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ABSTRACT

Cardiovascular disease (CVD), involving the pathological alteration of the heart or blood vessels, is one of the
main causes of disability and death worldwide, with an estimated 18.6 million deaths per year. CVDs are caused
by a variety of risk factors, including inflammation, hyperglycemia, hyperlipidemia, and increased oxidative
stress. Mitochondria, the hub of ATP production and the main generator of reactive oxygen species (ROS), are
linked to multiple cellular signaling pathways that regulate the progression of CVD and therefore are recognized
as an essential target for CVD management. Initial treatment of CVD generally focuses on diet and lifestyle in-
terventions; proper drugs or surgery can prolong or save the patient’s life. Traditional Chinese medicine (TCM), a
holistic medical care system with an over 2500-year history, has been proven to be efficient in curing CVD and
other illnesses, with a strengthening effect on the body. However, the mechanisms underlying TCM alleviation of
CVD remain elusive. Recent studies have recognized that TCM can alleviate cardiovascular disease by manip-
ulating the quality and function of mitochondria. This review systematically summarizes the association of
mitochondria with cardiovascular risk factors, and the relationships between mitochondrial dysfunction and CVD
progression. We will investigate the research progress of managing cardiovascular disease by TCM and cover

widely used TCMs that target mitochondria for the treatment of cardiovascular disease.

1. Introduction

Cardiovascular disease (CVD), a kind of disease that affects the heart
or blood vessels, causes poor survival prognosis and high economic costs
[1]. It mainly includes coronary artery disease (CAD), hypertension,
cardiomyopathy, heart failure, atherosclerosis, dyslipidemia, hypergly-
cemia, strokes and transient ischemic attack, and other related diseases
[2]. The progression of CVD is usually associated with an increase in
blood clots and fatty deposits inside the arteries (atherosclerosis). It can
also be involved in damage to arteries in organs [3]. Therefore, many
CVDs are accompanied by a series of irreversible damages that lead to
organic and vascular complications. Most CVD affects older adults, the
older group with the higher incidence rate [4]. CVD might be caused by
a variety of risk factors that elicit severe oxidative stress, such as
smoking, excessive drinking, lack of exercise, poor diet, obesity, and
poor sleep [5]. Moreover, high blood pressure, high blood cholesterol,
and diabetes mellitus are intrinsically associated with CVD [6] (Fig. 1).
CVD may be preventable and treatable via proper diet and lifestyle in-
terventions. Agents such as aspirin, ACE inhibitors, beta-blockers,
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statins and antibiotics, and surgical or procedural interventions can save
someone’s life or prolong it [7,8]. Regarding surgical interventions,
replacing the valve is a first option for heart valve problems, a pace-
maker can help reduce abnormal heart rhythms for arrhythmias, and
coronary angioplasty and coronary artery bypass surgery are two stra-
tegies for a heart attack [9]. Nevertheless, CVD remains a serious threat
to human health and simultaneously brings heavy social and economic
burdens to the world. Therefore, it is very important to explore novel
agents and new strategies for CVD management.

Mitochondria are highly dynamic organelles that generate adenosine
triphosphate (ATP) and produce heat by driving electron transport chain
(ETC)-coupled oxidative phosphorylation (OXPHOS). It is derived from
bacteria and retains its own genome, which contains 13 polypeptide-
encoding genes, 22 tRNA genes, and 2 rRNA genes. In addition, it is
composed of the mitochondrial matrix, inner mitochondrial membrane,
outer mitochondrial membrane, and intermembrane space [10]. Mito-
chondria act as signaling hubs by producing proper levels of reactive
oxygen species (ROS) to modulate cellular movements when signals
reach cellular components such as the membrane and the nucleus. They
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manage their number, morphology, quantity, and location to maintain
cellular homeostasis and fitness to satisfy physiological needs according
to different living environments. Under stress conditions, the homeo-
stasis of mitochondria is disrupted, causing mitochondrial dysfunction
and cell fate alteration, which is closely associated with the occurrence
and development of many diseases, such as tumors, neurological dis-
eases, and CVD [11]. Currently, a large body of evidence indicates that
the occurrence and development of CVD are usually accompanied by
mitochondrial dysfunction. Multiple aspects of mitochondria, including
defects/mutations in mtDNA, mitochondrial ion channel dysfunction,
and abnormities in mitochondrial structure and volume, can lead to
dysfunction of mitochondria and are reported to be closely related to
CVDs [12]. For example, a recent study reported that aging-elevated IL-6
and mitochondrial dysfunction upregulated the protein level of Parkin
and associated mitophagy in the aorta to exacerbate atherogenesis upon
acute hyperlipidemia [13]. In addition, dual-specificity tyrosine-regu-
lated kinase 1B (DYRK1B) could drive cardiac hypertrophy and heart
failure by directly binding with signal transducer and activator of
transcription 3 (STAT3, regulator that mediates cellular responses to
interleukins, KITLG/SCF, LEP and other growth factors) to impair
mitochondrial bioenergetics [14]. Obviously, these emerging findings
may provide new therapeutic options for CVD management.
Traditional Chinese medicine (TCM), a major component of the
Chinese medical system, has been in use for over 2500 years. It is
characterized by diagnosing diseases through inspection, auscultation,
olfaction, inquiry, pulse-taking and palpation to investigate the “Yin-
Yang” and “Qi-Xue” of patients [15] and curing diseases using a large
number of herbal medicines, medicinal animal materials, medicinal
minerals, or their extracts. In addition, several nonmedicine therapeutic
strategies, including acupuncture, moxibustion, TuiNa (massage), Tai-
chi and Gua Sha (skin scraping), have been widely applied to intervene
in acupressure points or meridians [16]. TCM treatment modulates
“multi-targets and multi-pathways” with their “multi-components”,
therefore realizing a holistic equilibrium and improvement of the whole
body [17], rather than eliminating a specific lesion. Even though there
are shortcomings, a good portion of patients chose TCM as their favorite
[18], and most patients preferred the combination of Western medicine
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and TCM after having experienced Western medicine, TCM, or inte-
grative medicine. In Western countries, TCM has also gradually become
complementary or alternative medicine. Furthermore, TCM is increas-
ingly applied in the prevention and treatment of multiple diseases in
which huge unmet needs remain for disease control with Western
medicine, including cancer and COVID-19, particularly CVD [19].
Intriguingly, multiple Chinese herbals and natural medicines could
protect myocardial cells and endothelial cells by regulating mitochon-
dria and related signaling pathways, thus benefiting CVD patients with
limited side effects.

This review investigates the underlying molecular mechanisms
involved in the progression of CVD from a mitochondria-centric
perspective. We summarize recent findings on the pharmacological
management of CVD by TCM based therapeutics, with an emphasis on
their molecular actions on regulating mitochondria and related
signaling pathways.

2. Cardiovascular disease resulting from mitochondrial
dysfunction

While a proper level of reactive oxygen species (ROS) facilitates fine
function of the cell, excessive levels of ROS cause oxidative stress [20],
resulting in damage to cellular macromolecules and eventually
apoptotic or necrotic cell death [21]. CVD, the most lethal disease
worldwide, has been documented to be linked with excess production of
ROS [22,23]. Increased ROS not only impair nitric oxide availability and
vasoconstriction to promote arterial hypertension but also induce hy-
pertrophic signaling or apoptosis to cause arrhythmia and augment
cardiac remodeling [24]. In addition, ROS play a pivotal role in the
development of atherosclerosis by promoting atherosclerotic plaque
formation [25]. Mitochondria, the main drivers of intracellular ROS, can
easily be affected by risk factors, including atherosclerosis, inflamma-
tion [26], hyperglycemia [27], and hyperlipidemia [28], leading to ROS
overproduction and the death of smooth muscle cells (SMCs) and
endothelial cells (ECs), thereby resulting in CVDs [29]. The homeostasis
of mitochondria depends on the balance of a series of dynamic processes,
including fusion and fission, mitophagy and mitochondrial biogenesis

Fig. 1. Risk factors associated to cardiovascular disease. A variety of risk factors that elicit severe oxidative stress, such as smoking, excessive drinking, lack of
exercise, poor diet, obesity, and poor sleep, are intrinsically associated with the progression of cardiovascular disease.
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[30]. Recently, the association between mitochondria and other cellular
organelles, mitochondrial-derived peptides, and mitochondrial traf-
ficking/transfer have also been proven to play essential roles in main-
taining cellular homeostasis [31]. In addition, disability in all aspects of
mitochondrial DNA (mtDNA), including loss in copy number and
mtDNA mutation/deletion, could inherently cause bioenergetic disorder
[32]. Undoubtedly, these mitochondrial-related events are intrinsically
related to the progression of CVDs.

2.1. mtDNA disorders and cardiovascular disease

Mitochondrial dysfunction may result from mtDNA disorders,
including mtDNA damage, mutation/deletion, and loss in copy number
[32,33]. These mtDNA disorders cause a broad spectrum of cardiovas-
cular events. mtDNA lacks histones and has a minor capacity for repair
and is thus particularly prone to oxidative damage (Fig. 2). Mitochon-
drial DNA damage can trigger a vicious cycle of ROS production and
reduce the stabilization of an adequate ATP supply, thus leading to the
development of CVDs [34,35]. For instance, proprotein convertase
subtilisin/Kexin type 9 (PCSK9, acting to enhance the degradation of the
hepatic low density lipoprotein receptor) was observed to cause mtDNA
damage and activate NACHT, LRR and PYD domains-containing protein
3 (NLRP3, sensor component of the NLRP3 inflammasome that mediates
inflammasome activation) inflammasome signaling, resulting in
Caspase-1-dependent pyroptosis in HL-1 cardiomyocytes [36]. In addi-
tion, Knut H and his coworkers revealed that mtDNA damage connects
to cardiac dysfunction by reducing NAD™ levels and causing mito-
chondrial dysfunction. They demonstrated that high levels of car-
diomyocyte mtDNA damage cause impaired activation of
NAD*-dependent SIRT3 in a transgenic model [37]. These results pro-
vide convincing evidence for the link between CVDs and mtDNA
damage.

Mitochondrial DNA copy number (mtDNA-CN), the number of
mitochondrial genomes in each mitochondrion, has long been regarded
as a biomarker of mitochondrial function [38]. Levels of mtDNA-CN
have been reproducibly associated with various diseases, especially
age-related diseases such as cardiovascular disease, and it significantly
impacted overall mortality [39]. For instance, lower baseline
mtDNA-CN is reported to be relevant to incident CVD (including

Fig. 2. mtDNA disorders are generally linked to cardiovascular disease. mtDNA
disorders, including mtDNA damage, mutation/deletion, and loss in copy
numbers, have been well demonstrated to cause cardiovascular disease.
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coronary heart disease, abdominal aortic aneurysm, and stroke).
Furthermore, their study showed that mtDNA-CN may have a mediating
effect on the association between T2D and CVD, since the total effect of
T2D on future risk of CVD was reduced after controlling for mtDNA-CN
[40]. Moreover, a study aimed to investigate the association between
mtDNA-CN and peripheral arterial disease (PAD) showed that low
mtDNA-CN relates to all-cause mortality in PAD patients with inter-
mittent claudication [41]. Intriguingly, mtDNA-CN may influence CVDs
through modification of nuclear DNA (nDNA) methylation, thus regu-
lating the expression of nuclear genes. As reported by Christina A et al.,
over half of CpGs were linked to phenotypes that were associated with
mtDNA-CN, including cardiovascular disease, coronary heart disease,
and mortality. Additionally, experimental modulation of mtDNA-CN led
to alterations in nDNA methylation and gene expression [42]. Together,
these observations demonstrate that changes in mtDNA-CN may
modulate human health and disease through finely regulated cell
signaling.

Recently, mtDNA deletions/mutations have been considered poten-
tial disease markers. A study investigating 770 patients with known or
suspected stable CAD revealed that two emerging hallmarks of aging,
mitochondrial DNA deletion (mtDNA4977) and leucocyte telomere
length (LTL), have predictive value for adverse cardiovascular outcomes
[43]. Although there is not much direct evidence showing the associa-
tion between mtDNA mutation and CVD at present, a plethora of studies
have shown that mtDNA mutation indirectly affects the progression of
CVD or damages the cardiovascular system by regulating other diseases
[44-46]. Further study on the associated dysfunction of mtDNA dele-
tion/mutation may open new perspectives for CVD treatment [47].

2.2. Mitochondrial fusion/fission and cardiovascular disease

Mitochondria maintain homeostasis through dynamic fusion and
fission [48,49]. Mitochondrial fusion is executed by mitofusin 1 and 2
(Mfn1/2) and optic atrophy 1 (OPA1) to achieve the exchange of
intramitochondrial materials, whereas the fission process is mediated by
dynamin-related protein 1 (Drpl) to produce multiple differently sized
mitochondria, allowing the division of mtDNA and the isolation of
damaged organelles [50,51]. Imbalances in mitochondrial fission and
fusion cause disorders in mitochondrial morphology and function,
damaging cardiomyocytes and thereby disturbing the structure and
function of the heart, which is closely involved in the initiation and
progression of cardiovascular diseases such as diabetic cardiomyopathy,
septic cardiomyopathy, and ischemia—reperfusion injury (IRI) [52].
The robust evidence demonstrating the critical role of mitochondrial
fusion and fission in CVDs is that aberrance in the expression of related
proteins results in the development of a cardiovascular disorder [11,53,
54] (Fig. 3).

Several other molecules and signaling pathways can also influence
the occurrence and progression of CVD by directly or indirectly regu-
lating mitochondrial dynamics. For instance, miR-34a-3p regulated
epigenetic dysregulation of MiD49 and MiD51, two classical Drpl
binding partners, was found to increase Drpl-mediated mitotic mito-
chondrial fission and promote pulmonary arterial hypertension (PAH),
thus providing new therapeutic targets for PAH [55]. In addition,
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) was
demonstrated to promote cardiac IRI by disturbing BI-1-mediated
mitochondrial homeostasis. Ablation of DNA-PKcs could counter car-
diac ischemia reperfusion (IR)- or hypoxia-reoxygenation (HR)-elevated
oxidative stress that results from mPTP opening, mitophagy failure and
mitochondrial apoptosis [56]. Furthermore, Chen et al. found that in a
hypoxia/reoxygenation (H/R) model, ROS could stimulate
JNK-governed mitochondrial fission via Drpl phosphorylation. Reduc-
tion of ROS induces mitochondrial fission to preserve mitochondrial
function under H/R injury. Further results indicated that H/R injury
induced damage in endothelial cells through the ROS-JNK-Drpl
signaling pathway [57]. Wang et al. found that the nuclear factor of
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Fig. 3. Mitochondrial dynamics and cardiovascular disease. Imbalances in
mitochondrial fusion/fission and biogenesis/degradation disturb mitochondrial
homeostasis and result in cardiovascular disease.

activated T-cells, cytoplasmic 3 (NFATc3, a regulator involves in the
inducible expression of cytokine genes in T-cells) induces the expression
of miR-153-3p to promote mitochondrial fragmentation in cardiac hy-
pertrophy when suffering isoprenaline (ISO) insult. This signaling
pathway represents a novel therapeutic target for the prevention and
treatment of cardiac hypertrophy [58]. In a dilated cardiomyopathy
(DCM) model induced by activation of Toll-like receptor 4 (TLR4,
mediating the innate immune response to bacterial lipopolysaccharide
(LPS)), fragments of mitochondria with damaged cristae in the ultra-
structure were observed. Further study revealed that aggravation of
aberrated mitochondria in the DCM model was mainly associated with
OPA1l downregulation caused by TLR4-mediated TNF-a upregulation
and ROS elevation. Taken together, these findings indicate that TLR4
activation induces OPA1 dysfunction to cause mitochondrial dynamic
imbalance, which may contribute to the progression of DCM [59].

Notably, mitochondrial dynamics-regulated proteins can also
participate in the progression of CVDs through cellular communication
between adjacent cells. For instance, the role of Drpl in macrophages,
an essential player promoting various vascular diseases, was investi-
gated, and the results indicated that macrophage Drpl promotes
macrophage-mediated inflammation to accelerate intimal thickening,
suggesting macrophage Drpl as a potential therapeutic target for
vascular diseases [60]. Further investigations focusing on the role of
mitochondrial fusion and fission and their regulators would facilitate the
understanding of the molecular mechanisms underlying CVD progres-
sion and offer potential targets for CVD treatment.

2.3. Mitochondrial biogenesis and degradation in cardiovascular disease

In addition to fusion and fission, mitochondrial biogenesis and
degradation are two other pivotal processes in the mitochondrial quality
control (MQC) system. Dysfunctional mitochondria compromise ATP
synthesis and generate excessive ROS. The timely biogenesis of healthy
mitochondria and degradation of damaged mitochondria are of great
importance for cardiovascular protection. Signals are transmitted to the
nucleus for transcriptional upregulation of mitochondrial biogenesis-
related genes when the mitochondrial network suffers damage [61],
whereas degradation-related proteins are recruited to eliminate
damaged mitochondria [62]. Impairment of the MQC system results in
accumulation of abnormal mitochondria, which is one of the major
contributors to the pathogenesis of multiple cardiac disorders [62].
Herein, this section provides an overview of the role of mitochondrial
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biogenesis and degradation in the progression of CVD (Fig. 3).

Mitochondrial biogenesis is elaborated by peroxlsome proliferator-
activated receptor-y coactivator-loa (PGC-1la)-regulated transcription
of mitochondrial nuclear genes and mitochondrial transcription factor A
(TFAM)-mediated mitochondrial transcription and translation, which
replenishes healthy mitochondria to furnish OXPHOS and ATP produc-
tion [63]. Abnormal expression of these proteins inevitably leads to
mitochondrial dysfunction and is involved in cardiovascular disorders.
Recently, endoplasmic reticulum (ER) stress, which generally occurs
when protein unfolding or calcium handling fails, has been recognized
as a pathogenic factor in cardiovascular diseases [64]. Further results
suggested that ER stress induced connexin 43 (CX43) translocations to
mitochondria by upregulating profibrotic factor transforming growth
factor-pl (TGF-B1) and downregulating mitochondrial biogenesis pro-
tein PGC-la and mitochondrial fusion protein mitofusin-2 (MFN2),
thereby eventually causing mitochondrial dysfunction. In addition,
damage to mitochondrial metabolism contributes to the progression of
cardiovascular disease. For example, it has been discovered that miR
208a inhibits mitochondrial biogenesis asscociated signaling pathway
and respiratory properties when faced with metabolic challenges, of-
fering a therapeutic target to encourage mitochondrial biogenesis in
cardiovascular disease, including metabolic cardiomyopathy [65].
Furthermore, the results showed that nuclear respiratory factor 1 [Nrfl,
transcription factor that activates the expression of the EIF2S1
(EIF2-alpha) gene] in the paraventricular nucleus (PVN) is linked to the
onset of one-clip (2K1C)-induced hypertension and that Nrfl knock-
down in the PVN can reduce hypertension by promoting mitochondrial
biogenesis and restoring the balance between superoxide production
and removal [66]. Together, these results suggested that mitochondrial
biogenesis and related regulators may be prospective targets for
reducing the risk of CVD.

Mitophagy, the mainstream mitochondrial degradation pathway, is
triggered to eliminate dysfunctional, damaged, and superfluous mito-
chondria to maintain a healthy mitochondrial population and partici-
pates in the pathological process of cardiovascular diseases [67].
Mitophagy receptors are essential for mitophagy signaling, and the most
well-known pathway involves phosphatase and tensin homolog kinase 1
(PINK1)/E3 ubiquitin kinase (Parkin). Additionally, Bcl-2 E1B 19-kDa
interacting protein 3 (BNIP3), BNIP3-like (BNIP3L, also known as
NIX), Bcl2-like protein 13 (Bcl2-L-13), and FUN14 domain containing
protein 1 (FUNDC1) are also reported to be involved in mitophagy.
Deficiency in these mitophagy receptors and disruption in mitophagy
signaling always cause disruption of mitophagy signaling and may result
in the progression of CVD [68,69]. For instance, a lack of
thioredoxin-dependent peroxide reductase (Prdx3, thiol-specific perox-
idase that catalyzes the reduction of hydrogen peroxide and organic
hydroperoxides) directly Nrflcauses heart failure through mitochon-
drial malfunction caused by a breakdown in PINK1/Parkin-mediated
mitophagy. The role of Prdx3 in mitophagy regulation and mitochon-
drial oxidative stress removal clarifies the process of MQC and offers
fresh information for creating a treatment plan for cardiovascular con-
ditions linked to mitochondria [70]. By suppressing Drpl-mediated
mitochondrial fission, ischemia preconditioning-triggered Fundcl-de-
pendent mitophagy is necessary for ischemia preconditioning to provide
renoprotection in ischemic acute kidney injury (AKI) [71]. Furthermore,
tamoxifen-induced cardiac-specific Drpl mutant mice accumulated
damaged mitochondria and suppressed mitophagy. Suppressed
mitophagy results in mitochondrial malfunction, which in turn pro-
motes heart dysfunction and increases ischemia reperfusion vulnera-
bility [72]. The modulation of the mitophagy pathway offers a potential
therapeutic method for the management of CVD, and these observations
described the molecular, functional, and prospective significance of
mitophagy in the pathogenesis of CVD.
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2.4. Mitochondria-derived peptides in cardiovascular disease

Short peptides with biological activity called mitochondria-derived
peptides (MDPs) are encoded by mitochondrial DNA’s tiny open
reading frames (ORFs) [73]. Humanin (HN), MOTS-c, and SHLP1-6 are
three types of MDPs that have been found to sustain mitochondrial
function and cell viability under stress. As a result, they play a role in a
variety of physiological processes and illnesses, including aging, senes-
cence, inflammation, and carcinogenesis [73]. It is interesting to note
that current research has demonstrated numerous methods by which
MDPs contribute to pathogenic alterations in CVD [74]. MDPs often
exert cardioprotective effects by inhibiting apoptosis, combating
oxidative stress, protecting the endoplasmic reticulum from damage,
and suppressing inflammatory responses [75] (Fig. 4). For instance, a
significant aging-related drop in plasma levels of MDPs (such as HN,
SHLP2, and mots-c) was observed, suggesting a link between the loss of
MDPs and the deteriorating biological processes related to aging and
age-related disorders [76]. HN has recently been implicated in the for-
mation and progression of atherosclerosis, primarily through endothe-
lial cell protection, oxidative stress reduction, and anti-inflammatory
responses [77]. The endothelial cell layer of human arteries was also
shown to express HN, and it has a cytoprotective impact against oxidized
LDL-induced oxidative stress [78]. Additionally, MOTS-c was said to
inhibit diet-induced obesity and insulin resistance by activating
5’-AMP-activated protein kinase catalytic subunit alpha-1 (AMPK, an
energy sensor protein kinase that plays a key role in regulating cellular
energy metabolism) and promoting the expression of its downstream
glucose transporters (GLUTS) [79].

Accordingly, supplementation with these MDPs may protect ECs and
myocardial cells from oxidative damage. A powerful analog of HN called
HNG, for instance, has been shown to improve cardiac function by
increasing left ventricular ejection fraction and maintaining post-
ischemic left ventricular dimensions (end-diastolic and end-systolic).
Mechanistically, HNG dramatically decreased Bcl-2-associated X (BAX)
protein and B-cell lymphoma-2 levels and elevated endothelial nitric
oxide synthase (eNOS) and AMPK phosphorylation in the heart (Bcl-2)
[79]. For a better knowledge of the function and underlying mechanisms
of MDPs in CVD, more thorough research is needed.

2.5. Other mitochondrial events in cardiovascular disease

In addition to the mitochondrial dynamics mentioned above, mul-
tiple newly reported mitochondrial events were observed to be associ-
ated with CVD progression (Fig. 5). For instance, the mitochondrial-

Fig. 4. Mitochondria-derived peptides protect cardiovascular cells from dam-
age. Mitochondria-derived peptides have been recognized to maintain mito-
chondrial function and cell viability under stress conditions, thereby protecting
endothelial cells and myocardial cells from damage.
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associated endoplasmic reticulum (ER) membrane (MAM), the most
thoroughly investigated membranous system, is in constant interaction
with other intracellular organelles and has been proven to be crucial for
maintaining mitochondrial function, including mitophagy and fission
[80]. Recently, these membrane systems have also been reported to be
involved in CVD processes [81]. Furthermore, the integrity of the
mitochondrial membrane was also linked to CVD. It has been discovered
that the low-density lipoprotein (LDL) subtype ApoE colocalizes with the
mitochondrial voltage-dependent anion channel (VDAC) and induces
enlargement of the mitochondria both in vitro and in vivo. Atheroscle-
rosis and cardiovascular disorders are likely linked to this mitochondrial
dysfunction caused by the opening of the mitochondrial permeability
transition pore [82]. Herrington et al. used mass spectrometry to analyze
coronary artery and aortic specimens from 100 autopsied young adults
to investigate the human arterial proteome and proteomic characteris-
tics. The findings indicated significant declines in the number of mito-
chondrial proteins in early atherosclerosis and identified a collection of
plasma proteins that are highly predictive of coronary disease as defined
by angiograms [83].

In addition to being powerhouses within cells, mitochondria are
released into the extracellular space in free form or contained in a carrier
to act as intercellular signals and mediate cell-to-cell communication
[83]. Extracellular mitochondria are emerging as a major regulator in
the development of cardiovascular disease because they maintain the
healthy operation of the heart. Recent research on the existence and
types of mitochondrial transfer between cells, as well as the impacts of
these mitochondria on vascular inflammation and ischemic myocar-
dium, was summarized in a systematic review, leading to the conclusion
that mitochondrial transplantation is a novel treatment paradigm for
people with acute cardiovascular accidents [84]. Circulating cell-free
nucleic acids (cf-NAs) have the potential to be a new noninvasive tool
for the early identification of a variety of diseases because they are
crucial for sustaining healthy physiological functioning and controlling
the emergence of pathological changes [85]. The presence of cf-NAs in
specimens, including cell-free genomic DNA, mtDNA, mRNA, miRNA,
and long noncoding RNA in CVDs, is now well documented. They open
up new possibilities for accurate diagnosis and therapy monitoring of
CVDs because they are released in free, extracellular vesicle (EV)-en-
capsulated or protein-bound forms in an active, triggered or passive
manner [86]. Extensive research on mitochondria-associated movement
will be conducive to an in-depth understanding of the pathogenesis of
CVD and facilitate CVD management by targeting mitochondria.

3. Targeting mitochondria by traditional Chinese medicine for
cardiovascular disease management

Targeting mitochondria for the management of cardiovascular dis-
ease has garnered significant interest across the globe and has demon-
strated excellent application prospects because of the essential role that
mitochondria play in the development of cardiovascular disease [87,
88]. A plethora of agents [89], including aspirin, melatonin, leptin and
so forth, have been reported to protect the cardiovascular system from
oxidative damage through mitochondrial-related pathways. Due to the
complex pathogenic mechanisms of cardiovascular diseases and the
diminished efficacy of Western medicine, modes for treatment of CVD
using modern medicine in combination with TCM have now been
established as a main method in China and other countries, with TCM
even dominating in some instances [90]. In this section, we discuss the
most well-documented Chinese Herbal Medicines (CHMs) that have
proven to be efficient against CVDs. Strategies that promote the delivery
of TCM to mitochondria for targeting CVDs will be briefly introduced.

3.1. Chinese herbal medicines and their active ingredients

The properties of CHMs mainly depend on their active ingredients,
which are generally categorized into polyphenols, flavonoids,
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Fig. 5. Other mitochondrial events and cardiovascular disease. Several newly recognized mitochondrial events, including mitochondrial-associated endoplasmic
reticulum (ER) membrane (MAM), mitochondrial membrane integrity, and mitochondrial transfer, have been observed to be associated with CVD progression.

polysaccharides, glycosides, diterpenoids, phenolic acids, saponins and
soon [91]. Active ingredients of CHMs can confront CVD by maintaining
the balance of vasoactive factors and calcium, removing free radicals,
protecting mitochondrial functions to protect cardiomyocytes and pro-
mote angiogenesis (Fig. 6). At present, there are various types of CHMs
used in CVD.

3.1.1. Salvia miltiorrhiza (SM)

Salvia miltiorrhiza (SM), also known as Danshen in Chinese, has a
number of biological properties, including antioxidative stress, anti-
inflammation, and antithrombosis, which make it a popular treatment
for circulatory illnesses, including cardiovascular and cerebrovascular
diseases [92]. According to prior research, the most common chemical

classes in SM’s bioactive components are hydrophilic phenolic acids and
lipophilic terpenoids [93]. It is well recognized that the lipophilic
diterpene tanshinone IIA, which is extracted from SM, is advantageous
for cardiovascular health. According to research, pretreatment with
tanshinone IIA shields H9c2 cells from anoxia-reoxygenation (A/R)
damage by increasing the expression of 14-3-3 (Adapter protein that
binds to and modulate the activity of a large number of partners) and
promoting the translocation of apoptosis regulator Bcl-2 to the mito-
chondrial outer membrane, which prevents the opening of the mito-
chondrial permeability transition pore and lowers cytochrome c release
and caspase-3 activation [94]. Tanshinone IIA can also stimulate the
NAD-dependent  protein  deacetylase  sirtuin-1/  Peroxisome
proliferator-activated  receptor = gamma  coactivator  1-alpha

Fig. 6. Traditional Chinese medicine exhibits potential efficacy for cardiovascular disease by targeting mitochondria. A variety of Chinese herbal medicines and their
active ingredients have been reported to protect the cardiovascular system from oxidative damage by regulating mitochondrial-related pathways.
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(SIRT1/PGC1) pathway to inhibit mitochondrial damage, giving cardiac
microvascular endothelial cells (CMECs) a survival advantage and pro-
tecting the structure and function of the microvascular system, accord-
ing to research by Zhong et al. [95]. Notably, the mitochondria targeting
group triphenylphosphine (TPP) developed a mitochondrion-targeting
tanshinone ITA derivative that may reduce cardiac hypoxia reoxygena-
tion injury by blocking SDH activity, reducing oxidative damage, and
controlling ATP levels to maintain energy output [96]. Cardiovascular
disorders are frequently treated with sodium tanshinone IIA sulfonate
(STS), a water-soluble tanshinone IIA derivative. It is claimed to lessen
the apoptosis caused by cigarette smoke in alveolar epithelial cells
(AECs) by boosting the SIRT1 pathway and improving mitochondrial
activity [97]. The maintenance of mitochondrial homeostasis and sup-
pression of excessive generation of mitochondrial ROS in atherosclerosis
by STS treatment also significantly reduced the overexpression of
important proteins in aortic artery wall plaques and characteristic
pyroptosis [98]. Several other active components of SM, such as sal-
vianic acid (Danshensu) and ursolic acid, have also shown promising
effects on protecting the cardiovascular system by modulating mito-
chondrial function [99,100]. These studies indicate that SM possesses
robust cardiovascular health protective efficacy.

3.1.2. Panax notoginseng

In China, Panax notoginseng has a long history and is frequently uti-
lized in clinical settings. In China, Panax notoginseng saponins (PNSs), a
key active ingredient that has potent antioxidant benefits, are frequently
utilized to treat cardiovascular conditions, including stroke [100,101].
It has a significant ability to reverse the downregulation of fork-head box
0O3a (FOX03) and Mn-SOD, increase the expression of PGC-1 and
mitophagy to lessen ROS-mediated oxidative damage, alleviate
aging-related mitochondrial dysfunction and morphological changes in
the rat myocardium, and inhibit the apoptosis of cardiomyocytes [102].
PNS also reduced lipotoxicity, controlled oxidative stress, and enhanced
mitochondrial activity in diabetic mice, preventing the development of
diabetic cardiomyopathy [103]. PNS also stopped the increase in car-
diomyocyte apoptosis in aging rats, greatly improved the morphological
alterations in the myocardium, and alleviated mitochondrial
dysfunction-related aging in a dose-dependent manner [103]. Intrigu-
ingly, Li et al. discovered that Panax notoginseng polysaccharides
(PNP), another active component of Panax notoginseng, had a protective
effect on ischemia/reperfusion (I/R) injury in rats. This effect was pri-
marily demonstrated by increasing brain tissue antioxidant capacity and
inhibiting the excessive production of inflammatory cytokines [103].
Overall, Panax notoginseng reduced oxidative damage by regulating
mitochondria function, sparing the cardiovascular system from harm.

3.1.3. Astragali Radix

Astragali Radix (AR) has historically been used by the Chinese for "Qi-
invigoration" due to its tonic properties in strengthening biological tis-
sues and promoting energy metabolism [104,105]. Huang et al. devel-
oped a systemic method using an extracellular flow analyzer to assess
mitochondrial respiration in cultured H9C2 cardiomyocytes. The tonic
effects of AR extracts and their primary compounds were assessed, and
the results demonstrated that highly polar AR extracts, particularly
astragaloside-enriched extracts, have better tonic effects on the mito-
chondrial bioenergetics of cultured cardiomyocytes than extracts with a
lower polarity [106]. Additionally, the active ingredient in AR, calyco-
sin, has been shown to improve triptolide-induced cardiotoxicity by
enhancing PGC-1/NRF1-dependent cardiac mitochondrial biogenesis
and respiration, providing a druggable mechanism for reducing car-
diotoxicity [106]. In cultured cardiomyoblasts, the herbal mixture
Danggui Buxue Tang (DBT), which contains AR and Angelicae Sinensis
Radix (ASR), can increase the transcript expression of genes involved in
mitochondrial biogenesis and DNA replication [106]. When utilized for
the clinical treatment of diabetic nephropathy (DN), Huangqi-Danshen
decoction (HDD), which is made up of AR (Huang-qi) and Dan-shen,
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exhibits good efficacy. According to previous studies, treatment for
HDD dramatically reduces increased mitochondrial fission and
PINK1/Parkin-mediated mitophagy in db/db mice, preventing type 2
diabetes-related kidney damage [107]. These findings showed that
mitochondrial energy metabolism is a key potential mechanism under-
lying AR against CVD.

3.1.4. Ginseng

Ginseng, a well-known traditional medicine and tonic, has long been
regarded as panacea. Abundant evidence suggests that its antioxidant
property plays a central role in preventing biological aging and pro-
moting longevity [108]. It has been demonstrated that the main active
ingredients of Panax ginseng, ginsenoside Rb1, protects neurons from
ischemia injury by inactivating astrocytes and transferring mitochon-
dria. The potential for targeting astrocytes for pharmacological in-
terventions in ischemic brain injury is suggested to involved in
inhibiting nicotinamide adenine dinucleotide (NADH) dehydrogenase in
mitochondrial complex I to block reverse electron transport-derived
ROS production from complex I and inactivated astrocytes to protect
the mitochondria [109]. Additionally, the natural supplement ginseno-
side Rb3 (G-Rb3), which is derived from ginseng, has cardioprotective
properties by increasing the production of important enzymes for the
oxidation of fatty acids and the main mitochondrial deacetylase, sirtuin
3 (SIRT3) [109]. By regulating mitochondrial activity and biogenesis,
majonoside-R2 (MR2), a major saponin present in Vietnamese ginseng
that has several biological functions [109], can shield cardiomyocytes
from hypoxia/reoxygenation harm [110]. By controlling mitophagy
through the AMPK pathway, ginseng-sanqi-chuanxiong (GSC) AMPK
extracts ameliorate diabetes-induced endothelial cell senescence. It is
not unexpected that ginseng-sanqi-chuanxiong (GSC) extracts were
found to delay the senescence of endothelial cells induced by diabetes by
controlling mitophagy through the AMPK pathway [111]. By controlling
intestinal flora and mitochondrial dysfunction, ginseng Dingzhi decoc-
tion was reported to ameliorate myocardial fibrosis and high
glucose-induced cardiomyocyte damage [112]. Taken together, ginseng
modulates mitochondrial function to preserve cardioprotective effects.

3.1.5. Paeonia suffruticosa

Traditional medicine has used Paeonia suffruticosa extensively to
treat conditions such as diabetes [113], arthritis [114], and cancer
[115]. For the treatment of atherosclerotic cardiovascular disease,
paeonol, an active component isolated from Cortex Moutan (the root
bark of Paeonia suffruticosa), is frequently employed [116]. Paeonol
was discovered to protect primary human pulmonary artery SMCs
(PASMCs) from damage caused by hypoxia and to stop pulmonary
vascular remodeling in a prior study by inhibiting mitochondrial dam-
age and enhancing ATP generation by IRI upregulating PGC-1 [116].
Paeonol may have a protective impact on the myocardium in IRI, ac-
cording to additional research [117], which was associated with the
activation of the PI3K/Akt pathway and the suppression of cell apoptosis
[118]. In conclusion, preserving mitochondria and preventing apoptosis
are both key components of the cardiovascular protective impact of
paeonol.

3.1.6. Angelica sinensis

Chinese medicine practitioners have employed Angelica sinensis,
often called female ginseng or Dang Gui (in Chinese), for thousands of
years. As its "meridian tropism" encompasses the liver, heart, and spleen
channels, TCM theory states that it has therapeutic benefits on ailments
by boosting blood circulation, regulating menstruation, reducing pain,
and exerting laxative action. Since the 1980 s, ischemic cardiovascular
disease has been treated with angelica sinensis extract and its active
ingredients [113]. It has been demonstrated that the major active
component of Angelica sinensis, liggustilide (LIG), plays a crucial role in
the control of mitochondrial fission and mitophagy in an
AMPK-dependent manner, reducing the severity of ischemic stroke
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injury by enhancing mitochondrial activity [114]. LIG may also lessen
neuronal damage from ischemic stroke by encouraging mitophagy via
PINK1/Parkin [120]. By encouraging the interaction of AMPK with
PGC-1 and increasing multilocular lipid droplet levels, AMP-activated
protein kinase (AMPK) signaling (AMPK/acetyl-CoA carbox-
ylase/SIRT1), and increasing multilocular lipid droplet levels, N-buty-
lidenephthalide (BP), a natural derivative from Angelica sinensis, was
shown to improve the metabolic profiles of mice with high-fat diet-in-
duced obesity [121].

3.1.7. Others

A plethora of TCM herbs might benefit CVDs by targeting mito-
chondrial function through a series of actions. For thousands of years,
Ginkgo biloba seeds and leaves have been used as a traditional herb, and
its leaf extract (GBE) exerts vascular protection functions. The degree of
exogenous cytochrome c-induced respiration stimulation decreased free
radical production in the mitochondria, attenuated ischemia-induced V3
drop, and uncoupled mitochondrial oxidation from phosphorylation are
all factors contributing to GE’s cardioprotective effects [115]. In
particular, a class of bioactive constituents of GBE, terpene lactones, has
been widely used as an add-on therapy in patients with ischemic car-
diovascular and cerebrovascular diseases [116].

The mushroom lingzhi, also known as ganoderma lucidum, is
commonly consumed in Asia and is gaining popularity in Western na-
tions as a supplemental treatment for cardiovascular health [117,118].
By directly scavenging free radicals and boosting the activities of TCA
cycle enzymes and respiratory chain complexes, it was said to greatly
protect mitochondria [119]. Additionally, Amauroderma rugosum (AR), a
different genus of mushroom from the Ganodermataceae family with
infrequently reported medicinal value, was shown by Li et al. to have
remarkable cardioprotective effects against Dox-induced cardiotoxicity
by upregulating the serine/threonine-protein kinase mTOR/Akt and
nuclear factor erythroid 2-related factor 2/ heme oxygenase 1
(Nrf2/HO-1)-dependent pathways and lowering oxidative stress, mito-
chondrial dysfunction, and cardiomyocyte apoptosis [119]. Further
study investigating the efficacy and underlying mechanisms of the
Ganodermataceae family would provide promising therapeutics for
CVD.

3.2. Traditional Chinese medicine decoction and patented drugs

Generally, a variety of Chinese medicinal materials are used together
in the form of a "Formula" to treat diseases (Table 1) [120]. Different
components of a formula complement each other to achieve a harmo-
nious and unified disease treatment effect. Sini decoction (SND), a
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well-known formula of traditional Chinese medicine derived from
"Treatise on Febrile Diseases", consists of roasted licorice, dried ginger,
and aconite. It has been used to treat kidney Yang deficiency as a
warming agent to dispel the cold and restore adversity [121] and has
been applied to treat cardiovascular disease for many years [122,123].
For instance, SND pretreatment was found to protect the myocardium
possibly by modulating the nuclear factor kappa-B (NF-kB) signaling
pathway and regulating phospholipid and bile acid metabolism [124].
Dan-Shen-Yin (DSY), a famous Chinese herbal formula consisting of
sandalwood Fructus amomi and Salvia miltiorrhiza, is extensively used for
treating coronary heart disease [125]. DSY potentially retards
endothelial-to-mesenchymal transition (EndMT), which plays an
essential role in the pathogenesis of atherosclerosis, by modulating the
LASP1/PI3K/AKT pathway [126]. Bao-Xin-Tang (BXT), another Chinese
herbal compound mainly containing Codonopsis pilosula, Atractylodes
macrocephala, Astragalus, and Fructus crataegi, has been verified to
ameliorate blood circulation and protect the myocardium and is there-
fore extensively used to treat coronary heart disease. The effects of BXT
may be associated with its anti-inflammatory and antioxidative prop-
erties [127].

Many of these formulas have gained patents and are produced in
different preparations, including pills, tablets, injections, capsules and
so on (Table 1). The therapeutic effects and good safety profile of Qili-
qiangxin capsules have been well demonstrated in patients with chronic
heart failure. Cardiac improvement might be achieved by ameliorating
abnormal Ca* transients, attenuating fibrosis and decreasing apoptosis
[128,129]. YiQiFuMai powder injection (YQFM), a Chinese medicinal
formula extracted from Panax ginseng, Ophiopogon japonicus, and Schi-
sandra chinensis, is widely used to treat angina and ischemic heart fail-
ure. Previous studies have illustrated that its protective effect is related
to the modulation of autophagy, mitochondrial function, apoptosis, and
oxidant stress by regulating ROS generation, p38 and ERK1/2 MAPK
signaling, and CaMKII signaling pathways [130,131]. Tongxinluo (TXL)
is a prescription compound of Chinese medicine used to ameliorate
ischemic heart diseases primarily attributed to its anti-inflammatory,
lipid-lowering, and antioxidant effects [132,133]. Intriguingly, a
recent study revealed that TXL could ameliorate myocardial ische-
mia—reperfusion injury by activating Parkin-mediated mitophagy and
downregulating the ubiquitin—proteasome system [134].

However, more research is needed to determine their impact on the
long-term outcomes of patients with chronic heart failure. Numerous
TCM medicines, including Nuanxin, Shencaotongmai, and Yangxinkang,
have been shown to be successful in enhancing cardiac function in these
patients [135,136]. Moreover, the Jiangzhitongluo capsule and Zhibitai
capsule, for example, may be used as alternatives to Western

Table 1

List of TCM decoction and patented drugs mentioned in this article.
Name Components Functions Mechanisms Refs
Sini decoction Roasted licorice, Protect myocardium Modulating NF-kB signaling pathway, [124]

(SND) Dried ginger, Aconite

Sandalwood Fructus amomi
and Salvia miltiorrhiza

Dan-Shen-Yin (DSY)

Bao-Xin-Tang (BXT)

crataegi
Qiligiangxin Aconite, Astragalus, Ginseng, Rhizoma alismatis, Salvia miltiorrhiza,
capsule and Psoralea corylifolia L.

YiQiFuMai powder
injection (YQFM)

Panax ginseng, Ophiopogon japonicus, and Schisandra chinensis

Tongxinluo (TXL) Ginseng, Paeoniaeradixrubra, Ziziphispinosae semen,

Dalbergiaeodoriferae lignum, Santali albi lignum, Olibanum, Hirudo,

Scorpio, Scolopendra, Cicadae periostracum,
EupolyphagaSteleophaga, and Borneolum

Codonopsis pilosula, Atractylodes macrocephala, Astragalus, and Fructus

regulating phospholipid and bile acid
metabolisms

Retards endothelial-to- Modulating the LASP1/PI3K/AKT [126]
mesenchymal transition pathway

(EndMT)

Ameliorate blood Anti-inflammatory and anti-oxidative [127]

circulation and protect the stress
myocardium

Improve cardiac function Ameliorating abnormal Ca® ™ transients, [128,

attenuating fibrosis and decreasing 129]
apoptosis
Treat angina and ischemic Regulating ROS generation, p38 and [130,

heart failure ERK1/2 MAPKs signaling, and CaMKII 131]
signaling pathways

Activating Parkin-mediated mitophagy [134]
and downregulating ubiquitin-

proteasome system

Ameliorate myocardial
ischemia-reperfusion
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medications for the treatment of dyslipidemia considering currently
available data. These TCM medications are effective in lowering serum
lipid levels [137,138]. However, more thorough, extensive research is
required to determine whether these beneficial effects could lead to a
decrease in cardiovascular events.

3.3. Strategies that facilitate targeting mitochondria via TCMs for CVD
management

To promote the applications of TCM worldwide, a series of tech-
nologies and strategies have been developed to achieve quality control,
storage, target screening and precision delivery of TCM [88]. The active
components of TCM are separated and characterized using chromatog-
raphy (CG), capillary electrophoresis (CE), mass spectrometry (MS), and
NMR so that the quality of TCM can be guaranteed [139]. In recent
years, advances in omics strategies have assisted in deciphering cellular
targets and mechanisms of action from multiple perspectives, including
chromosomes, DNA, RNA, proteins, and metabolites. In this regard,
scientific evidence is increasingly gathered and therefore provides
important fundamental information about specific TCM formulations to
promote their clinical validation. In addition to being applied in
single-herb preparations or prescription formulas, TCM herbs are always
developed into purified natural products or multicomponent prepara-
tions for different purposes. Purified natural components can easily
oxidize, which greatly attenuates their stability. Additionally, the
insufficient bioavailability, low water solubility, and lackluster selec-
tivity of natural components are what essentially restrict their phar-
maceutical usefulness [140]. Natural component bioactivities can be
improved by structural changes such esterification and glycosylation
that prevent degradation [129]. For instance, glycosylation of poly-
phenols increased their stability and shielded them against oxidants,
light deterioration, and digestive conditions that are acidic [130]. The
stability and targeting capacity of recently developed nano-techniques
have been extensively demonstrated. For instance, the antioxidant
molecule MitoQ10 is conjugated to lipophilic molecules to selectively
target mitochondria [141]. It enhances blood pressure and endothelial
NO bioavailability, preventing the onset of hypertension, enhancing
endothelial function, and reducing cardiac hypertrophy in young
spontaneously hypertensive rats predisposed to stroke, providing a new
therapeutic intervention for human cardiovascular disease. Addition-
ally, it has been shown that the GLSO@P188/PEG400 nanosystem (NS)
can be rationally manufactured to obtain good water solubility and
improved protection against radiation-induced heart disease [132]. As
expected, the improved free radical scavenging ability of
GLSO@P188/PEG400 NSs allows them to reduce the high ROS levels
brought on by X-rays. Taken together, these findings suggest that TCM
has great potential for treating cardiovascular diseases.

4. Conclusion and perspective

Mitochondria are a target for CVD therapy due to their involvement
in the dysregulation of the cell cycle, oxidative stress, hyperuricemia,
altered calcium signaling, and vascular inflammation, which are impli-
cated in the onset and progression of EC senescence and vascular disease
in aging [142]. According to TCM interpretation, researchers believe
that mitochondria are Qi (Chi), which roughly translates as vital force or
energy [134]. In this respect, yang-invigorating herbs may improve ATP
synthesis by enhancing mitochondrial electron transport and leading to
increases in antioxidant capacity, whereas yin-nourishing herbs may
reduce the capacity of myocardial ATP synthesis [135]. Therefore, it is
crucial to think carefully about when and how to apply a TCM technique
to control mitochondrial function for the treatment of CVD. It is obvious
that new therapeutic approaches and unidentified mitochondrial
mechanisms for the treatment of CVD by TCM should be thoroughly
surveyed. It is important to note that the intricate makeup of TCM herbs
serves as a reminder to build stringent in vitro and in vivo screening
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systems prior to daily use as well as in-depth ways to investigate dosage
accuracy and pharmacokinetics. TCM herbs will not be an ideal treat-
ment for daily use unless clinical data are gathered.
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