	capacity	to	respond	to	stress	declines	with	age.	Younger	patients,	for
example,	recover	faster	from	a	heart	attack	or	heart	surgery	than	older	patients.
Studies	have	demonstrated	that	tissues	from	older	patients	show	significantly
less	recovery	following	the	stresses	of	hypoxia	and	ischemia.	Further,	there	is	a
significant	correlation	between	the	integrity	of	mtDNA	and	the	ability	of	tissues
to	recover	from	stress.	Not	surprisingly,	CoQ10	is	able	to	minimize,	even
abolish,	these	differences.	These	studies	link	the	Mitochondrial	Theory	of	Aging
to	the	stress	response	in	heart	tissue,	and	they	demonstrate	how	CoQ10	can
restore	energy	levels	and	stress	recovery	in	the	aged	heart	(to	youthful	levels).

Why	Supplement	with	CoQ10?
As	mentioned	earlier,	the	production	of	CoQ10	within	our	cells	requires
numerous	other	nutrients,	and	this	is	a	significant	challenge,	especially	in	a
society	where	food	quality	and	dietary	choices	are	far	from	optimal.	In	his	book
The	Sinatra	Solution,	Sinatra	describes	a	study	where	hospitalized	patients	were
on	total	intravenous	nutrition	without	vitamin	and	mineral	support,	and	the
CoQ10	levels	in	their	blood	collapsed	by	50	percent	in	just	one	week.	Also
consider	that	the	older	we	get,	the	less	efficient	our	digestive	system	becomes	at
extracting	nutrients	from	our	food,	so	this	becomes	a	concern	for	all	cognizant	of
their	CoQ10	status.

Second,	as	we	enter	our	thirties,	we’re	naturally	not	producing	as	much
CoQ10	as	we	did	in	our	younger	years,	and	our	production	continues	to	decline
as	the	years	pass	us	by.	Even	though	this	is	a	natural	phenomenon,	and	while
some	would	question	why	we	would	want	to	mess	with	Nature,	I’m	pretty	sure
few	would	willingly	suffer	through	the	host	of	degenerative	diseases	associated



with	dysfunctional	mitochondria	brought	about	by	CoQ10	deficiency.	I’m	sure
most	readers	would	like	to	live	their	lives—whether	long	or	short—in	the	best
health	possible.	Thus,	preventive	use	of	CoQ10	could	possibly	start	in	our	late
thirties.

Third,	there	are	numerous	medications	that	can	deplete	CoQ10	levels.	As	I
previously	described,	the	most	recognized	of	these	are	the	statins.	Also	as
mentioned,	at	least	two	clinical	studies	have	shown	that	people	who	cannot
tolerate	statin	medications	due	to	their	side	effects	can	tolerate	them	when	they
are	supplemented	with	CoQ10.	This	data	is	where	I	get	a	little	puzzled.	CoQ10	is
essential	for	heart	muscle	function—we	know	this.	The	heart	requires	vast
amounts	of	energy	to	repetitively	contract	and	relax	and	pump	blood	twenty-four
hours	a	day	for	the	duration	of	a	life.	It	seems	illogical	to	prescribe	a	drug	that,
while	effective	in	lowering	cholesterol,	can	actually	promote	dysfunction	in	the
heart	muscle	and	set	one	up	for	a	future	cardiovascular	disease.

It’s	also	important	to	remember	that	CoQ10	is	an	important	antioxidant	that
prevents	oxidation	of	LDL	cholesterol	(predominantly	as	ubiquinol	when	found
in	the	blood).	If	CoQ10	is	one	of	the	primary	antioxidants	that	keep	LDL	from
oxidation,	and	statins	deplete	CoQ10	levels,	again,	you	can	see	the	paradox	in
prescribing	statins.

Studies	have	clearly	shown	that,	if	CoQ10	is	made	available	to	the	cells,	the
cells	will	take	it	up,	increasing	their	CoQ10	levels	and	levels	of	mitochondria	as
well.	Further,	studies	have	shown	we	can	significantly	increase	our	CoQ10	level
when	we	take	it	as	a	supplement,	as	long	as	a	high-quality	and	absorbable
formulation	is	used.

Should	you	choose	to	supplement	with	this	critical	nutrient,	the	ideal	dose	for
cardiovascular	benefits	would	be	one	that	raises	blood	levels	above	a	minimum
of	2.5	micrograms	per	milliliter,	but	ideally	over	3.5	micrograms	per	milliliter.
Unfortunately,	taking	regular	blood	tests	to	determine	a	suitable	dose	is	not	only
inconvenient,	it’s	not	readily	available	through	most	labs.	For	neurological
conditions	such	as	Parkinson’s,	Huntington’s,	or	Alzheimer’s	diseases,	the	dose
will	need	to	be	significantly	higher	because	the	blood	levels	need	to	be	saturated
to	force	it	past	the	blood-brain	barrier,	but	blood	levels	needed	for	therapeutic
benefits	in	these	conditions	haven’t	been	determined	at	this	point.

The	next	best	way	to	determine	a	good	dose	is	symptom	relief.	For	example,
someone	experiencing	high	blood	pressure	can	start	with	100	milligrams	daily
for	a	few	weeks.	If	blood	pressure	doesn’t	come	down,	increase	the	dose	to	200
milligrams	daily	for	another	couple	weeks,	then	300	milligrams	daily,	and	so	on



until	the	desired	effects	are	seen.	This	process	works	well	for	most,	but	the
problem	with	this	approach	is	that	it	assumes	a	100	percent	success	rate,	and
nothing—whether	nutritional	supplements,	drugs,	or	surgery—has	a	100	percent
success	rate.	There	could	be	some	people	who	will	continue	to	take	higher	and
higher	doses	but	who	will	continue	to	experience	their	disease	symptoms.

Therefore,	the	easiest	approach	(although	the	least	individualized)	is	to	work
in	typical	dosage	ranges.	For	example,	cardiovascular	conditions	are	typically
dosed	between	200	and	600	milligrams	per	day.	Doses	for	neurological
conditions	range	from	600	to	3,000	milligrams	per	day	(no,	that’s	not	a	typo,	and
even	that	high	dose	was	perfectly	safe).	However,	large	daily	doses	should	be
divided	up	into	multiple	smaller	doses	taken	throughout	the	day	and,	unless	a
solubilized	formulation	is	used,	should	be	taken	with	food.

Once	a	therapeutic	dose	is	achieved,	it	must	be	maintained	or	the	symptoms
will	return.	This	is	because	our	bodies	won’t	miraculously	start	producing
copious	amounts	of	CoQ10	again,	as	we	did	in	our	teenage	years.	In	fact,	there’s
a	possibility	that	as	time	goes	on,	the	dosage	might	need	to	be	increased	(as	the
body	continues	to	naturally	decrease	its	own	production).

Lastly,	it’s	important	to	point	out	that	there	are	big	differences	in	the	quality
and	effectiveness	of	CoQ10	formulations	on	the	market.	While	I	mentioned
earlier	that	oil-based	formulations	are	better	absorbed,	and	that	water-dispersible
or	pre-emulsified	formulations	are	best,	in	general,	ubiquinol	seems	to	be	the
ideal	form	to	take	as	a	supplement.

L-Carnitine
L-carnitine	(levocarnitine)	is	similar	to	CoQ10,	in	that	our	bodies	produce	a
significant	amount,	but	its	production	is	also	thought	to	decrease	as	we	age,	so	it
becomes	more	vitamin-like	in	our	elder	years.	There	is	considerable	positive
research	supporting	L-carnitine’s	use	supplementally	in	numerous	health
conditions.

Functions	of	L-Carnitine
L-carnitine	is	a	naturally	occurring	compound	found	in	all	mammalian	species.
The	most	important	biological	function	of	L-carnitine	is	in	the	transport	of	long-
chain	fatty	acids	into	the	mitochondria	for	subsequent	beta-oxidation	(to	produce
ATP).	For	most	of	us,	just	about	all	of	our	dietary	fatty	acids	are	long-chain	fatty
acids.	In	order	to	transport	these	fatty	acids	into	the	mitochondria,	L-carnitine



attaches	to	them	to	form	acylcarnitine	derivatives	(the	“acyl”	just	means
something	is	attached	to	the	L-carnitine	molecule).

The	physiological	importance	of	L-carnitine	and	its	obligatory	role	in	the
mitochondrial	metabolism	of	fatty	acids	have	been	clearly	established;	however,
more	recently,	additional	functions	of	the	carnitine	system	have	been	described,
including	the	removal	of	excess	acyl	groups	from	the	body	(an	important
detoxifying	role)	and	the	modulation	of	intracellular	coenzyme	A	homeostasis
(which	is	critical	in	the	TCA	cycle).

The	concentrations	of	L-carnitine	and	its	acylcarnitines	are	maintained	within
relatively	narrow	limits	for	normal	biological	functioning	in	their	pivotal	roles	in
fatty	acid	oxidation	and	maintenance	of	free	coenzyme	A	(CoA)	availability.	The
homeostasis	of	carnitine	is	multifaceted,	with	concentrations	achieved	and
maintained	by	a	combination	of	oral	absorption,	biosynthesis,	carrier-mediated
distribution	into	tissues,	and	extensive	kidney	reabsorption.

This	role	of	L-carnitine	in	buffering	the	ratio	of	free	CoA	to	acyl-CoA	is	a
function	that	is	particularly	important	under	conditions	of	stress.	Under	normal
conditions,	short-	and	medium-chain	acyl-CoA,	formed	as	a	result	of	various
mitochondrial	pathways,	is	further	metabolized	to	generate	free	CoA.	However,
under	abnormal	conditions	in	which	excess	molecules	of	acyl-CoA	are	formed
within	the	mitochondria,	acyl-CoA	can	react	with	L-carnitine	to	form
acylcarnitines,	thereby	freeing	CoA	for	use	in	other	mitochondrial	reactions.
This	reversible	exchange,	in	combination	with	the	ability	of	the	resultant
acylcarnitine	to	cross	the	mitochondrial	membrane,	means	that	the
intramitochondrial	relationship	between	free	CoA	and	acyl-CoA	is	reflected	in
the	extramitochondrial	ratio	of	acylcarnitine	to	L-carnitine,	an	indicator	of
mitochondrial	metabolic	health.

Various	disorders	of	carnitine	insufficiency	have	been	described,	but
ultimately	all	result	in	impaired	entry	of	fatty	acids	into	the	mitochondria	and
consequently	disturbed	lipid	oxidation.

Mitochondrial	Fatty	Acid	Oxidation
The	mitochondria’s	preferred	source	of	fuel	is	fatty	acids.	Remember,	fatty	acids
are	so	dense	in	energy	that	approximately	60–70	percent	of	the	total	amount	of
ATP	our	bodies	produce	originates	from	fatty	acids.

The	mitochondrial	metabolism	of	cytosolic	fatty	acids	begins	with	the
formation	acyl-CoA	(in	this	case	the	“acyl”	is	the	long-chain	fatty	acid).	This
acyl-CoA	then	combines	with	carnitine	to	create	acyl-carnitine	and	a	free	CoA.



This	acyl-carnitine	is	then	able	to	cross	the	outer	mitochondrial	membrane	into
the	intermembrane	space.	From	there,	acyl-carnitine	needs	the	help	of	a	specific
transport	enzyme	embedded	in	the	inner	mitochondrial	membrane,	which	works
by	exchanging	a	free	carnitine	from	within	the	matrix	with	an	acyl-carnitine
from	the	intermembrane	space.	Once	inside	the	matrix,	the	reactions	are
reversed;	acyl-carnitine	reacts	with	free	CoA,	to	form	the	corresponding	acyl-
CoA	and	free	carnitine.	Then	the	long-chain	fatty	acid	(as	acyl-CoA)	can	enter
the	fatty	acid	beta-oxidation	pathway	to	produce	acetyl-CoA,	which	ultimately
produces	ATP	(see	figure	3.1).

Given	that	neither	acyl-CoA	nor	free	fatty	acids	are	able	to	move	across	the
inner	mitochondrial	alone,	the	role	of	L-carnitine	and	carnitine	acyltransferases
in	fatty	acid	metabolism	is	vital.

Figure	3.1.	Schematic	of	L-carnitine’s	role	in	the	transport	of	fatty
acids	(designated	as	an	“acyl”	group)	across	the	inner	mitochondrial
membrane.	Long-chain	fatty	acids	cannot	cross	either	the	outer	or	inner
mitochondrial	membranes,	so	a	transporter	in	the	form	of	L-carnitine	is
needed.	This	diagram	also	depicts	how	coenzyme	A	(CoA)	is	intricately
involved	in	the	process,	and	illustrates	how	L-carnitine	helps	to	manage
CoA	homeostasis.



Lactic	Acid	Metabolism
Another	important	role	for	L-carnitine	is	clearing	lactic	acid	buildup.	As
previously	discussed,	lactic	acid,	or	lactate,	is	a	by-product	of	anaerobic
metabolism	(when	there	isn’t	enough	oxygen	for	oxidative	phosphorylation,	or
when	energy	production	needs	to	proceed	superfast).

Many	readers	will	have	experienced	lactic	acid	burn	in	their	muscles	during
strenuous	physical	activity.	Unfortunately,	high	levels	of	lactic	acid	damage
tissues,	evidenced	by	the	muscle	damage	and	resulting	pain	that	usually	follow
the	day	after	strenuous	exercise.

In	a	study	where	one	group	was	given	L-carnitine,	the	rise	in	lactic	acid	in
response	to	exercise	was	significantly	lower	than	that	in	the	control	group.	L-
carnitine	also	helps	speed	recovery	by	helping	to	restore	the	ratio	of	lactate	to
pyruvate	(which	means	less	burning	during	exercise	and	less	pain	afterward).

Other	Benefits	and	Uses
L-carnitine	has	also	been	well	researched	for	numerous	health	conditions	(e.g.,
peripheral	vascular	disease,	angina,	congestive	heart	failure,	arrhythmias,
infertility,	fatty	liver	and	other	hepatic	disorders,	diabetes,	exercise	tolerance,
weight	loss),	but	ultimately,	its	benefits	all	related	back	to	the	biochemical	roles
discussed	previously.

Dietary	Intake	and	Absorption
Dietary	L-carnitine	intake	is	largely	achieved	via	consumption	of	animal-based
products,	including	red	meats,	poultry,	fish,	and	dairy	products,	while	negligible
quantities	are	available	from	plant-derived	foods.	Given	the	broad	range	of
nutritional	choices,	dietary	L-carnitine	intake	can	vary	considerably,	with	the
standard	omnivorous	diet	providing	6–15	millimoles	per	kilogram	a	day	and	the
standard	vegetarian	diet	providing	less	than	1	millimole	per	kilogram	a	day.
However,	despite	substantial	differences	in	L-carnitine	intake,	previous	research
has	established	that	a	vegetarian	diet	does	not	result	in	a	significant	deficit	in	the
body’s	carnitine	concentrations.	In	fact,	on	average,	plasma	L-carnitine,	total
carnitine,	and	estimated	acylcarnitine	concentrations	for	vegetarian	adult
subjects	were	only	10–20	percent	lower	(compared	to	adults	consuming	an
omnivorous	diet).	On	the	other	hand,	urinary	carnitine	excretion	for	L-carnitine
was	85–95	percent	lower	(and	acylcarnitine	was	40–50	percent	lower)	for
vegetarians	than	for	nonvegetarians.	These	findings	indicate	that	compensatory
mechanisms,	including	conservation	by	the	kidneys	in	conjunction	with



biosynthesis,	are	effective	in	maintaining	carnitine	homeostasis	when	dietary	L-
carnitine	intake	is	low.

The	Body’s	Synthesis	of	L-Carnitine
While	in	omnivorous	humans	the	majority	of	total	body	carnitine	concentrations
is	achieved	from	dietary	sources,	approximately	25	percent	comes	from	our	own
biosynthesis.	On	the	other	hand,	strict	vegetarians	obtain	very	little	L-carnitine
from	dietary	sources	and,	consequently,	in	order	to	maintain	carnitine
homeostasis,	biosynthesis	accounts	for	up	to	90	percent	of	total	body	carnitine
concentrations	in	this	group.

L-carnitine	is	synthesized	from	the	amino	acid	precursors	lysine	and
methionine	(both	essential	amino	acids),	with	lysine	providing	the	carbon
backbone	and	methionine	acting	as	the	methyl	donor.	The	biosynthesis	of	L-
carnitine	involves	other	nutrients,	including	iron,	vitamin	C,	oxygen,	pyridoxal-
5-phosphate	(the	biologically	active	form	of	vitamin	B6),	and	B3	(as	NAD+).

Magnesium
Magnesium	is	likely	one	of	the	most	underrated	minerals	and	most	people	are
just	not	consuming	enough	of	it.	One	reason	most	are	deficient	in	this	mineral	is
that	water	softeners,	while	great	for	making	your	faucets	shiny,	has	reduced	the
water’s	hardness	by	removing	minerals	such	as	magnesium.	Further,	high	intake
of	calcium	can	reduce	the	absorption	of	dietary	magnesium,	and	with	the
conventional	medicine	focus	on	calcium	intake	for	bone	health,	we’ve	seen	a
corresponding	general	decrease	in	magnesium	levels.	Then	there’s	our	rising
caffeine	intake,	which	increases	the	amount	of	magnesium	we	lose	through
urine,	and	our	rising	use	of	antacids	and	proton	pump	inhibitors—drugs	that	can
reduce	the	absorption	of	magnesium.	All	these	factors	contribute	to	the	alarming
statistic	that	70–80	percent	of	the	developed	world	population	is	deficient	in
magnesium.

And	that’s	only	part	of	the	picture!	Regardless,	it	all	equals	bad	news,	because
magnesium	is	a	critical	cofactor	in	over	three	hundred	biochemical	reactions	in
the	body,	including	the	production	of	ATP.	Further,	we’ve	known	since	at	least
1976	that	mitochondria	act	as	our	intracellular	magnesium	stores,	and	a	lot	of	the
magnesium	in	the	body	is	found	bound	to	ATP,	which	helps	stabilize	ATP	and
make	it	usable	by	the	body.	In	fact,	when	we	talk	about	ATP	in	biology,	we’re
actually	talking	about	Mg-ATP;	that’s	how	important	magnesium	is!



Magnesium	and	Cardiovascular	Diseases
Due	to	its	role	in	energy	production	and	metabolism,	magnesium	has	countless
benefits	to	just	about	every	physiological	system	in	the	body.	However,	most
people	know	it	as	a	heart-healthy	mineral	because	of	its	role	in	muscle
relaxation.	Remember	that	muscle	contraction	is	initiated	when	calcium	rushes
into	the	cell.	For	muscles	to	relax,	they	not	only	require	ATP	(in	which
magnesium	plays	a	role),	but	the	enzymes	involved	in	this	relaxation	process
also	require	magnesium	as	a	cofactor.	Without	magnesium,	calcium	cannot	be
removed	from	the	muscle	cell	and	the	muscle	remains	in	a	contracted	state.
Magnesium	has	been	labeled	as	“Nature’s	calcium	channel	blocker”	(calcium
channel	blockers	are	a	class	of	drugs	commonly	used	to	treat	hypertension).

For	the	smooth	muscles	that	surround	the	blood	vessels,	a	magnesium
deficiency	means	that	they	remain	tenser	than	they	should,	a	condition	called
vasoconstriction.	Vasoconstriction	can	further	aggravate	any	health	condition
because	it	restricts	blood	flow	to	a	tissue	and	its	cells.	With	less	blood	flow,	there
is	less	oxygen	delivery.	With	less	oxygen,	oxidative	phosphorylation	in	the
mitochondria	can’t	operate	at	top	speed.	Similarly,	a	deficiency	of	magnesium
doesn’t	allow	the	heart	to	fully	relax	between	contractions	(we	discussed	this
diastolic	dysfunction	previously	in	chapter	2,	“The	Basics	of	Cardiac
Physiology,”	page	73).

Magnesium	deficiency	has	been	implicated	in	hypertension,	ischemic	heart
disease,	congestive	heart	failure,	arrhythmias,	angina,	sudden	cardiac	death,
atherosclerosis,	mitral	valve	prolapse,	cerebrovascular	disease,	and	stroke.	It’s
also	been	linked	to	preeclampsia	and	eclampsia,	asthma,	insulin	resistance	and
diabetes,	metabolic	syndrome,	osteoporosis,	and	even	colon	cancer.

Alpha-Lipoic	Acid
Alpha-lipoic	acid	(ALA)	is	a	molecule	found	in	the	mitochondria.	Under	optimal
conditions,	the	body	can	manufacture	sufficient	amounts	for	its	metabolic
functions	(it’s	a	cofactor	for	the	enzymes	catalyzing	the	final	stages	of
glycolysis,	from	which	the	resulting	compounds	can	enter	the	TCA	cycle).

However,	additional	ALA	provided	by	supplements	allows	it	to	circulate	in	a
“free”	state,	where	it	has	the	ability	to	function	as	both	a	water-	and	fat-soluble
antioxidant.	This	is	unique	because	most	antioxidants	are	effective	in	only	one
area	or	the	other.	Vitamin	C,	for	example,	is	usually	restricted	to	the	interior
cytosolic	(watery)	compartment	of	cells,	while	vitamin	E	works	at	the	level	of



the	fatty	cell	membranes.	Further,	ALA	has	an	important	role	in	the	production
of	glutathione,	one	of	the	“primary”	antioxidants	produced	directly	by	the	body.

Where	ALA	surpasses	other	conventional	antioxidants	is	that	it	is	targeted	to
the	mitochondria.	Most	other	antioxidants	can’t	effectively	concentrate	at	the
level	of	the	mitochondrion	and	so	are	almost	meaningless	in	their	ability	to
support	the	most	important	generator	of	free	radicals.

ALA	and	Its	Role	in	NAD	Biology
Another	benefit	of	ALA	is	its	ability	to	modulate	the	state	of	the	energy	carrier
nicotinamide	adenine	dinucleotide	(NAD).	For	example,	when	exposed	to	high
levels	of	glucose,	cells	are	not	able	to	properly	“discharge”	NADH	(the	electron-
carrying	form)	to	NAD+	(its	free	form).	The	resulting	imbalance	of	NADH	to
NAD+	creates	an	undesirable	situation	in	the	cell.

First,	the	cell	is	denied	access	to	the	free	NAD+	(it	needs	this	for	a	number	of
essential	functions,	including	the	proper	uptake	and	utilization	of	glucose	and
protein	for	fuel).

Second,	the	excess	NADH	leads	to	free-radical	damage	through	two	distinct
mechanisms.	Excess	NADH	causes	a	breakdown	of	the	cell’s	iron	stores,
accelerating	the	production	of	free	radicals.	However,	even	more	concerning	is
that	excess	NADH,	in	the	absence	of	sufficient	numbers	of	ETCs,	causes	the
mitochondria	to	become	backed	up	with	excessive	electrons.	Remember,	NADH
enters	the	ETC	at	Complex	I,	and	this	is	the	primary	location	where	excess
electrons	are	fumbled,	react	with	oxygen,	and	generate	superoxide	radicals.	ALA
resolves	this	metabolic	mess	by	helping	to	restore	the	balance	of	the	two	forms
of	NAD.

There’s	also	another	way	that	ALA	can	modulate	the	NADH:NAD+	ratio,	and
even	influence	the	aging	process	at	the	cellular	level—through	the	activation	of	a
class	of	genes	known	as	sirtuins.	These	genes	have	been	shown	to	be	important
antiaging	genes	in	a	wide	range	of	organisms,	including	humans.	Sirtuins	are
involved	in	the	regulation	of	energy	metabolism	and	longevity.	In	fact,	the
activation	of	sirtuins	might	be	responsible	for	the	broad-acting	antiaging	effects
of	calorie	restriction,	which	is	so	far	the	only	proven	way	to	slow	down
biological	aging	in	mammals.	As	it	turns	out,	the	availability	of	NAD+	is	critical
to	the	antiaging	effects	of	sirtuins	(while	excessive	NADH	inhibits	them).	If
ALA	can	boost	the	cellular	levels	of	free	NAD+	while	lowering	NADH,	it	might
be	able	to	facilitate	sirtuins’	antiaging	activity,	providing	a	second	pathway
whereby	ALA	could	influence	the	aging	process.



Further,	some	exciting	animal	research	has	shown	that	supplementing	the	diet
with	ALA—especially	when	combined	with	acetyl-L-carnitine—can	have
profound	antiaging	benefits	by	restoring	youthful	activity	levels,	cognitive
performance,	and	heart	function.

R(+)	Alpha-Lipoic	Acid	and	Its	Stability
I’ll	add	just	a	couple	of	quick	notes	on	the	types	of	nutritional	supplements	you
will	find	on	the	market.	The	body	can	only	use	one	form,	what	we	call	the	R(+)
form.	Many	commercial	ALA	products	are	synthetic,	and	they	contain	the
inactive	S(-)	isomer	in	equal	parts	to	the	biologically	active	R(+)	isomer,	which
means	you’re	only	getting	50	percent	of	the	possible	biological	activity	from	the
product.

Also,	ALA	is	not	stable	at	room	temperature	for	long.	What	happens	is	that
elevated	temperatures	cause	ALA	molecules	to	polymerize	(link	together	to	form
chains),	and	this	form	doesn’t	seem	to	be	absorbable.	For	this	reason,	a	stabilized
R(+)	ALA	product	or	one	that	is	sold	from	the	fridge	(and	stored	in	the	fridge	at
home)	is	best.	At	the	very	least,	definitely	avoid	exposing	ALA	to	any	sources	of
heat	(such	as	leaving	the	bottle	in	your	car	on	a	hot	summer	day).

Creatine
Most	people	think	of	creatine	simply	as	a	supplement	that	bodybuilders	and
other	athletes	use	to	gain	strength	and	muscle	mass.	While	it	does	provide	these
benefits,	a	substantial	body	of	evidence	has	found	that	it	has	a	wide	variety	of
other	health	benefits,	too.

In	fact,	creatine	is	being	studied	as	a	nutritional	therapy	that	might	help	with
diseases	affecting	the	neuromuscular	system,	such	as	muscular	dystrophy,
Huntington’s	disease,	Parkinson’s	disease,	and	even	ALS.	Other	studies	suggest
creatine	might	have	therapeutic	benefits	for	wasting	syndromes	and	muscle
atrophy	in	the	aging	population,	fatigue	and	fibromyalgia,	and	some	brain-
related	disorders.

What	Is	Creatine?
The	human	body	creates	creatine	from	the	amino	acids	methionine,	glycine,	and
arginine.	On	average,	a	person’s	body	contains	about	120	grams	of	creatine
stored	in	the	form	of	creatine	phosphate	(also	known	as	phosphocreatine).
Certain	foods	(such	as	beef	and	fish)	have	a	relatively	high	creatine	content.

Creatine	is	directly	related	to	ATP.	When	a	cell	uses	ATP,	it	loses	a	phosphate
molecule	and	becomes	ADP,	which	must	be	converted	back	to	ATP	for	useful



energy	cycling.	Because	creatine	is	stored	in	the	body	as	creatine	phosphate,	it
can	donate	a	phosphate	molecule	to	ADP	to	regenerate	ATP.	This	process	is	very
speedy	and	is	the	main	source	of	cellular	energy	production	at	the	start	of	high-
intensity	anaerobic	activity	(such	as	a	100-meter	sprint	or	lifting	heavy	weights).
Having	a	large	pool	of	creatine	phosphate	means	this	fast	pathway	of	ATP
regeneration	can	be	sustained	longer,	which	is	exactly	why	creatine	has	been	so
beneficial	for	athletes.

A	significant	body	of	research	has	shown	that	administering	supplemental
creatine	(usually	as	creatine	monohydrate)	can	increase	the	total	body	pool	of
creatine	phosphate.	Although	this	increase	leads	to	positive	outcomes	for	energy
generation	and	performance	during	explosive,	anaerobic	forms	of	exercise,	the
benefits	of	creatine	in	longer-duration	activities	and	sports	(such	as	long-distance
running,	rowing,	and	swimming)	are	questionable	at	this	time.	Of	course,	when
you	consider	the	biochemistry,	creatine’s	benefits	(and	lack	of	benefits)	in
certain	situations	make	sense.

Creatine	and	the	Brain
Because	the	brain	and	nervous	system	require	such	high	amounts	of	energy,	it’s
logical	to	assume	the	neurological	system	can	benefit	greatly	from	creatine—and
this	is	being	corroborated	by	clinical	research.	A	growing	number	of	studies
have	found	that	creatine	can	protect	the	brain	from	neurotoxic	agents	and	certain
forms	of	brain	injury.

Studies	have	found	creatine	to	be	highly	neuroprotective	against	various
neurotoxic	agents,	including	MPTP	(a	chemical	that	impairs	energy	production
in	brain	cells	and	has	been	used	in	lab	animals	to	induce	Parkinson’s).	Other
studies	found	that	creatine	protected	nerve	cells	from	ischemia-related	damage
similar	to	what	is	often	seen	after	a	stroke.

Impressive?	The	neurological	benefits	don’t	stop	there.	As	mentioned	earlier,
other	studies	have	found	that	creatine	can	play	a	therapeutic	or	protective	role	in
Huntington’s	disease	and	ALS.	Research	is	promising;	all	this	could	be	just	the
tip	of	the	iceberg.

Creatine	and	Neuromuscular	Diseases
One	of	the	most	promising	areas	of	research	for	creatine	is	its	effect	on
neuromuscular	diseases	such	as	muscular	dystrophy,	where	researchers	found	a
mild	but	significant	improvement	in	muscle	strength.	Patients’	everyday
activities	were	also	generally	improved,	and	the	supplemental	creatine	was	well
tolerated.



Creatine	and	Heart	Health
Cardiac	cells	are	also	dependent	on	large	amounts	of	ATP	to	function	properly,
and	studies	show	that	creatine	levels	are	depressed	in	patients	with	heart	failure.
It	is	well	known	that	people	suffering	from	chronic	heart	failure	have	limited
endurance	and	strength	and	tire	easily,	which	greatly	limits	their	ability	to
function	in	everyday	life.	Therefore,	researchers	have	looked	at	supplemental
creatine	to	improve	heart	function	and	overall	endurance	in	certain	forms	of
heart	disease.	While	the	results	are	not	entirely	conclusive	at	this	point,	clinical
studies	have	shown	increases	in	strength	and	endurance	in	heart	failure	patients.

B	Vitamins
Of	all	the	nutrients	defined	as	true	vitamins,	the	ones	that	have	the	greatest	direct
impact	on	cellular	metabolism	and	energy	production	are	collectively	known	as
the	B	vitamins.	This	group	is	made	up	of	numerous	distinct	nutrients,	and	each	is
either	a	cofactor	in	an	important	metabolic	process	or	a	precursor	of	an
important	energy-related	molecule.

Vitamin	B1

Vitamin	B1	is	also	known	as	thiamine,	and	the	active	form	is	called	thiamine
pyrophosphate	(TPP).	TPP	functions	in	carbohydrate	metabolism	to	help	convert
pyruvate	to	acetyl-CoA	for	entry	to	the	TCA	cycle	and	subsequent	steps	to
generate	ATP.	Because	of	this	role,	thiamine	also	functions	in	maintaining	the
nervous	system,	memory,	and	heart	muscle	health.

A	deficiency	of	thiamine	causes	a	condition	known	as	beriberi,	which	is	now
predominantly	seen	only	in	alcoholics.	Thiamine	deficiency	also	results	from
excessive	vomiting	and	often	goes	unrecognized	until	the	symptoms	are
dramatic—and	by	then,	might	be	irreversible.

The	major	symptoms	of	beriberi	involve	the	brain	and	nervous	system,	heart,
and	muscles	(all	energy-intense	organs).	Brain-related	effects	include	sensory
disturbances	and	impaired	memory.	When	beriberi	affects	the	heart,	symptoms
are	shortness	of	breath,	palpitations,	and,	eventually,	heart	failure.

Dietary	thiamine	requirements	are	based	on	caloric	intake;	those	individuals
who	consume	more	calories,	such	as	athletes,	are	likely	to	require	a	higher-than-
average	intake	of	thiamine	to	help	convert	the	extra	carbohydrates	into	energy.

Vitamin	B2



Riboflavin,	also	known	as	vitamin	B2,	is	a	major	component	of	the	cofactors
FMN	(also	known	as	riboflavin-5-phosphate,	in	Complex	I)	and	FAD	(in
Complex	II).	The	major	role	of	FAD	in	the	mitochondria	is	to	shuttle	energy
(electrons)	from	the	TCA	cycle	and	beta-oxidation	to	Complex	II	of	the	ETC.
Because	both	Complex	I	and	II	pass	their	electrons	to	Complex	III	via	CoQ10,
for	patients	with	a	Complex	I	deficiency,	riboflavin	might	theoretically	help
bypass	this	problem	by	channeling	the	flow	of	electrons	through	Complex	II.

Vitamin	B3

Vitamin	B3	comes	in	different	forms;	niacinamide	(also	called	nicotinamide)	and
niacin	(nicotinic	acid)	are	the	predominant	forms	found	in	supplements.	Based
on	numerous	clinical	trials,	niacin	(but	not	niacinamide)	appears	to	be	a
relatively	safe,	inexpensive,	and	effective	treatment	for	high	LDL	and	low	HDL
cholesterol.	On	the	other	hand,	niacinamide	(but	not	niacin)	has	been
investigated	for	the	prevention	and	delay	of	type	1	diabetes	and	as	a	treatment
for	osteoarthritis.

Back	in	2001,	NASA	scientists	found	traces	of	vitamin	B3	in	meteorites,
adding	support	to	the	theory	that	life	on	Earth	was	seeded	by	extraterrestrial
sources.	Vitamin	B3’s	importance	to	life	is	apparent	when	we	consider	that	it	is
the	precursor	of	the	biological	molecules	NAD+	and	NADH	(see	“Alpha-Lipoic
Acid,”	page	159).	Without	NAD+	and	NADH,	mitochondria	would	not	function
in	the	way	they	do,	and	a	major	percentage	of	ATP	would	not	be	produced.	As	a
precursor	to	NAD+,	vitamin	B3	is	perhaps	the	single	greatest	nutrient	for	NAD
biology.	As	the	rate-limiting	cosubstrate	for	the	sirtuin	enzymes,	NAD
modulation	is	emerging	as	a	valuable	tool	in	regulating	sirtuin	function	and,
consequently,	oxidative	metabolism	and	protection	against	metabolic	diseases.

Recently,	more	biologically	efficient	forms	of	vitamin	B3	have	emerged.	For
example,	nicotinamide	riboside	currently	appears	as	the	most	efficient	precursor
of	NAD+	and	NADH.	Nicotinamide	riboside	is	found	naturally	in	trace	amounts
in	milk	and	other	foods,	and	is	a	more	potent	version	of	niacin	and	niacinamide
because	it	enters	the	biochemical	pathway	after	the	rate-limiting	step	in	NAD
synthesis.

Related	to	its	role	in	energy	metabolism	and	increased	activity	of
mitochondria,	interest	is	growing	in	the	use	of	vitamin	B3	for	the	treatment	of
neuropathies	and	neurodegenerative	diseases,	diabetes,	cancers,	and
inflammation.	Other	benefits	include	increased	fatty	acid	oxidation,	resistance	to



the	negative	consequences	of	high-fat	diets,	antioxidant	protection,	prevention	of
peripheral	neuropathy,	and	reduction	of	muscle	degeneration.

Vitamin	B5

Vitamin	B5	is	known	as	pantothenic	acid	or	pantethine	(the	latter	being	the
coenzyme	form).	It	has	a	very	important	role	in	the	body	as	a	precursor	of
coenzyme	A	(CoA),	which	is	essential	for	the	metabolism	of	carbohydrates,	the
synthesis/degradation	of	fats,	and	the	synthesis	of	sterols	(which	produce	steroid
hormones	including	melatonin).	It	is	also	important	for	the	synthesis	of	the
neurotransmitter	acetylcholine	(important	for	memory)	and	heme,	a	component
of	hemoglobin	(which	carries	oxygen—for	oxidative	phosphorylation—to	the
cells),	which	I	will	discuss	in	the	next	section,	“Iron,”	page	167).	Detoxification
of	many	drugs	and	toxins	requires	CoA	in	the	liver.

However,	specific	to	cellular	energy	metabolism,	CoA	is	what	allows	the	end-
product	of	glycolysis	(pyruvate)	to	enter	the	cycle.	Therefore,	as	a	precursor	of
CoA,	vitamin	B5	plays	a	critical	role	in	allowing	energy	production	to	occur
through	aerobic	metabolism	in	the	mitochondria,	and	not	just	anaerobic
metabolism	in	the	cytosol.

Vitamin	B6

Vitamin	B6	is	also	known	as	pyridoxine,	and	pyridoxal-5-phosphate	is	its	active
form.	It’s	necessary	for	the	proper	function	of	over	seventy	different	enzymes
that	participate	in	energy	metabolism	(among	other	things).	It	is	also	involved	in
the	synthesis	of	neurotransmitters	in	the	brain	and	nerve	cells,	and	it	might
support	mental	function	(mood)	and	nerve	conduction.	It	might	also	improve
emotional	outlook	and	mood	through	serotonin	synthesis.	It	is	necessary	for
hemoglobin	synthesis	and	red	blood	cell	growth,	which	is	critical	for	proper
delivery	of	oxygen	to	the	mitochondria.

Vitamin	B12

Vitamin	B12,	also	known	as	cobalamin,	is	the	only	vitamin	containing	a	trace
mineral:	cobalt.	The	two	metabolically	active	forms	are	methylcobalamin	and
adenosylcobalamin	(the	latter	is	the	predominant	form	found	in	the
mitochondria).

Cobalamin	owes	its	name	to	the	cobalt	at	the	center	of	its	molecular	structure.
Although	humans	require	cobalt,	it’s	only	assimilated	in	the	form	of	vitamin	B12

(not	free	cobalt,	which	can	be	toxic).	Cobalamin	is	found	in	a	variety	of	foods,



such	as	fish,	shellfish,	meat,	eggs,	and	dairy	products—but	negligible	amounts
are	found	in	vegetarian	sources,	which	is	why	it’s	important	for	strict	vegetarians
and	vegans	to	be	aware	of	their	vitamin	B12	status.	Also,	the	absorption	of
vitamin	B12	requires	another	compound	called	intrinsic	factor	for	absorption.

Vitamin	B12	plays	an	important	role	in	supplying	essential	methyl	groups	for
protein	and	DNA	synthesis,	and	has	numerous	functions.	However,	for	the
mitochondria,	vitamin	B12	is	involved	in	several	important	metabolic	processes,
including	the	generation	of	S-adenosyl	methionine	(SAMe),	which	is	important
for	cell	function	and	survival.	In	turn,	SAMe	has	a	number	of	functions	itself,
but	also	supports	the	formation	of	creatine,	the	precursor	of	creatine	phosphate,
as	discussed	earlier.	It’s	also	a	part	of	various	protein	subunits	that	make	up	the
complexes	in	the	ETC.	These	last	two	reasons	are	likely	why	many	people	who
receive	vitamin	B12	injections	often	report	increased	levels	of	energy	afterward.

Iron
Iron	is	an	essential	mineral	and	an	important	component	of	proteins	involved	in
oxygen	transport	and	metabolism.	Heme,	which	is	the	major	functional	form	of
iron,	is	synthesized	by	the	mitochondria.	Heme	is	a	critical	component	of
hemoglobin,	which	is	present	in	red	blood	cells	and	picks	up	oxygen	as	it	travels
through	the	lungs,	delivering	it	to	the	cells.	Heme	also	makes	up	myoglobin,
which	is	similar	to	hemoglobin	but	is	found	in	skeletal	muscles.	Heme	is	also	an
essential	component	of	various	proteins	within	the	complexes	of	the	ETC	(along
with	cobalt,	discussed	in	“Vitamin	B12”).	Studies	have	shown	that	when	heme
metabolism	is	disrupted,	the	result	is	mitochondrial	decay,	oxidative	stress,	and
iron	accumulation,	all	of	which	are	hallmarks	of	aging.

Biosynthesis	of	heme	requires	vitamins	B2,	B5,	B6,	biotin,	alpha-lipoic	acid,
and	the	minerals	zinc,	iron,	and	copper.	These	nutrients	are	essential	for	the
production	of	succinyl-CoA	(the	precursor	of	heme)	by	the	TCA	cycle.
Therefore,	the	mitochondrial	pool	of	succinyl-CoA	might	limit	heme
biosynthesis	when	nutrient	deficiencies	exist,	especially	iron.

The	World	Health	Organization	considers	iron	deficiency	to	be	the	largest
international	nutritional	disorder.	Approximately	50	percent	of	anemia
worldwide	is	attributable	to	iron	deficiency,	and	it’s	particularly	common	among
women	of	child-bearing	ages.

If	you’re	deficient	in	iron,	not	only	do	you	have	reduced	capacity	in	the	blood
to	deliver	a	critical	substrate	of	oxidative	phosphorylation	—oxygen—but	the



functioning	of	your	mitochondria	in	general	could	be	compromised	due	to	a
potential	reduction	in	the	number	of	ETC	complexes	in	operation.	Iron-deficient
people	often	report	an	increase	in	energy	once	their	deficiency	is	corrected.

A	word	of	caution—and	a	critical	one	at	that:	Don’t	supplement	with	iron
unless	you	need	to	take	iron	according	to	a	blood	test.	Too	much	iron	can
increase	the	free-radical	burden	within	the	body	and	lead	to	a	number	of	health
conditions.	Iron	accumulation	has	been	linked	to	neurodegenerative	diseases
such	as	Parkinson’s	and	Alzheimer’s,	and	can	even	result	in	death	(it	is	not
uncommon	for	children	to	overdose	on	iron).	Just	like	everything	else	in	life,
moderation	is	key.

Turning	On	or	Off	Our	Genetic	Light	Switches

Promising	research	into	resveratrol	and	pterostilbene	has	revealed	that	their
benefits	are	not	due	to	their	being	antioxidants	(although	they	seem	to	have
this	effect	in	a	test	tube),	but	instead	are	due	to	their	ability	to	turn	“on”	or
“off”	certain	genes.	Many	people	who	learned	about	genetics	decades	ago
still	view	genes	as	fixed	units	of	information	that	are	inherited	from	our
parents	and	determine	physical	characteristics	such	as	eye	color.	As	our
understanding	of	genetics	expands	rapidly,	what’s	apparent	is	that	we	can
actually	modify	the	meaning	behind	those	genes.	This	process	is	known	as
gene	expression,	the	study	of	which	is	called	epigenetics.	The	process
occurs	when	stimuli	originating	from	within	or	outside	our	bodies	(e.g.,
diet,	environmental	toxins,	or	endogenous	factors	such	as	stress,	sleep
patterns)	switch	certain	genes	on	or	off.	In	epigenetics,	the	goal	of
manipulating	various	nutrients	and	lifestyle	factors	is	to	switch	on
protective	genes	and	switch	off	harmful	ones.	This	is	one	of	the	most
exciting	areas	of	medical	research	today.

Resveratrol	and	Pterostilbene
Resveratrol,	the	compound	made	famous	by	the	French	Paradox,	has	been
receiving	significant	interest	from	the	scientific	community	for	its	antiaging
benefits.	While	its	popularity	as	a	supplement	has	decreased	since	its	peak,	the
scientific	community	continues	its	investigations.	Scientists	have	also	discovered
another	closely	related	compound	called	pterostilbene	(pronounced	“ter-ro-



STILL-been”),	and	this	is	likely	the	“next	resveratrol”	that	will	be	highly	sought
after	at	your	local	health	food	store.	Pterostilbene	is	mainly	found	in	blueberries,
but	also	in	grapes	and	the	bark	of	the	Indian	Kino	tree	(used	for	centuries	in
Ayurvedic	medicine—traditional	medicine	in	India).

Resveratrol	and	pterostilbene	are	closely	related	and	classified	as	“stilbene”
compounds.	Due	to	the	similarity	in	their	chemical	structure,	they	have	similar
functions,	but	they	are	not	identical.	What’s	interesting,	however,	is	that	these
two	compounds	work	in	a	synergistic	fashion.	Pterostilbene	produces	its
beneficial	effects	on	gene	expression	in	ways	that	enhance	those	produced	by
resveratrol.

One	of	the	major	benefits	of	resveratrol	and	pterostilbene	is	the	ability	to
mimic	many	of	the	beneficial	effects	of	calorie	restriction	(discussed	in	the
following	section	in	detail)	by	favorably	regulating	genes	involved	in	the
development	of	cancers,	atherosclerosis,	diabetes,	and	the	systemwide
inflammation	that	underlies	a	variety	of	age-related	disorders.

Research	has	found	that	resveratrol	activates	genes	near	the	start	of	the
molecular	cascade	precipitated	by	caloric	restriction,	while	pterostilbene	directly
activates	genes	downstream	from	resveratrol’s	action.	This	synergistic	and
complementary	action	might	help	prevent	cancers	and	diabetes,	support	healthy
blood	lipids,	and	produce	longevity-promoting	effects	across	the	cycle	of	gene
expression.

Whether	we’re	talking	about	the	fat-sensing	complexes	found	to	favorably
affect	lipid	profiles,	modifying	several	vital	glucose-regulating	enzymes	(which
help	to	control	blood	sugar),	reducing	the	production	of	inflammatory	mediators,
or	up-regulating	specific	brain	proteins	associated	with	improved	memory,
pterostilbene	produces	beneficial	changes	almost	identical	to	those	seen	in
calorie	restriction.	Of	course,	many	of	these	benefits	relate	back	to	the	humble
mitochondria.

Ketogenic	Diets	and	Calorie	Restriction
Ketone	bodies,	herein	also	referred	to	simply	as	ketones,	are	three	water-soluble
compounds	that	are	produced	as	by-products	when	fatty	acids	are	broken	down
for	energy	in	the	liver.	These	ketones	can	be	used	as	a	source	of	energy
themselves,	especially	in	the	heart	and	brain,	where	they	are	a	vital	source	of
energy	during	periods	of	fasting.

The	three	endogenous	ketones	produced	by	the	body	are	acetone,	acetoacetic
acid,	and	beta-hydroxybutyric	acid	(which	is	the	only	one	that’s	not	technically	a



ketone,	chemically	speaking).	They	can	be	converted	to	acetyl-CoA,	which	then
enters	the	TCA	cycle	to	produce	energy.

Fatty	acids	are	so	dense	in	energy,	and	the	heart	is	one	of	the	most	energy-
intensive	organs,	so	under	normal	physiologic	conditions,	it	preferentially	uses
fatty	acids	as	its	fuel	source.	However,	under	ketotic	conditions,	the	heart	can
effectively	utilize	ketone	bodies	for	energy.

The	brain	is	also	extremely	energy-intensive,	and	usually	relies	on	glucose	for
its	energy.	However,	when	glucose	is	in	short	supply,	it	gets	a	portion	of	its
energy	from	ketone	bodies	(e.g.,	during	fasting,	strenuous	exercise,	low-
carbohydrate,	ketogenic	diet,	and	in	neonates).	While	most	other	tissues	have
alternate	fuel	sources	(besides	ketone	bodies)	when	blood	glucose	is	low,	the
brain	does	not.	For	the	brain,	this	is	when	ketones	become	essential.	After	three
days	of	low	blood	glucose,	the	brain	gets	25	percent	of	its	energy	from	ketone
bodies.	After	about	four	days,	this	jumps	to	70	percent!

In	normal	healthy	individuals,	there	is	a	constant	production	of	ketone	bodies
by	the	liver	and	utilization	by	other	tissues.	Their	excretion	in	urine	is	normally
very	low	and	undetectable	by	routine	urine	tests.	However,	as	blood	glucose
falls,	the	synthesis	of	ketones	increases,	and	when	it	exceeds	the	rate	of
utilization,	their	blood	concentration	increases,	followed	by	increased	excretion
in	urine.	This	state	is	commonly	referred	to	as	ketosis,	and	the	sweet,	fruity	smell
of	acetone	in	the	breath	is	a	common	feature	of	ketosis.

Historically,	this	sweet	smell	was	linked	to	diabetes	and	ketones	were	first
discovered	in	the	urine	of	diabetic	patients	in	the	mid-nineteenth	century.	For
almost	fifty	years	thereafter,	they	were	thought	to	be	abnormal	and	undesirable
by-products	of	incomplete	fat	oxidation.

In	the	early	twentieth	century,	however,	they	were	recognized	as	normal
circulating	metabolites	produced	by	the	liver	and	readily	utilized	by	the	body’s
tissues.	In	the	1920s,	a	drastic	“hyperketogenic”	diet	was	found	to	be	remarkably
effective	for	treating	drug-resistant	epilepsy	in	children.	In	1967,	circulating
ketones	were	discovered	to	replace	glucose	as	the	brain’s	major	fuel	during
prolonged	fasting.	Until	then,	the	adult	human	brain	was	thought	to	be	entirely
dependent	upon	glucose.

During	the	1990s,	diet-induced	hyperketonemia	(commonly	called	nutritional
ketosis)	was	found	to	be	therapeutically	effective	for	treating	several	rare	genetic
disorders	involving	impaired	glucose	utilization	by	nerve	cells.	Now,	growing
evidence	suggests	that	mitochondrial	dysfunction	and	reduced	bioenergetic
efficiency	occur	in	brains	of	patients	with	Parkinson’s	disease	and	Alzheimer’s



disease.	Since	ketones	are	efficiently	used	by	brain	mitochondria	for	ATP
generation	and	might	also	help	protect	vulnerable	neurons	from	free-radical
damage,	ketogenic	diets	are	being	evaluated	for	their	ability	to	benefit	patients
with	Parkinson’s	and	Alzheimer’s	diseases,	and	various	other	neurodegenerative
disorders	(with	some	cases	reporting	remarkable	success).

There	are	various	ways	to	induce	ketosis,	some	easier	than	others.	The	best
way	is	to	use	one	of	the	various	ketogenic	diets	(e.g.,	classic,	modified	Atkins,
MCT	or	coconut	oil,	low-glycemic	index	diet),	but	calorie	restriction	is	also
proving	its	ability	to	achieve	the	same	end	results	when	carbohydrates	are
limited.

Features	of	Caloric	Restriction
There	are	a	number	of	important	pieces	to	caloric	restriction.	First,	and	the	most
obvious,	is	that	caloric	intake	is	most	critical.	Typically,	calories	are	restricted	to
about	40	percent	of	what	a	person	would	consume	if	food	intake	was
unrestricted.	For	mice	and	rats,	calorie	restriction	to	this	degree	results	in	very
different	physical	characteristics	(size	and	body	composition)	than	those	of	their
control-fed	counterparts.	Regarding	life	extension,	even	smaller	levels	of	caloric
restriction	(a	reduction	of	only	10–20	percent	of	unrestricted	calorie	intake)
produce	longer-lived	animals	and	disease-prevention	effects.

In	April	of	2014,	a	twenty-five-year	longitudinal	study	on	rhesus	monkeys
showed	positive	results.	The	benefit	of	this	study	was	that	it	was	a	long-term
study	done	in	primates—human’s	closest	relatives—and	confirms	positive	data
we	previously	saw	from	yeasts,	insects,	and	rodents.	The	research	team	reported
that	monkeys	in	the	control	group	(allowed	to	eat	as	much	as	they	wanted)	had	a
2.9-fold	increased	risk	of	disease	(e.g.,	diabetes)	and	a	3-fold	increased	risk	of
premature	death,	compared	to	calorie-restricted	monkeys	(that	consumed	a	diet
with	30	percent	less	calories).

If	other	data	from	studies	on	yeast,	insects,	and	rodents	can	be	confirmed	in
primates,	it	would	indicate	that	calorie	restriction	could	extend	life	span	by	up	to
60	percent,	making	a	human	life	span	of	130–150	years	a	real	possibility	without
fancy	technology	or	supplements	or	medications.	The	clear	inverse	relationship
between	energy	intake	and	longevity	links	its	mechanism	to	mitochondria—
energy	metabolism	and	free-radical	production.

Second,	simply	restricting	the	intake	of	fat,	protein,	or	carbohydrates	without
overall	calorie	reduction	does	not	increase	the	maximum	life	span	of	rodents.	It’s



the	calories	that	count,	not	necessarily	the	type	of	calories	(with	the	exception	of
those	trying	to	reach	ketosis,	where	type	of	calorie	does	count).

Third,	calorie	restriction	has	been	shown	to	be	effective	in	disease	prevention
and	longevity	in	diverse	species.	Although	most	caloric	restriction	studies	have
been	conducted	on	small	mammals	like	rats	or	mice,	caloric	restriction	also
extends	life	span	in	single-celled	protozoans,	water	fleas,	fruit	flies,	spiders,	and
fish.	It’s	the	only	method	of	life	extension	that	consistently	achieves	similar
results	across	various	species.

Fourth,	these	calorie-restricted	animals	stay	“biologically	younger”	longer.
Experimental	mice	and	rats	extended	their	youth	and	delayed	(even	prevented)
most	major	diseases	(e.g.,	cancers,	cardiovascular	diseases).	About	90	percent	of
the	age-related	illnesses	studied	remained	in	a	“younger”	state	for	a	longer
period	in	calorie-restricted	animals.	Calorie	restriction	also	greatly	delayed
cancers	(including	breast,	colon,	prostate,	lymphoma),	renal	diseases,	diabetes,
hypertension,	hyperlipidemia,	lupus,	and	autoimmune	hemolytic	anemia,	and	a
number	of	others.

Fifth,	calorie	restriction	does	not	need	to	be	started	in	early	age	to	reap	its
benefits.	Initiating	it	in	middle-aged	animals	also	slowed	aging	(this	is	good
news	for	humans,	because	middle	age	is	when	most	of	us	begin	to	think	about
our	own	health	and	longevity).

Of	course,	the	benefits	of	calorie	restriction	relate	back	to	mitochondria.
Fewer	calories	mean	less	“fuel”	(as	electrons)	entering	the	ETC,	and	a
corresponding	reduction	in	free	radicals.	As	you	know	by	now,	that’s	a	good
thing.

Health	Benefits
As	just	discussed,	new	research	is	showing	that	judicious	calorie	restriction	and
ketogenic	diets	(while	preserving	optimal	nutritional	intake)	might	slow	down
the	normal	aging	process	and,	in	turn,	boost	cardiovascular,	brain,	and	cellular
health.	But	how?	We	can	theorize	that	the	restriction	results	in	fewer	free
radicals,	but	one	step	in	confirming	a	theory	is	finding	its	mechanism.

In	particular,	researchers	have	identified	the	beneficial	role	of	beta-
hydroxybutyric	acid	(the	one	ketone	body	that’s	not	actually	a	ketone).	It	is
produced	by	a	low-calorie	diet	and	might	be	the	key	to	the	reduced	risk	of	age-
related	diseases	seen	with	calorie	restriction.	Over	the	years,	studies	have	found
that	restricting	calories	slows	aging	and	increases	longevity,	but	the	mechanism
behind	this	remained	elusive.	New	studies	are	showing	that	beta-hydroxybutyric



acid	can	block	a	class	of	enzymes,	called	histone	deacetylases,	which	would
otherwise	promote	free-radical	damage.

While	additional	studies	need	to	be	conducted,	it	is	known	that	those
following	calorie-restricted	or	ketogenic	diets	have	lower	blood	pressure,	heart
rate,	and	glucose	levels	than	the	general	population.	More	recently,	there	has
been	a	lot	of	excitement	around	intermittent	fasting	as	an	abbreviated	method	of
achieving	the	same	end	results.

However,	self-prescribing	a	calorie-restricted	or	ketogenic	diet	is	not
recommended	unless	you’ve	done	a	lot	of	research	on	the	topic	and	know	what
to	do.	If	not	done	properly,	these	diets	can	potentially	increase	mental	and
physical	stress	on	the	body.	Health	status	should	be	improving,	not	declining,	as
a	result	of	these	types	of	diets,	and	when	not	done	properly,	these	diets	could
lead	to	malnutrition	and	starvation.	Health	care	practitioners	also	need	to
properly	differentiate	a	patient	who	is	in	a	deficiency	state	of	anorexia	or	bulimia
versus	someone	in	a	healthy	state	of	ketosis	or	caloric	restriction.

I’ll	add	a	final	word	of	caution:	While	ketogenic	diets	can	be	indispensable
tools	in	treating	certain	diseases,	their	use	in	the	presence	of	mitochondrial
disease—at	this	point—is	controversial	and	depends	on	the	individual’s	specific
mitochondrial	disease.	In	some	cases,	a	ketogenic	diet	can	help;	in	others	it	can
be	deleterious.	So,	of	all	the	therapies	listed	in	this	book,	the	one	for	which	I
recommend	specific	expertise	in	its	application	is	this	diet,	and	only	after	a
proper	diagnosis.

Diabetes
As	previously	discussed,	diabetes	and	insulin	resistance	are	huge	and	growing
problems	in	our	society,	and	new	research	on	them	points	back	to	the
mitochondria.	As	we	age,	our	mitochondria	deteriorate,	which	means	that	the
rates	of	fat	oxidation	and	subsequent	production	of	energy	also	slow	down.	This
slowdown	predisposes	us	to	fat	accumulation	in	muscle	and	possibly	in	the	liver
—two	organs	sensitive	to	insulin.	It	also	means	the	mitochondria	in	the	beta	cells
(the	cells	in	the	pancreas	responsible	for	insulin	production	and	secretion)	slow
down	and	diminish	in	health	over	time.	Beta-cell	dysfunction	then	results	in
impaired	glucose	tolerance,	and	then,	ultimately,	type	2	diabetes.

The	great	news	is	that	this	downward	spiral	can	be	stopped—perhaps	even
reversed—by	a	combination	of	calorie	restriction	and	exercise.	A	study
published	in	2007	found	that	middle-aged	obese	diabetics	who	cut	their	calorie
intake	by	25	percent	and	did	moderate-intensity	exercise	(like	walking)	on	most



days	for	four	months	boosted	their	mitochondrial	density	by	67	percent,	which
ultimately	improved	their	insulin	sensitivity	by	59	percent.

Another	pilot	study	published	in	2011	showed	that	an	extreme	calorie-
restricted	diet	(only	600	kilocalories	per	day)	for	eight	weeks	reversed	diabetes
in	100	percent	of	the	study’s	participants.	This	pilot	study	has	single-handedly
altered	our	understanding	of	type	2	diabetes,	which	was	thought	to	be	a	lifelong,
irreversible	condition.	What’s	more	is	that	64	percent	of	the	subjects	in	the	study
remained	diabetes-free	three	months	after	the	end	of	dietary	intervention.
Perhaps	as	a	consequence	of	the	reduction	in	fat	content,	the	pancreas	was	found
to	regain	its	normal	ability	to	produce	insulin,	and	muscles	and	liver	once	again
became	sensitive	to	insulin.	As	a	result,	blood	sugar	levels	after	meals	began	to
improve	steadily.

Additionally,	a	study	out	of	Hamilton,	Ontario	(Canada),	published	in	March
2017,	confirmed	these	results.	This	study,	involving	eighty-three	diabetic
participants,	found	that	just	four	months	of	“intensive	metabolic	intervention”
(calorie	restriction	and	exercise)	not	only	resulted	in	amazing	results	to	blood
sugar	and	body	weight	during	the	study’s	intervention	period,	but	over	40
percent	of	participants	continued	to	be	diabetes-free	twelve	weeks	after	the	end
of	the	metabolic	intervention.

Given	these	results	in	a	growing	number	of	studies,	it	appears	that	soon	we
might	need	to	reclassify	diabetes	as	a	metabolic	disease	rather	than	an	endocrine
disorder—it’s	not	insulin	resistance	that’s	the	root	of	the	problem,	but	poor
mitochondrial	health	and	metabolism.	This	gives	immeasurable	hope	to	those
with	the	condition.	Of	course,	the	results	of	these	“pilot	studies”	need	to	be
replicated	in	much	larger	clinical	trials,	but	the	new	data	we’re	seeing	is
extremely	exciting	and	potentially	paradigm	shifting.

Ketones	and	Cancer

Exciting	research	also	continues	into	the	use	of	a	ketogenic	diet	as	a	drug-
free	cancer	treatment	(or	an	adjunct	to	conventional	treatment).	The	diet
calls	for	eliminating	carbohydrates	and	replacing	them	with	healthy	fats
and	proteins	(a	modified	Atkins	diet).	The	premise	is	that	because	cancer
cells	need	glucose	and	carbohydrates	to	thrive,	eliminating	these	two	things
literally	starves	the	cancer	cells.



Calorie	restriction	also	works	to	reduce	cancer	risk	in	the	first	place.
Though	there	are	other	ways	calorie	restriction	works	to	improve
mitochondrial	and	cellular	health	(such	as	by	activating	sirtuin	1,	blocking
histone	deacetylases),	the	simplest	way	to	explain	how	it	reduces	cancer
risk	is	that	less	calories	consumed	means	less	electrons	entering	the	ETC.
This	area	is	seeing	a	significant	amount	of	scientific	and	clinical

attention,	and	the	few	pages	I	dedicated	to	these	two	diets	obviously	don’t
do	it	justice,	and	thus,	I	encourage	you	to	learn	more	on	your	own.	Most
people	eat	more	calories	daily	than	physiologically	necessary,	so	dropping
some	calories	from	the	diet	should	be	a	real	consideration	for	most.	While
many	scientists	have	believed	for	many	years	that	adopting	a	low-calorie
diet—while	still	maintaining	proper	nutrition—could	delay	the	effects	of
aging,	they’ve	only	recently	found	out	why.	Expect	more	studies	to	be
published	focused	on	this	topic.
Be	mindful	of	your	standard	diet	and	consider	cutting	things	back	slowly,

while	continuing	to	ensure	all	your	nutritional	needs	are	met.	It’s	never	too
late	to	start,	although	the	earlier	the	better!	Besides,	I	think	everyone	would
welcome	a	30	percent	savings	off	their	grocery	bill,	and	side	benefits	to	the
planet	also	include	better	food	security	and	less	need	for	genetically
modified	organisms	(if	you	believe	Big	Agri’s	propaganda	that	GMOs	are
the	answer	to	feeding	a	ballooning	global	population).
For	those	who	are	interested	in	more	information,	I’d	suggest	the	books
The	Alzheimer’s	Antidote:	Using	a	Low-Carb,	High-Fat	Diet	to	Fight
Alzheimer’s	Disease,	Memory	Loss,	and	Cognitive	Decline	by	Amy	Berger
(Chelsea	Green,	2017)	and	Keto	for	Cancer:	Ketogenic	Metabolic	Therapy
as	a	Targeted	Nutritional	Strategy	by	Miriam	Kalamian	(Chelsea	Green,
2017).

Massage	and	Hydrotherapy
An	interesting	study	from	Hamilton,	Ontario	(Canada),	found	that	therapeutic
massage	can	increase	the	biomarkers	of	mitochondrial	biogenesis.	In	addition,	it
was	previously	thought	impossible	to	increase	brown	adipose	tissue	(BAT),
because	we	assumed	only	newborns	and	young	children	had	it.	This	has	changed
as	we	recently	discovered	that	BAT	is	present	and	active	in	adults,	where	it	is
situated	predominantly	around	the	aorta	and	in	the	supraclavicular	area	(neck
area).	BAT	volume	and	activity	are	lower	in	individuals	who	are	obese,	which



might	confirm	the	theory	that	BAT	significantly	contributes	to	total	energy
expenditure.

What’s	more,	however,	is	that	various	ways	in	which	BAT	can	be
manipulated	to	increase	the	expenditure	of	energy	have	been	identified.	It	has
been	shown	that	white	adipose	tissue	(WAT)	can	undergo	a	process	known	as
browning	where	it	takes	on	characteristics	of	BAT.	This	happens	with
physiological	or	biochemical	stimulation	(such	as	chronic	cold	exposure,
hormonal	stimuli,	or	pharmacological	treatment).	These	“inducible	brown	fat
cells”	(also	known	as	beige	fat)	normally	have	low	thermogenesis	activity	and	a
low	number	of	mitochondria;	however,	once	activated,	they	possess	many
biochemical	and	morphological	features	of	BAT,	such	as	the	presence	of
multilocular	lipid	droplets,	an	abundance	of	mitochondria	(mitochondrial
biogenesis),	and	higher	levels	of	UCP1.

Methods	on	how	to	achieve	this	include	repeated	and/or	chronic	exposure	to
cold	temperatures	(such	as	being	out	in	the	cold	more	during	winter	months,
turning	down	the	thermostat	in	your	home	in	the	winter,	or	a	number	of	other
methods,	such	as	are	traditionally	done	in	hydrotherapy).	A	study	published	in
the	summer	of	2014	found	that	sleeping	with	the	temperature	set	at	19°C	(versus
24°C)	induced	BAT	in	an	adult	population,	and	consequently	improved	insulin
sensitivity	and	glucose	metabolism.	What	an	easy	way	to	save	on	your	winter
heating	bills	and	simultaneously	do	something	great	for	your	health!

Going	from	hot	sauna	to	cold	shower	repeatedly	could	increase	BAT	over
time.	Similarly,	just	finishing	your	shower	with	a	cold	rinse	could	do	the	same.
However,	neither	of	these	suggestions	has	been	specifically	proven	in	a	clinical
setting,	and	I	think	more	research	needs	to	be	done	to	confirm	hydrotherapy’s
effects	on	mitochondria	and	BAT	or	UCP1	production,	but	it	does	seem
encouraging.	In	fact,	I	expect	lots	of	research	to	be	done	in	this	area	in	the
coming	years	as	inducing	BAT	is	a	major	target	in	anti-obesity	research.

Cannabis	and	Phytocannabinoids
I	believe	science	and	research	are	finally	shifting	people’s	opinion	about
cannabis,	and	with	legalization	efforts	in	Canada	and	a	number	of	US	states,
we’re	seeing	a	much	greater	acceptance	of	this	botanical.	After	many	decades	of
prohibition-style	propaganda,	the	truth	is	bubbling	to	the	top,	and	I	expect	a
significant	amount	of	research	on	the	health	benefits	of	cannabis	to	come	to
light.	For	mitochondrial	health,	the	research	on	cannabis	is	still	in	its	early
stages,	but	it	shows	great	promise.



Present	in	all	mammals,	the	endocannabinoid	system	(ECS)	is	considered	the
master	regulator	of	homeostasis	in	the	body,	and	we	all	produce	our	own
cannabinoid	compounds	(called	endocannabinoids).	These	compounds	work	in
the	same	way	as	the	phytocannabinoids	found	in	Nature,	such	as	those	in	the
cannabis	plant.	When	our	body	can’t	produce	enough	endocannabinoids	to	meet
its	needs,	phytocannabinoids	become	increasingly	important.

In	2012,	French	scientists	discovered	that	mitochondria	contained
cannabinoid	receptors	on	their	membranes.	This	revelation	laid	the	groundwork
for	successive	investigations	into	the	role	of	the	ECS	in	regulating	mitochondrial
activity.	Since	the	ability	to	conduct	research	into	this	incredible	plant	has
become	easier,	scientific	evidence	is	showing	that	cannabidiol	(CBD)	and
tetrahydrocannabinol	(THC)—the	two	main	phytocannabinoids	from	the
cannabis	plant—can	directly	and	indirectly	impact	the	mitochondria.	It	turns	out
that	many	of	the	biological	processes	that	involve	mitochondria	are	modulated
by	endo-	and	phytocannabinoids.

On	the	surface,	research	on	cannabinoids	often	shows	contradictory	results.
Cannabinoids	are	notorious	for	exerting	opposite	effects	under	different
situations.	CBD	and	THC	have	been	shown	to	balance	physiological	excesses	as
well	as	deficiencies.	A	small	dose	of	cannabis	stimulates	while	a	large	dose	tends
to	sedate.	Phytocannabinoids	can	destroy	cancer	cells	but	leave	healthy	cells
alone.	While	these	aspects	might	be	expected	by	those	who	know	the
“modulating”	or	balancing	effects	of	cannabinoids,	newer	research	is	revealing
how	the	mitochondria	can	answer	these	and	other	confusing	aspects	of	the	ECS.

Cannabinoids	are	known	to	promote	homeostasis	through	various
bidirectional	pathways.	While	most	drugs	have	a	fairly	linear	dose-response
curve	(a	higher	dose	causes	a	stronger	effect),	cannabinoids	have	a	biphasic
dose-response	curve.	A	biphasic	effect	means	two	opposite	responses	are
possible	from	a	single	compound	(this	is	not	uncommon,	especially	among
cannabinoids).	For	example,	low	doses	of	THC	tend	to	increase	mitochondrial
activity,	while	higher	doses	tend	to	decrease	mitochondrial	activity.	Typically,
these	biphasic	effects	of	cannabinoids	depend	on	the	strength	of	the	signal
(dose),	as	well	as	the	context	in	which	the	signal	is	overlaid	(what	else	is	going
on	in	the	mitochondria	and	cell).

This	might	seem	reminiscent	of	the	free-radical	signal	discussion	earlier	in
the	book	(see	“A	Radical	Signal,”	page	34).	In	fact,	growing	evidence	suggests
that	cross-talk	between	the	ECS	and	the	free-radical	signaling	systems	acts	to
modulate	functionality	of	both	the	ECS	and	redox	homeostasis.	Further,	as	just



discussed,	studies	reveal	that	interactions	between	the	ECS	and	free-radical
signaling	systems	can	be	both	stimulatory	and	inhibitory,	depending	on	cell
stimulus,	the	source	of	free	radicals,	and	cell	context.	While	such	cross-talk
might	act	to	maintain	cell	function,	abnormalities	in	either	system	could
propagate	and	undermine	the	stability	of	both	systems,	thereby	contributing	to
various	pathologies	associated	with	their	dysregulation.

Other	research	suggests	that	THC	can	inhibit	the	formation	of	amyloid
plaques	in	the	brain	by	enhancing	mitochondrial	function.	Further,	CBD	has
been	shown	to	induce	mitochondrial	biogenesis	and	reverse	memory	loss	in
animals.

Investigations	into	CBD’s	effect	on	mitochondria	have	shed	light	on	how	it
can	protect	against	brain	injury	by	regulating	fluctuations	in	intracellular
calcium.	These	results	could	be	good	news	for	future	stroke	victims	and	might
suggest	that	CBD	could	reduce	the	severity	of	ischemic	damage	(by	modulating
intracellular	calcium	ions).	Further,	in	2017,	a	study	found	that	an	imbalance	of
calcium	ions	in	the	mitochondria	might	drive	Alzheimer’s	disease,	further
strengthening	the	connection	between	the	benefits	of	cannabis	and	this
debilitating	disease.

The	preceding	discussion	is	just	a	glimpse	into	some	of	the	research	on	the
two	most	prominent	cannabinoids,	yet	there	are	many	more	cannabinoids	found
in	cannabis,	as	well	as	many	terpenes	(another	large	class	of	compounds	that
give	cannabis	its	therapeutic	benefits).	In	reality,	as	with	all	botanical	medicines,
the	whole	is	greater	than	the	sum	of	its	parts,	so	I’m	excited	to	see	more
sophisticated	research	on	the	entire	plant	with	its	full	spectrum	of	beneficial
compounds,	including	terpenes	(instead	of	just	isolated	compounds	such	as	THC
or	CBD).

Epidemiological	studies	can	help—and	possibly	hint	at	what’s	going	on.	For
example,	a	study	published	in	2013	confirmed	cannabis’s	benefits	to
cardiovascular	health,	insulin	levels,	HDL	cholesterol,	and	waist	circumference
—adding	significance	to	previous	epidemiological	studies	that	found	lower	rates
of	obesity	and	diabetes	in	cannabis	users.	When	we	consider	the	importance	of
mitochondrial	function	in	these	health	conditions,	and	with	the	new	research
showing	the	intricate	relationship	between	the	ECS	and	mitochondria,	it’s	time
we	shed	the	stigma	around	cannabis	and	embrace	it	for	its	health-supportive
properties.

Exercise	and	Physical	Activity



Exercise	and	physical	activity	are	the	final	topic	I’ll	cover,	but	it	is	probably	the
most	important	when	it	comes	to	mitochondrial	health.	There	is	an	intriguing
paradox	here,	however.	In	recent	years,	strenuous	physical	sports	such	as	the
ultramarathon,	cross-country	running,	and	iron	man	triathlon	have	become
increasingly	popular	around	the	world.	We’ve	been	beaten	to	death	over	recent
years	with	the	“exercise	is	healthy”	message,	and	together	with	our	natural
predisposition	to	assume	more	of	something	healthy	is	better,	the	increasing
popularity	of	these	sports	should	be	welcome	news.	Unfortunately,	that’s	not	the
case.

Strenuous	or	exhaustive	exercise-related	muscle	damage	has	been	associated
with	a	high	degree	of	oxygen	consumption	and	free-radical	damage	and	an
increase	in	the	pro-inflammatory	mediators	as	indicated	by	muscle	soreness,
swelling,	prolonged	loss	of	muscle	function,	and	leakage	of	muscle	proteins	and
nucleotides	(the	energy	pool)	into	circulation,	among	other	effects.	In	addition	to
the	muscles,	during	exercise,	many	other	tissues	can	produce	high	amounts	of
free	radicals,	such	as	the	heart,	the	lungs,	and	even	blood.

So	if	strenuous,	exhaustive	exercise	is	not	good,	and	being	sedentary	is	no
better,	it’s	sensible	that	a	moderate	amount	of	nonexhaustive	exercise	is	the
ticket.

Just	as	moderation	is	the	key	to	many—if	not	all—things	deemed	healthy,
exercise	is	no	different.	The	beneficial	effects	of	exercise	are	lost	with	strenuous
or	exhaustive	exercise.	And	if	inadequate	time	is	given	for	recovery,	things	get
even	worse	(some	scenarios	specific	to	loss	of	the	energy	pool	were	discussed	in
“D-Ribose,”	page	132).

The	beneficial	effects	of	regular,	nonexhaustive	physical	activity	have	been
known	for	a	long	time.	Regular	exercise	is	associated	with	diverse	health
benefits,	such	as	reduced	threat	of	cardiovascular	diseases,	cancers,	diabetes,
and,	in	general,	a	lower	risk	of	all-cause	mortality.	An	interesting	study
published	in	2014	also	showed	exercise	can	lower	the	risk	of	age-related	macular
degeneration;	a	separate	study,	also	published	in	2014,	showed	that	being
sedentary	ranks	higher	than	smoking,	obesity,	or	high	blood	pressure	as	a	risk
factor	for	heart	disease.	What	this	latter	study	would	suggest	is	that	a	physically
active	smoker	is	actually	healthier	than	a	sedentary	nonsmoker!	Yes,	exercise	is
that	important.

Yet	the	problem	still	remains;	even	moderate-intensity,	nonexhaustive
exercise	increases	the	rate	at	which	free	radicals	are	produced	in	the
mitochondria.	So,	at	least	on	the	surface,	all	physical	activity	should	be



minimized.	Unfortunately,	no	such	luck	for	the	couch	potatoes.	The	fact	that
exercise	promotes	health	and	longevity	is	what’s	been	called	the	Exercise
Paradox.

It	is	a	paradox	because	exercise	induces	significant	amounts	of	free-radical
production.	While	this	free-radical	production	should	have	negative	effects	on
the	health	of	mitochondria,	it	does	not.	Moderate	levels	of	physical	activity
result	in	moderate	levels	of	free	radicals.	Not	only	does	exercise	increase	the
energy	demand,	which	results	in	mitochondrial	fission	and	biogenesis	(through
signaling	from	the	relative	abundance	of	AMP	versus	ATP,	and	various	other
mechanisms,	such	as	increased	expression	of	PGC-1alpha	and	PPAR-gamma),
but	the	free	radicals	that	are	produced	send	a	signal	to	the	cell	indicating	it	needs
to	produce	more	complexes	for	the	ETC.	As	I	discussed	near	the	beginning	of
this	book,	sometimes	free	radicals	play	a	key	role	in	cell	signaling	(see	“A
Radical	Signal,”	page	34).

In	response	to	this	oxidation,	the	cell	realizes	that	it	needs	more	mitochondria
—and	more	ETC	within	each	mitochondrion—to	be	able	to	meet	the	energy
demands	placed	on	it.	After	repeated	bouts	of	moderate-intensity	exercise,	the
number	of	mitochondria	per	cell	has	increased,	and	each	mitochondrion	has	a
higher	number	of	ETCs.

The	end	result	of	this	process	is	that,	at	rest	(which	makes	up	the	vast	bulk	of
our	modern	day),	we	have	an	abundant	amount	of	spare	capacity	in	each
mitochondrion	and	in	each	cell—just	like	birds!	And	so,	at	rest,	those	who	are
physically	fit	and	active	produce	far	fewer	free	radicals	in	the	mitochondria	than
sedentary	individuals	do.	During	physical	activity,	physically	fit	and	active
people	also	produce	more	energy	(translated	as	improved	physical	performance)
while	producing	much	fewer	free	radicals.	It’s	a	real-life	cellular	example	of
needing	to	take	a	step	back	(oxidation)	to	take	two	steps	forward	(improved
mitochondrial	function	and	capacity).

And	so	we	have	found	the	best	way	to	be	more	like	birds	(see	“How	Do	the
Birds	Do	It?”	page	127).	Flight	requires	incredible	amounts	of	energy,	and	over
time,	birds	have	developed	the	bioenergetic	capacity	to	generate	that	enormous
amount	of	energy.	At	rest,	they	have	a	vast	amount	of	spare	capacity,	and
because	of	this,	they	produce	far,	far	fewer	free	radicals	during	the	majority	of
their	lives.

The	other	benefit	is	that	all	this	physical	activity	also	uses	up	the	ATP.	If	we
don’t	use	up	the	ATP,	we	end	up	with	a	backlog	of	energy,	and	the	electrons	in
ETC	will	overflow	and	create	free	radicals.	However,	unlike	a	situation	where



free	radicals	are	produced	in	the	presence	of	abundant	ATP	that’s	not	being	used
—which	has	no	benefit	in	stimulating	mitochondrial	biogenesis—free	radicals
produced	in	combination	with	insufficient	ATP	does	trigger	mitochondrial
biogenesis.

So	ensuring	regular	physical	activity	addresses	both	sides	of	the	coin—
increasing	the	number	of	mitochondria	to	create	spare	capacity,	and	using	up
ATP	to	prevent	a	backlog	and	overflow	of	electrons	in	the	ETC.

The	resulting	mitochondrial	biogenesis	is	the	reason	exercise	has	been	linked
to	improvements	in	cardiovascular	health,	cognitive	health,	psychological	well-
being,	lower	diabetes	risk,	healthy	muscles	and	bones,	cancer	prevention,
reduced	risk	of	premature	death	from	all-cause	mortality,	and	longevity.
“Movement	is	medicine”	is	a	catch-phrase	we	should	all	live	by.

Cognitive	Health	and	the	New	Frontier	for	Physical	Activity

While	much	research	has	been	conducted	over	the	years	on	the
cardiovascular	benefits	of	exercise	(so	much	in	fact	that	I’ve	decided
against	discussing	it	here),	recent	years	have	seen	a	focus	on	brain	and
cognitive	function	take	center	stage	with	an	aging	population.	Both
resistance	and	aerobic	training	have	been	shown	to	improve	different	types
of	memory,	executive	functioning,	and	functional	plasticity.
It’s	been	known	for	decades	that	aerobic	exercise	can	increase	the	number

of	mitochondria	in	your	muscle	cells	by	up	to	50	percent	in	as	little	as	six
weeks.	To	get	the	benefit,	however,	you	need	to	do	aerobic	exercises	(such
as	running,	cycling,	swimming,	or	walking	briskly)	at	an	intensity	that’s	at
least	half	of	your	maximum	capacity.	This	intensity	needs	to	be	sustained
for	at	least	fifteen	to	twenty	minutes	per	session,	three	to	four	times	a
week.
One	of	the	most	powerful	studies	on	this	was	published	in	2011,	where

the	results	showed	that	aerobic	exercise	can	modify	the	gene	responsible
for	producing	brain-derived	neurotrophic	factor	(BDNF).	The	researchers
looked	at	120	nondemented	elderly	individuals	over	a	one-year	period	who
either	stretched	or	did	aerobics.	Three	variables	were	measured:	serum
BDNF	levels,	memory	function,	and	an	analysis	of	the	size	of	the
hippocampus	(part	of	the	brain	important	for	memory,	and	one	of	the	first
regions	in	the	brain	suffering	damage	in	Alzheimer’s).	After	one	year,	the



group	that	did	the	aerobic	exercise	had	an	increase	in	hippocampus	size	by
about	1	percent,	improvement	of	memory	function,	and	higher	levels	of
serum	BDNF!	There	is	no	pharmaceutical	that	can	come	even	close	to
providing	that	much	improvement.
Just	plain	old	aerobic	exercise	improved	memory,	regenerated	the

hippocampus,	and	raised	BDNF	levels—which,	beyond	stimulating	nerve
growth,	also	stimulates	neuroplasticity	(fundamental	for	learning	new
things	and	adapting	to	stress).	In	2013,	the	Obama	administration	dedicated
$33	million	to	help	pharmaceutical	companies	develop	a	drug	for
Alzheimer’s	disease	prevention.	Little	did	they	know,	that	drug	already
exists,	and	it’s	called	aerobic	exercise!	Use	that	$33	million	and	buy	every
adult	a	nice	pair	of	running	shoes	and	send	them	on	a	run	around	their
neighborhood—a	better	spend	of	tax	dollars,	with	an	unbelievably	high
return	on	investment!	It	reminds	me	of	a	comic	I	read	where	the	doctor
handed	a	patient	a	pill	and	said,	“To	prevent	a	heart	attack,	take	one	pill
every	day,	and	take	it	out	for	a	run,	then	take	it	to	the	gym,	then	take	it	for	a
bike	ride	.	.	.”
In	an	interesting	recent	study	of	rats,	researchers	even	found	that	pregnant

rats	who	swam	improved	the	mitochondrial	biogenesis	in	the	brain	of	their
offspring!	It’s	reasonable	to	expect	this	effect	would	be	seen	in	humans	as
well,	which	could	have	profound	benefits	in	protecting	our	children	from
future	cognitive	decline	and	cerebral	damage.
On	the	other	hand	(at	least	currently),	the	evidence	is	inconclusive	with

respect	to	the	mitochondrial	benefits	of	resistance	exercises	(such	as	lifting
weights).	In	younger	individuals,	resistance	exercises	don’t	seem	to	result
in	increased	numbers	of	mitochondria,	but	a	higher	mitochondrial	count
might	be	seen	in	older	people	according	to	at	least	one	study.
Regardless,	resistance	exercises	have	many	other	benefits	(such	as

preventing	sarcopenia—or	age-related	muscle	wasting—which	is	a	big
concern	in	older	age);	however,	the	point	here	is	to	improve	cellular
bioenergetics	and	optimize	the	mitochondria.	For	this	reason,	aerobic
exercise	is	a	must,	with	resistance	exercise	highly	recommended	the	older
we	get.
High-intensity	interval	training	(HIIT)	is	an	exciting	area	of	research.

HIIT	is	characterized	by	repeated	bursts	of	intense	exercise	alternating	with
brief	periods	of	recovery.	Sports	such	as	hockey,	lacrosse,	and	soccer	are
great	examples	of	the	HIIT	style.	HIIT	has	been	shown	to	be	much	better



and	efficient	in	increasing	muscle	mitochondrial	production	and	endurance
per	given	volume	of	exercise	(when	compared	to	typical	aerobic	exercises).

Pulling	It	All	Together
So	you	can	see	there	are	many	options	readily	available	to	most	individuals	who
want	to	improve	the	health	of	their	mitochondria.	Not	any	one	therapy	is	ideal,
however,	and	it	seems	that	the	best	outcomes	are	from	a	combination	of
numerous	therapeutic	agents	and	exercise	(exercise	must	always	be	included	in
any	program	targeting	mitochondria),	especially	high-intensity	interval	training.
Other	areas	getting	some	current	research	attention	include	intermittent	hypoxia
and	intermittent	fasting—we	can	expect	some	eye-opening	results	to	come	from
these	studies	(and	their	recommendations	are	sure	to	make	their	way	into	my
personal	mitochondrial	regimen).

There	are	many	ways	to	approach	developing	a	mitochondrial	regimen,
depending	on	what	health	objectives	you’re	trying	to	achieve	and	what	medical
history	or	preexisting	conditions	are	factors.	Even	then,	as	research	shapes	my
approach,	my	recommendations	and	personal	mitochondrial	regimen	could
change,	and	likely	will	have	changed	by	the	time	you	read	this.

Mitochondrial	medicine	is	a	constantly	evolving	body	of	knowledge,	and
we’re	learning	more	about	the	mitochondrial	benefits	of	different	nutrients	and
botanicals	every	day.	For	example,	a	really	interesting	botanical	I’m	looking	into
at	the	moment,	Gynostemma	pentaphylum,	seems	to	have	powerful	benefits	for
mitochondria	by	activating	AMPK.	G.	pentaphylum	has	been	shown	to	enhance
mitochondrial	biogenesis,	reduce	body	fat	and	blood	sugar,	and	modulate
inflammation.

The	field	of	mitochondrial	medicine	is	exploding,	and	around	the	time	of
writing	this	book,	there	seemed	to	be	between	two	hundred	and	three	hundred
related	studies	published	every	week—as	there	were	consistently	over	the	last
five	to	six	years	I’ve	been	researching	this	book!

The	trouble	is,	the	more	we	investigate,	the	more	complex	the	field	gets.
More	recent	studies	are	looking	into	the	interaction	of	mitochondria	with	other
cellular	organelles,	such	as	the	peroxisomes	and	endoplasmic	reticulum—both	of
which	play	a	part	in	the	health	of	mitochondria.	In	biology,	there	is	never	just
one	thing.	For	every	rule	that	we	have,	we	find	a	bunch	of	exceptions,	and
exceptions	to	the	exceptions.	As	we	dig	deeper,	we	reveal	a	picture	of
complexity,	rather	than	simplicity.



Mitochondrial	medicine	is	a	fascinating	field	that	has	real-life	implications
for	countless	health	conditions,	and	indeed	for	life	itself.	With	greater	knowledge
in	the	coming	years,	we	might	be	able	to	nurture	the	Force	to	the	level	of	Anakin
or	Luke	Skywalker.	Just	make	sure	you	use	your	newfound	power	for	good,
peace,	and	love.	Resist	the	Dark	Side.
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GLOSSARY

Adenosine:	a	compound	formed	by	combining	a	purine	ring	(adenine)	with	D-
ribose.

Adenylate	kinase	reaction:	also	called	myokinase	reaction;	the	reaction	where
two	molecules	of	ADP	are	joined	to	form	ATP	and	AMP.

ADP:	adenosine	diphosphate,	the	precursor	of	ATP.
Aerobic	metabolism:	energy	production	in	the	cell	through	a	process	that	uses
oxygen;	usually	referred	to	as	oxidative	phosphorylation,	which	is	the	process
of	using	the	electron	transport	chain	pathway	in	the	inner	mitochondrial
membrane.

AMP:	adenosine	monophosphate;	a	by-product	formed	when	two	ADP	combine
to	form	ATP	in	the	adenylate	kinase	reaction.

Anaerobic	metabolism:	energy	production	in	the	cell	(mostly	the	cytosol)
without	the	use	of	oxygen;	important	in	providing	short	bursts	of	energy
quickly,	but	an	inefficient	use	of	fuel	that	can’t	sustain	the	cell	long-term.

Antioxidant:	any	compound	that	protects	against	oxidation	(free-radical
damage),	either	by	directly	sacrificing	itself	(to	protect	other	molecules)	or
indirectly	catalyzing	the	breakdown	of	biological	oxidants.

Apoptosis:	programmed	cell	death,	or	cellular	suicide;	a	finely	coordinated	and
carefully	controlled	mechanism	for	removing	damaged	or	unnecessary	cells
from	a	multicellular	organism.

Asexual	reproduction:	replication/propagation	of	a	cell	or	organism,	in	which
an	exact	duplicate	of	the	parent	cell	or	organism	is	produced.

ATP:	adenosine	triphosphate;	the	universal	energy	currency	of	life	that	is
formed	from	ADP	(adenosine	diphosphate)	and	phosphate;	splitting	ATP
releases	energy	used	to	power	many	different	types	of	biochemical	work,	from
muscular	contraction	to	protein	synthesis.

ATPase:	also	known	as	ATP	synthase,	this	enzymatic	motor	is	embedded	within
the	inner	mitochondrial	membrane,	and	forms	ATP	(from	ADP	and	phosphate)
as	protons	flow	through	it.

Autosomal	dominant:	one	of	several	ways	that	a	trait	or	disorder	can	be
inherited.	If	a	trait	or	disease	is	autosomal	dominant,	an	individual	only	needs
the	defective	gene	from	one	parent	in	order	to	inherit	the	disease.



Autosomal	recessive:	one	of	several	ways	that	a	trait	or	disorder	can	be
inherited.	Two	copies	of	an	abnormal	gene	(one	from	each	parent)	must	be
present	in	order	for	the	disease	or	trait	to	be	inherited.

Cell:	the	smallest	biological	unit	capable	of	independent	life,	by	means	of	self-
replication	and	metabolism.

Cell	wall:	the	tough	but	permeable	outer	“shell”	of	bacteria;	maintains	cell	shape
and	integrity	to	protect	from	changes	in	physical	conditions.

Chromosome:	the	long	molecule	of	DNA;	can	be	circular,	as	in	bacteria	and
mitochondria,	or	straight,	as	in	the	nucleus	of	eukaryotic	cells	(where	it	is
wrapped	in	proteins	such	as	histones).

Cytochrome	c:	a	mitochondrial	protein	that	shuttles	electrons	from	Complex	III
to	Complex	IV	of	the	electron	transport	chain;	when	released	from	the	inner
mitochondrial	membrane,	cytochrome	c	is	an	important	initiator	of	apoptosis.

Cytoplasm:	everything	inside	the	cell	contained	within	the	cell	membrane,
excluding	the	nucleus.

Cytoskeleton:	a	network	of	fibers	within	the	cell	that	provides	structural
support;	can	change	shape	to	enable	some	cells	to	move	around	and	engulf
other	cells	or	particles.

Cytosol:	the	aqueous	part	of	the	cytoplasm	excluding	organelles,	such	as
mitochondria,	and	membrane	systems.

DNA:	deoxyribonucleic	acid,	the	double	helix	structure	responsible	for	genes,	in
which	nucleotide	letters	are	paired	with	each	other	to	form	a	template	from
which	an	exact	copy	of	the	whole	molecule	can	be	regenerated;	the	sequence	of
nucleotide	letters	in	a	gene	encodes	the	sequence	of	ammo	acids	in	a	protein.

Electron:	a	tiny,	negatively	charged	wave	particle.
Enzyme:	a	protein	molecule	with	enormous	specificity,	which	serves	as	a
catalyst	responsible	for	significantly	speeding	up	biochemical	reactions.

Eukaryotic	cell:	cells	with	a	true	nucleus.
Free	radical:	a	highly	reactive	atom	or	molecule	with	an	unpaired	electron.
Free-radical	leakage:	continuous	low-level	production	of	free	radicals	from	the
electron	transport	chains	of	the	mitochondria;	a	result	of	electrons	reacting
directly	with	oxygen.

Gene:	a	stretch	of	DNA,	whose	sequence	of	letters	encodes	for	a	single	protein.
Genome:	the	complete	library	of	genes	in	an	organism;	the	term	is	also	taken	to
include	noncoding	(i.e.,	nongenic)	stretches	of	DNA.

Heteroplasmy:	a	mixture	of	two	or	more	different	mitochondrial	DNA,	such	as
the	father	and	the	mother.



Histones:	protective	proteins	that	bind	DNA	in	a	very	particular	way,	found
mainly	in	eukaryotic	cells.

Hypoxia:	a	situation	that	occurs	when	cells	or	tissues	are	deprived	of	oxygen.
Ischemia:	a	situation	that	occurs	when	there	is	reduced	blood	flow	to	a	tissue	or
organ;	reduced	blood	flow	results	in	hypoxia.

Lateral	gene	transfer:	the	random	transfer	of	DNA	segments	or	genes,	from
one	cell	to	another,	as	opposed	to	vertical	inheritance	from	mother	to	daughter.

Lipid:	a	type	of	long-chain	fatty	molecule	found	in	biological	membranes	and	as
stored	fuel.

Maternal	inheritance:	a	non-Mendelian	form	of	inheritance	in	which	the
genotypes	from	one	parental	type	are	transmitted	to	all	progeny.	That	is,	all	the
genes	in	offspring	will	originate	from	only	the	mother.	This	phenomenon	is
most	commonly	observed	in	eukaryotic	organelles	such	as	mitochondria.

Membrane:	the	thin	fatty	(lipid)	layer	that	envelops	cells	and	forms	complex
systems	inside	eukaryotic	cells.

Metabolic	rate:	the	rate	of	fuel	consumption	or	energy	production,	measured	by
the	rate	of	glucose	oxidation	or	oxygen	consumption.

Mitochondrial	DNA:	the	chromosome	found	in	mitochondria;	five	to	ten	copies
are	typically	found	in	each	mitochondria;	circular	and	bacterial	in	nature.

Mitochondrial	Eve:	the	last	female	ancestor	common	to	all	humans	living
today,	based	on	mitochondrial	DNA	that	is	inherited	asexually	down	the
maternal	line.

Mitochondrial	genes:	genes	encoded	by	mitochondrial	DNA;	in	humans	there
are	thirteen	protein-coding	genes,	in	addition	to	genes	encoding	the	RNA
ribosomes.

Mutation:	an	inherited	or	acquired	change	in	the	DNA	sequence;	can	have	a
negative,	positive,	or	neutral	effect	on	function.

Mutation	rate:	the	number	of	DNA	mutations	per	unit	time.
NADH:	nicotinamide	adenine	dinucleotide;	a	molecule	that	ultimately	carries
the	electrons	derived	from	food/fuel	to	Complex	I	of	the	electron	transport
chain.

Natural	selection:	inheritable	differences	in	biological	adaptability	to
environmental	conditions;	the	variance	in	individual	survival	and	reproduction
within	a	population.

Noncoding	(junk)	DNA:	DNA	sequences	that	do	not	code	for	proteins	or	RNA.
Nucleus:	spherical	membrane-enclosed	“control	center”	of	eukaryotic	cells;
contains	chromosomes	composed	of	DNA	and	protein.



Oocyte:	an	egg	cell;	the	female	sex	cell.
Organelles:	tiny	organs	within	cells	dedicated	to	specific	tasks,	such	as
mitochondria.

Oxidation:	the	loss	of	electrons	from	an	atom	or	molecule.
Phagocytosis:	the	physical	engulfment	(by	means	of	changing	shape)	of	dead
cells,	pathogens,	or	particles	by	a	cell;	the	particles	are	digested	in	a	vacuole
inside	the	cell.

Prokaryote:	a	broad	class	of	single-celled	organisms	that	do	not	possess	a
nucleus;	includes	bacteria.

Proton:	the	nucleus	of	a	hydrogen	atom,	with	a	single	positive	charge.
Proton	gradient:	a	difference	in	proton	concentration	between	one	side	of	a
membrane	and	the	other.

Proton	pumping:	the	physical	translocation	of	protons	from	one	side	of	a
membrane	to	the	other.

Purines:	one	of	the	key	building	blocks	for	DNA,	RNA,	and	ATP.	Adenine	is	a
purine.

Recombination:	the	physical	replacement	of	a	gene	from	one	source	with	the
equivalent	gene	from	another	source;	takes	place	in	lateral	gene	transfer,	sexual
reproduction,	and	during	the	repair	of	a	damaged	chromosome	by	reference	to
a	spare	copy.

Redox	reaction:	a	reaction	between	two	molecules	where	one	is	oxidized	(loses
an	electron)	while	the	other	is	reduced	(gains	an	electron).

Redox	signaling:	the	change	in	activity	(usually	by	free	radicals)	of
transcription	factors	as	a	result	of	their	oxidation	or	reduction	state.

Reduction:	the	gain	of	electrons	by	an	atom	or	molecule.
Respiration:	the	oxidation	of	food/fuel	to	generate	energy	in	the	form	of	ATP.
Respiratory	chain:	also	known	as	the	electron	transport	chain	(ETC),	the	series
of	complexes	embedded	in	the	bacterial	membrane	and	inner	mitochondrial
membrane	that	pass	electrons	derived	from	fuel	from	one	to	the	next.	The
energy	released	by	the	transport	of	electrons	is	used	to	pump	protons	across	the
membrane.

RNA:	ribonucleic	acid;	includes	messenger	RNA	(an	exact	copy	of	the	DNA
sequence	in	an	individual	gene,	and	moves	to	the	cytoplasm);	ribosomal	RNA
(forms	part	of	the	ribosomes,	the	protein-building	factories);	and	transfer	RNA
(an	adapter	that	couples	a	genetic	code	to	a	particular	amino	acid).

Sexual	reproduction:	reproduction	brought	by	the	fusion	of	two	sex	cells,	each
containing	a	random	assortment	of	half	the	parental	genes,	to	give	the	resulting



embryo	an	equal	number	of	genes	from	both	parents.
Symbiosis:	a	mutually	beneficial	relationship	between	two.
Transcription	factor:	a	protein	that	binds	to	a	DNA	sequence,	signaling	the
transcription	of	that	gene	into	an	RNA	copy	(the	first	step	in	protein	synthesis).

Tricarboxylic	acid	(TCA)	cycle:	also	known	as	the	Krebs	cycle	or	the	citric
acid	cycle;	a	metabolic	pathway	in	the	mitochondria	that	converts
carbohydrates,	fats,	and	proteins	into	energy	compounds	(NADH	and	FADH2),
which	then	enter	the	electron	transport	chain	to	ultimately	create	ATP.

Uncoupling:	disconnecting	oxidative	phosphorylation	from	ATP	production;
instead,	the	proton	gradient	is	dissipated	by	protons	passing	back	through
membrane	pores	(instead	of	ATPase),	creating	heat.

Uncoupling	agent:	any	compound	that	disconnects	oxidative	phosphorylation
from	ATP	production	by	dissipating	the	proton	gradient.

Uncoupling	protein:	a	channel	in	the	membrane	that	allows	protons	to	flow
back	through	the	membrane,	dissipating	the	proton	gradient	as	heat.

Uniparental	inheritance:	the	inheritance	of	mitochondria	from	only	one	of	two
parents,	specifically	the	mother.
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