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Cardiac hypertrophy, a stereotypic cardiac response to increased workload, ultimately
progresses to severe contractile dysfunction and uncompensated heart failure without
appropriate intervention. Sustained cardiac overload inevitably results in high energy
consumption, thus breaking the balance between mitochondrial energy supply and
cardiac energy demand. In recent years, accumulating evidence has indicated
that mitochondrial dysfunction is implicated in pathological cardiac hypertrophy.
The significant alterations in mitochondrial energetics and mitochondrial proteome
composition, as well as the altered expression of transcripts that have an impact on
mitochondrial structure and function, may contribute to the initiation and progression
of cardiac hypertrophy. This article presents a summary review of the morphological
and functional changes of mitochondria during the hypertrophic response, followed
by an overview of the latest research progress on the significant modulatory roles of
mitochondria in cardiac hypertrophy. Our article is also to summarize the strategies of
mitochondria-targeting as therapeutic targets to treat cardiac hypertrophy.

Keywords: mitochondria, cardiac hypertrophy, regulatory mechanisms, therapeutic strategies, mitophagy

INTRODUCTION

Cardiomyocytes (CMs) are one of the most important cell types which become terminally
differentiated once after birth. Therefore, in adult hearts, CMs have no capability of proliferating in
response to prolonged pressure/volume overload; instead, they exhibit morphological enlargement
to continuously pump blood to provide oxygen and nutrients to the body, thus leading to
the increased heart wall thickness and heart mass, and eventually cardiac hypertrophy (1).
Cardiac hypertrophy can be generally divided into physiological and pathological hypertrophy.
Physiological hypertrophy, which usually occurs during pregnancy and exercise, is characterize
with a coordinated increase in ventricular volume and wall thickness, most importantly, it
is reversible once the stimulus was relieved (2). In contrast, pathological hypertrophy, a
decompensated stage with complex network of cellular and molecular regulation, usually observed
in patients with long-term cardiovascular disorders, is accompanied by cardiac systolic/diastolic
dysfunction and the enlargement of CMs is often irreversible (3, 4). Pressure/volume overload,
Angiotensin II (Ang II), oxidants, activation of o/p adrenergic receptors, hypoxia, aging, and high-
glucose are efficient inducers of pathological cardiac hypertrophy (5). It is well established that
pathological cardiac hypertrophy has become an independent risk factor for the development of
heart failure (HF), a major and growing public health problem globally with increasing morbidity,
high mortality, and heavy economic burdens (6).
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Over the past few decades,extensive studies have established
that previously unrecognized mechanisms, including epigenetic
modifications, immunomodulation, impaired protein quality
control, aberrant Ca2+ handling, metabolic reprogramming,
and cell-to-cell interactions, are involved in the initiation and
progression of cardiac hypertrophy (5). With the continuous
deepening of research and updating of knowledge, energy
metabolism has shown an increasingly compelling role in cardiac
hypertrophy. It is widely accepted that mitochondria serve
as the power-house of cells and mitochondrial dysfunction
often highly correlates with cell pathology, especially in cells
requiring high-energy supply such as CMs. Morphometry
analysis has demonstrated that the contents of mitochondria
occupy 22.0-37.0% of the CMs mass in various species, and
most importantly, the volume densities of mitochondria are
closely related to heart rate and cardiac oxygen consumption
rate (7). It is also estimated that 60-90% of the energy
adult hearts required is originated from the oxidation of fatty
acid in mitochondria (8). Therefore, mitochondria serve as
the central organelle responsible for coordinating the energy
transduction and maintaining the contractile performance of
CMs. The critical roles of mitochondria in cardiac ischemia-
reperfusion injury, acute myocardial infarction, atherosclerosis,
and cardiac aging have recently been reviewed detailedly (9-12).
During hypertrophy, mitochondria exhibit extensive alterations
in morphology, biogenesis, dynamics and bioenergetics, and
mitochondria also participate in the modulation of hypertrophic
response and contribute to the transition to decompensated
heart failure (13). Mitochondrial abnormalities and myocardial
hypertrophy are intimately linked and deserve attention.

In this review, we will summarize the morphological
and functional changes of mitochondrial that occur in the
hypertrophic hearts, followed by an overview of the critical
modulatory roles of mitochondria in response to hypertrophic
stimuli, and finally, we will present and discuss the potential
therapeutic strategies to prevent or reverse cardiac hypertrophy.

MITOCHONDRIAL ALTERATIONS
THROUGH THE TRANSITION FROM
CARDIAC HYPERTROPHY TO FAILURE

In hearts of Ang II-induced left ventricular hypertrophy
mice, reactive oxygen species (ROS) production, mitochondrial
protein carbonyls, mitochondrial DNA damage, signaling
related to mitochondrial biogenesis, and autophagy show a
dramatic increase (14). Furthermore, in right ventricular cardiac
hypertrophy and HE, mitochondrial morphology, fusion/fission
balance, Ca?* kinetics, and supercomplex activity are markedly

Abbreviations: CMs, Cardiomyocytes; NRCMs, normal neonatal rat
cardiomyocytes; NF, non-failing; HFrEE, reduced ejection fraction; MMP,
mitochondrial membrane potential; SDH, succinate dehydrogenase; Mifn,
mitofusin; VDAC2, Voltage-dependent anion channel 2; DCM, dilated
cardiomyopathy;  TEM, microscopy;  MICUI,
Mitochondrial calcium uptake 1; TRPC3, Transient receptor potential channel
canonical 3; ISO, isoproterenol; Sirt, Sirtuins; Mtusl, mitochondrial tumor

suppressor 1.
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altered, and the dysfunction of mitochondria is mainly attributed
to the dysfunction of complex I (15). Increasing lines of
evidence demonstrate that during the hypertrophic response,
mitochondria display extensive alterations in both morphology
and function, which, in turn, directly or indirectly influence
the progression of pathological hypertrophy (5, 16). In this
section, we will give a summary of the most recent research
progress on mitochondrial changes, mainly morphologically and
functionally, in response to cardiac hypertrophy.

Mitochondrial Morphological Alterations
Mitochondria play a central role in both cellular physiology and
pathology. The morphology of mitochondria is highly plastic,
which to some extent is delicately regulated by mitochondrial
biogenesis, fission and fusion (17). Biogenesis is usually provoked
by preexisting abnormal mitochondria, and it is a complex
process during which the mitochondria undergo growth and
division with changes in mitochondrial number, size and mass
(18). Mitochondrial fission and fusion are collectively termed
“mitochondrial dynamism,” and genetic interruption of either
triggers an accumulation of damaged mitochondria and results
in severe cardiomyopathy (19).

Mitochondria in healthy hearts are relatively rich and intact,
with complete membrane structures and clear cristae structures;
while in hypertrophic hearts, the mitochondria become seriously
swollen and deformed, with blurred and ruptured membrane
and cristae structures (20). Besides, mitochondria in normal
CMs appear to be columnar/ovate in shape, but become
filamentous/elongated under stress (20). The morphometric
parameters indicated that persistent overload could elevate the
area, diameter and perimeter of mitochondria and decrease
mitochondrial volume density (21). Utilizing confocal and
electron microscopy, researchers have also revealed that in
rat models of HEF there exists an increase in small and
fragmented mitochondria, which is consistent with an imbalance
between mitochondria fusion and fission (22). Mitochondrial
cristae, the true bioenergetic components of cells, display
prominent morphological changes in the process of cardiac
hypertrophy. A recent study has demonstrated that abundant
fragmented and lysed cristae was observed in palmitate-
treated neonatal rat cardiomyocytes (NRCMs), accompanied
by decreased mitochondrial network and complex expression,
and elevated ROS levels, which ultimately contribute to NRCM
enlargement; and adenovirus-mediated mitofilin overexpression
promisingly restored cristae shape and cardiac hypertrophy
(23). Therapeutic strategies targeting cristae remodeling may
represent an effective way to protect against cardiac hypertrophy.

Interestingly, immunofluorescence staining illustrated a
preferred perinuclear localization of mitochondria in normal
NRCMs, while in NRCMs stimulated with PE, mitochondria
were more dispersed and extensively distributed in the cytoplasm
of the cell (24). Gene array analysis suggested that kinesin family
member 5b (Kif5b), a kinesin motor protein, was differentially
expressed under PE stimulatory conditions. Depletion of Kif5b
through specific siRNA targeting Kif5b prevented the peripheral
mitochondrial localization in NRCMs as well as reverted PE-
induced hypertrophy (24).
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Taken together, the data support significant changes
in mitochondrial morphology under the stimulation of
cardiac hypertrophy.

Mitochondrial Functional Alterations

Luo and colleagues have systematically analyzed the cellular
and molecular transcriptomic landscape in non-failing (NF) and
heart failure with reduced ejection fraction (HFrEF) human
hearts. Ingenuity Pathway Analysis (IPA) revealed extensive
transcriptional and signaling changes in HFrEF tissues. Notably,
the left ventricles (LV) of the failing hearts displayed prominently
altered mRNA transcripts related to mitochondrial permeability
and mitochondrial biogenesis, including BCL2L1, CAV2, COX10,
DNAJA3, HSPA5, KRT8, PRDX3, PTCD2, and etc. (25). These
dramatic HFrEF-related transcriptional alterations in the left
heart suggested a reciprocal relationship between mitochondrial
dysfunction and cardiac pathology.

In the early stage of the development of pathological
cardiac hypertrophy, remarkable cardiac insulin-resistance,
decreased mitochondrial complex V activity and significantly
impaired mitochondrial energy metabolism were observed,
which implied that early mitochondrial dysfunction and energy
deficit may contribute to the transition from adaptive to
maladaptive cardiac hypertrophy (26). Similarly, by combining
the transcriptome of individual CMs with cellular morphology,
epigenomic characteristics and cardiac function, Nomura et al.
successfully reconstructed the trajectory of cardiac hypertrophy
and failure, and they demonstrated that in the early stage of
cardiac hypertrophy, a number of genes encoding proteins
which function in mitochondrial translation/metabolism were
significantly activated in CMs (27). Additionally, mitochondria’s
ability to produce ATP is significantly impaired in response to
cardiac hypertrophy. In vivo experimental data showed that the
activities of NADH dehydrogenase, succinate dehydrogenase
(SDH), and mitochondrial membrane potential (MMP)
were significantly reduced after hypertrophic insults (21).
In vitro experiments also suggested that H9c2 cells treated
with isoproterenol (ISO) exhibited ROS overload, NO/ROS
imbalance, and reduced MMP (28).

The metabolic and transcriptional profiles of hypertrophic
murine hearts induced by TAC contribute to a better
understanding of the metabolic alterations during maladaptive
hypertrophy. By performing microarray analysis, Frey’ group
have revealed that, in the hearts 6 weeks after TAC surgery,
genes involved in mitochondrial beta-oxidation were markedly
downregulated, in addition, the expression of certain key
enzymes implicated in oxidative phosphorylation and citrate
cycle also showed a significant decrease, indicating disturbed
mitochondrial function during transition to heart failure (29).
And notably, transgenic mice overexpressing catalase in the
mitochondria, instead of peroxisomes, were protected from
pathological cardiac hypertrophy induced by Ang II stimulation,
suggesting that ROS produced in mitochondria plays a central
role in mitochondrial energetic failure during decompensated
hypertrophy (14).

In summary, it’s reasonable to conclude that mitochondrial
dysfunction occurs in the early stage of compensatory cardiac

hypertrophy, and the functional alteration of mitochondria
may represent one essential pathophysiological process that
contributes to the transition from compensatory cardiac
hypertrophy to decompensated heart failure (Table 1).

MECHANISMS LINKING MITOCHONDRIA
AND PATHOLOGICAL CARDIAC
HYPERTROPHY

Mitochondrial Dynamics

As a dynamic organelle, the mitochondria constantly remodel
and exchange contents during periodic fission and fusion. The
homeostasis of mitochondrial dynamics is accurately regulated
by mitochondrial fission and fusion factors (30). Previous
studies have established that the ablation of mitofusin (Mfn) 2
interrupted mitochondrial fusion and caused an accumulation of
mitochondria with morphological and functional abnormalities,
eventually resulting in progressive cardiac hypertrophy (31).
Disruption of mitochondrial fission mediated by Dynamin-
related proteinl (Drpl), a pro-fission protein that opposes
Mfn2 in mitochondrial dynamics, led to elongated mitochondria,
elevated mitochondrial contents, mitochondrial dysfunction,
and perturbed mitophagy; furthermore, Drpl-deficient mice
developed cardiac pathology and displayed worsened cardiac
function (32, 33). Notably, interruption of Mfn1/Mfn2-mediated
mitochondrial fusion or Drpl-mediated mitochondrial fission
in adult murine hearts was related to rapid lethality (32, 34).
Utilizing cardiac-specific deletion of Mfn1/Mfn2 and Drpl to
simultaneously eliminate mitochondrial fission and fusion in the
hearts of adult mice, researchers revealed that Mfn1/Mfn2/Drpl
cardiac TKO (triple knockout) mice had a longer survival time
and developed a unique form of pathological cardiac hypertrophy
compared with fusion-defective Mfnl/Mfn2 c¢KO or fission-
defective Drpl ¢cKO mice, and provided evidence that cardiac
pathology was attributed to the imbalance in mitochondrial
dynamism (fission and fusion), instead of the absence of
either fission or fusion (19). Thus rebalancing mitochondrial
dynamics constitutes a therapeutic candidate to ameliorate
cardiac cardiomyopathies which were provoked by imbalanced
mitochondrial fission/fusion.

Mitochondrial Calcium Uptake
Calcium ion (Ca2h) plays a central role in mitochondrial
function in the heart. Mitochondrial Ca?* intake contributes
to the generation of ATP and helps to maintain myocardial
contractility. Notably, excessive or insufficient mitochondria
Ca’* in the CMs leads to mitochondrial dysfunction and
cardiac pathology (35, 36). Recent studies have suggested that,
by delicately regulating the uptake and release of Ca?*t in
response to hypertrophic stimuli, mitochondria maintain the
Ca** homeostasis and cardiac function.

Voltage-dependent anion channel 2 (VDAC2), a porin present
on the outer mitochondrial membrane, has recently been
reported of high importance to control cardiac remodeling
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TABLE 1 | Key features of cardiac hypertrophy and the mitochondrial alterations.

Cardiac homeostasis

Cardiac hypertrophy

Stimuli None
Cardiac structure Normal
Cardiac function Normal

Mitochondrial structure

Mitochondrial distribution Perinuclear
ATP production Normal
ROS generation Normal
Fatty acid oxidation Normal
Mitochondrial membrane potential (MMP) Normal
Ca?*-induced mitochondrial permeability transition pore Normal
NADH dehydrogenase activity Normal
Succinate dehydrogenase (SDH) activity Normal
Mitochondrial dynamics Normal
Mitochondrial biogenesis Normal
Mitophagy Normal

Rich and intact, with complete membrane
structures and clear cristae structures

Cardiac volume/pressure overload, Ang Il, oxidants,
activation of o/p adrenergic receptors, hypoxia, aging,
high-glucose, and etc.

Enlarged cardiomyocytes, increased heart wall thickness
and heart mass, interstitial fibrosis, and increased cellular
apoptosis

Impaired

Swollen and deformed, with blurred and ruptured
membrane and cristae structures

Dispersed, mainly distributed in the cytoplasm of the cell
Impaired

Increased

Decreased

Decreased

Increased

Decreased

Decreased

Imbalance in mitochondrial fission and fusion

Insufficient

Transiently activated 3-7 days post-TAC, and
downregulated thereafter

(37). Shankar and co-workers successfully performed cardiac-
specific Vdac2 knockout mice and demonstrated that, VDAC2-
KO mice exhibited progressive deterioration of cardiac function
and eventually developed dilated cardiomyopathy (DCM).
Gene and protein expression profiles of the hearts from 16-
week-old VDAC2-KO mice suggested that calcium signaling
and regulation were markedly altered. In addition, impaired
calcium cycling, increased cardiac fibrosis, metabolic alterations
were observed in KO mice. Transmission electron microscopy
(TEM) was also performed and substantial alterations in the
distribution and structure of mitochondria were observed;
generally, loss of VDAC2 caused prominently smaller, less dense,
and disoriented mitochondria compared to control. Promisingly,
reintroduction of VDAC2 through injection with AAV9-
aMHC-VDAC2-GFP vector aided in cardiac structural and
functional improvement in VDAC2-KO mice. Administration
of efsevin, a VDAC2 agonist, greatly enhanced contractile force
and accelerated relaxation in the failing hearts, thus VDAC2
may constitute a candidate for HF therapy. Mitochondrial
calcium uptake 1 (MICU1), a Ca?* binding protein residing
in the intermembrane of mitochondria, was proved to be
required in the regulation of cardiac hypertrophy. MICU1
was depressed in hypertrophic hearts, and in vivo and
in vitro experimental data suggested that MICU1 ablation
aggravated cardiac hypertrophy induced by Ang-II infusion,
as evidenced by the worsened cardiac function, increased
hypertrophic biomarkers, and cardiac histological alterations;
in contrast, cardiac MICU1 supplementation ameliorated CM
enlargement and blunted cardiac dysfunction (38). Utilizing
transmission electron microscopy, researchers found that
MICU1 knockdown was correlated with massive loss of

mitochondrial membrane integrity, ambiguous cristae and
myofilaments structures, besides, MICU1 deficiency aggravated
the increase in mitochondrial mass, the suppression of MMP,
and the depression of ATP contents in hypertrophic hearts.
However, overexpression of MICU1 rescued mitochondrial
morphological and functional abnormalities (38). Transient
receptor potential channel, canonical 3(TRPC3), residing in
mitochondria, also exerted regulatory roles in high salt-induced
cardiac hypertrophy by mediating mitochondrial function.
TRPC3 ablation antagonized cardiac hypertrophy induced by
high salt intake, which was achieved by restoring the synthesis
of ATP and the activity of complex I and II enzyme in
mitochondria (39).

Taken together, mitochondrial Ca** in the heart plays central
roles in stimulating ATP production and maintaining cardiac
contractile activity in response to cardiac hypertrophy, thus
strategies to main calcium homeostasis in the mitochondria are
essential to block cardiac hypertrophic response. Despite great
efforts, further investigations are still required to discover the
cellular and molecular mechanisms underlying mitochondrial
calcium homeostasis. Moreover, the real-time dynamic
observation of the mitochondrial calcium alterations inside
hypertrophic CMs may contribute to a better understanding of
the link between mitochondrial Ca?* and cardiac hypertrophy,
and helps to develop novel therapeutic approaches to prevent or
block pathological cardiac hypertrophy.

Mitophagy

The autophagic clearance of damaged or unnecessary
mitochondria in CMs is delicately mediated by a mitochondria-
specific form of autophagy, named mitophagy (8). Mitophagy is
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regarded as a critical quality control mechanism to remove
damaged or dysfunctional mitochondrial and maintain
mitochondrial homeostasis in the heart. In mice subjected
to TAC, mitophagy was transiently activated (3-7 days post-
TAC), and downregulated below physiological levels thereafter.
Importantly, depletion of Drpl abolished mitophagy and
accelerated cardiac hypertrophy and mitochondrial dysfunction
induced by overload, however, restoration of mitophagy by
Tat-Beclin 1 partially rescued mitophagy and attenuated
mitochondrial dysfunction and cardiac hypertrophy during
pressure overload (40). The essential regulatory roles of
mitophagy in diabetic cardiomyopathy, which is characterized
by cardiac hypertrophy, diastolic dysfunction and lipotoxicity,
have been investigated. Results from immunofluorescence
suggested that the localization of LC3 in mitochondria exhibited
a significant increase in CMs isolated from mice receiving
high-fat diet (HFD), indicating that HFD consumption notably
upregulated mitophagy in the heart. Moreover, in Atg7- or
Parkin-deficient HFD mice, cardiac hypertrophy, diastolic
dysfunction and lipid accumulation deteriorated and mitophagy
was dramatically impaired, suggesting that mitophagy may
serve as an adaptive mechanism to protect against diabetic
cardiomyopathy in an Atg7- or Parkin-dependent manner.
Importantly, treatment with TAT-Beclinl, an activator of
mitophagy, effectively restored mitochondrial dysfunction and
prevented the development of diabetic cardiomyopathy (41).
Another study has reported that PTENa, the first identified
PTEN isoform, may function as an important mitochondrial
quality controller, and the deficiency of PTENa may contribute
to impaired mitochondrial clearance by mitophagy in the heart
(42). The ablation of PTEN« in mice led to an accumulation of
structurally and functionally abnormal cardiac mitochondria;
meanwhile, PTENa-depleted mice were more susceptible to
ISO-induced cardiac injuries (42).

Collectively, in response to various pathological stresses, CMs
selectively remove the dysfunctional mitochondria, reduce ROS
production and restore cardiac function through the regulation
of mitophagy. Exploring the roles of mitophagy in cardiac
hypertrophy exists as an area of great interest.

Enzymes in Mitochondria

Mitochondria contain thousands of different proteins, of which
enzymes are an important component. In recent years, increasing
lines of evidence support that mitochondrial enzymes, especially
those involved in mitochondrial metabolism, have profound
effects on cardiac hypertrophy and remodeling (43-48).

NADH: ubiquinone oxidoreductase core subunit S1 (Ndusfl),
the prominent component of complex I, has gained particular
attention in the regulation of cardiac hypertrophy. A recent
study found that Ndusfl was downregulated in TAC mouse
models. Further gain- and loss-of-function analysis revealed
that Ndusfl deficiency deteriorated cardiac hypertrophic
response (44). In vitro mechanistic exploration showed that the
mitochondrial DNA content in CMs was significantly decreased
after Ndusfl deletion, consistently, loss of Ndusfl dramatically
elevated ROS production in CMs. Additionally, results from
fluorescent staining illustrated that mitochondrial mass and

mitochondrial membrane potential (MMP) were markedly
repressed in CMs lack of Ndusfl. Ndusfl overexpression,
in turn, attenuated cardiac hypertrophy and mitochondrial
dysfunction. A novel role of mitochondrial GTPases 1 (MTG1),
which was known to participate in mitochondrial ribosome
assembly and translation, in pathological cardiac hypertrophy
has recently been revealed. MTGI exhibited a significant
increase in the heart tissue of both heart failure patients and
mice subjected to AB surgery. Further loss- and gain-of-function
studies showed that MTGI1 depletion worsened AB-induced
hypertrophy, whereas MTG1 overexpression mitigated cardiac
hypertrophy and dysfunction after the onset of AB. The cardio-
protective potentials of MTG1 deficiency were attributed to
the improved activity of the mitochondrial respiratory chain
complex and subsequently reduced ROS production (43).
Mitochondrial Rho GTPase (Miro2), a well-known outer
mitochondrial membrane protein mediating intracellular
mitochondrial transport, was proved to be effective in the
modulation of cardiac inter-mitochondrial communication
during cardiac hypertrophy (45). In TAC-induced hypertrophic
mouse hearts, downregulated Miro2 expression was detected,
along with disrupted inter-mitochondrial communications.
And promisingly, the Miro2 transgenic mice were protected
from TAC-induced cardiac dysfunction, which was obtained by
improving the communications between adjacent mitochondria
and attenuating mitochondrial dysfunction (45). In vivo and in
vitro experimental data also demonstrated that endonuclease
G (Endog) loss-of-function may serve as a novel determinant
of decompensated cardiac hypertrophy and impaired cardiac
function. Importantly, in the hearts of Endog-deficient mice,
there existed a dramatic increase in mitochondrial depletion
and ROS generation, suggesting a previously unappreciated
link between mitochondrial dysfunction and maladaptive
cardiac hypertrophy (48). Mitochondrial NADP (+)-dependent
isocitrate dehydrogenase (IDH2) has been well-known to
mediate the balance of mitochondrial redox and help to
maintain mitochondrial homeostasis. Notably, studies have
also suggested that mitochondria isolated from the hearts
of IDH2-deficient mice lost IDH2 activity and IDH27/~
mice rapidly developed uncompensated HEF, with increased
hypertrophy and mitochondrial dysfunction, which was proved
to be caused by the disturbance of the redox homeostasis (46).
Glutaredoxin 2 (GRX2), a glutathione-dependent oxidoreductase
in mitochondria, was essential in maintaining mitochondrial
homeostasis and preserving cardiac structure and function.
Based on the genetic and histopathological databases, researchers
showed that relatively row expression of GRX2 indicated an
increased incidence of human cardiac pathologies, including
cardiac hypertrophy, fibrosis and infarct. Loss-of-function
analysis also revealed that the absence of GRX2 was highly
relevant with impaired mitochondrial dynamics, ultrastructure
and energetics in both heart tissue and primary CMs (47).

In summary, the above results provide new insights into the
possible molecular mechanisms underlying pathological cardiac
hypertrophy, and further suggest that mitochondrial enzymes
may represent potential therapeutic targets to alleviate cardiac
hypertrophy and dysfunction.
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Sirtuin Family

Sirtuins (Sirt), consist of seven identified homologs (Sirt1-7), are
a family of class III nicotinamide adenine dinucleotide (NAD+)-
dependent deacetylase, among which Sirt3-5 are mainly resident
in mitochondria. It has been well established that sirtuins
exert protective effects on a variety of aging-related diseases
by regulating some important cellular processes in the nucleus,
cytoplasm as well as mitochondria to keep a balance of energy
metabolism within the cell (49). In this section, we will give an
overview of the critical roles of sirtuins, especially mitochondrial
sirtuins, in pathological cardiac hypertrophy.

In mice with cardiac-specific SIRT2 overexpression, Ang
II-induced cardiac hypertrophy was repressed and cardiac
dysfunction was rescued, whereas cardiac-specific depletion
of Sirt2 dramatically aggravated hypertrophic response to
Ang II stimulation. Furthermore, the authors showed that
SIRT2 could directly bound to and interacted with LKBI,
and the deacetylation of LKB1 participated in SIRT2-mediated
suppression of stress-induced hypertrophic response (50). Sirt3,
another important number of the sirtuin family, exhibited
remarkable upregulation in the nuclear under ISO treatment.
And adenovirus-mediated exogenous Sirt3 supplementation
prevented PE- and ISO-induced hypertrophic response via
deacetylating PARP-1 and inhibiting its activity (51). In HFD-
induced cardiac hypertrophy and dysfunction, the absence of
Sirt3 led to increased ROS generation and aggravated heart
function compared with the WT mice, suggesting the significance
of Sirt3 in preserving mitochondrial hemostasis and cardiac
function during obesity-induced pathological hypertrophy (52).
Sirt4, a sirtuin mainly present in mitochondria, plays an essential
role in the progression of cardiac hypertrophy. Strictly, loss
of Sirt4 protected the mice from Ang II-induced cardiac
hypertrophy, whereas cardiac overexpression of Sirt4 accelerated
cardiac maladaptation in response to Ang II treatment.
Mechanistically, Sirt4 promoted the production of ROS by
blunting Sirt3-mediated MnSOD activation, thereby enhancing
cardiac decompensation upon Ang II infusion; and application
of 4-benzoic acid to mimic MnSOD activity could eliminate
Sirt4-mediated hypertrophic alterations (53). This research
provided a novel link between mitochondrial oxidative stress
and cardiac hypertrophy. Genetic ablation of Sirt5 accelerated
cardiac dysfunction and increased mortality in the TAC
mice. By performing MS-based proteomics and metabolomics
analyses of heart tissues isolated from Sirt5-KO and WT mice,
researchers observed an overall decrease in fatty acid oxidation,
glucose oxidation and mitochondrial NAD+/NADH (54). Sirt7,
the most recently identified sirtuin in mammals, has been
proven to protect against TAC-induced cardiac hypertrophy.
Additionally, SIRT6 served as a negative modulator of cardiac
hypertrophy through interacting with c-Jun and suppressing
IGF-Akt signaling (55). In cardiac-specific Sirt7-depletion mice,
hypertrophic response was significantly augmented, as evidenced
by increased heart weight/tibial length, larger CM cross-sectional
area, and deteriorated heart function compared to WT mice
receiving TAC operation, and further mechanism investigation
indicated that The anti-hypertrophic roles of Sirt7 may be
attributed to the deacetylation of GATA4 (56).

The beneficial effects of the sirtuin family on lipid metabolism,
glucose oxidation, and ROS production in cardiac hypertrophy
are at the pre-clinical level.

Other Mitochondrial Proteins

By performing genome-wide exon array analysis in hypertrophic
murine hearts induced by TAC surgery, Ito and colleagues
successfully identified MtuslA, one of the splice variants
of mitochondrial tumor suppressor 1 (Mtusl), as a central
modulator in hemodynamic stress-induced cardiac hypertrophy.
In cardiac-specific MtuslA transgenic mice, the hypertrophic
response was remarkably mitigated, and in vitro experimental
results revealed that MtuslA overexpression alleviated the
production of ROS and subsequent phosphorylation of ERK,
contributing to a decrease in cell hypertrophy and protein
synthesis (57). Translocase of inner membrane 50 (TIM50)
was downregulated in the failing hearts, in vivo and in vitro
loss- and gain-of-function analysis revealed that TIM50 acted
as a novel repressor in cardiac hypertrophy. Overexpression of
TIM50 significantly attenuated the increased cell size, oxidative
stress and cellular apoptosis induced by Ang II (58). Mirol, a
mitochondrial outer membrane protein, also played a central
role in modulating mitochondrial dynamics and metabolism
in cardiac hypertrophy. In NRCMs, PE stimulation provoked
hypertrophic response as well as mitochondrial fission pattern,
which were reversed when Mirol was ablated (59). Inhibition
of Dynamin-related proteinl (Drpl), a protein that regulates
mitochondrial fission, with specific inhibitors exerted protective
effects against ventricular hypertrophy induced by high salt
intake, meanwhile, the ROS generation, as well as CaMKII
expression were suppressed in Drpl-depleted rats (60). These
studies illustrate that some proteins residing inside mitochondria
are of great importance to maintain cardiac hemostasis, little
changes in these proteins may trigger prominent mitochondrial
dysfunction, imbalance in energy production, and pathological
cardiac hypertrophy.

MicroRNAs

Although the roles of microRNAs (miRs) in life activities
have been widely investigated, there to date exist only a
few studies revealing the functions of miRs in mitochondrial
structure and function during cardiac hypertrophic response.
A very recent study has identified miR-153-3p as a trigger
of abnormal mitochondrial fission and hypertrophic response,
mainly through the inhibition of Mfnl translation, and both
in vivo and in vitro experiments confirmed that the ablation
of miR-153-3p could dramatically avoid mitochondrial fission
as well as cardiac hypertrophy (61). Depletion of miR-
106a almost entirely reversed Angll-induced hypertrophic
phenotypes. Notably, Mfn2, a well-known mitochondrial fusion
protein, was identified as a direct target for miR-106a.
Silence of Mfn2 eliminated the anti-hypertrophic effects of
miR-106a inhibitors, while Mfn2 overexpression abolished
the pro-hypertrophic property of miR-106a. Additionally,
miR-106a inhibition or Mifn2 overexpression significantly
reversed mitochondrial cristae defects, depolarization of the
mitochondrial membrane, and increased ROS generation caused
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by sustained cardiac overload (62). Similarly, miR-376b-
3p attenuated mitochondrial fragmentation and hypertrophic
response in noradrenaline-treated CMs, which was obtained
by its direct interactions with mitochondrial fission factor
(MFF) to modulate mitochondrial morphology and function
(63). Another study has also shown that, in cultured CMs
with PE treatment, miR-485-5p overexpression could diminish
mitochondrial fragmentation and hypertrophic response by
decreasing the level of MAPL expression and upregulating Mfn2
expression (64). In addition, miRs also appear to be effective
during hypertrophic response. The latest research progress by
Li’s group suggested that miR-27b-3p deficiency remarkably
reduced cardiac hypertrophy, fibrosis, and inflammation in
both TAC and Angiotensin II (Ang II) perfusion-induced
murine models; surprisingly, inhibition of endogenous miR-
27b-3p could significantly enhance mitochondrial oxidative
phosphorylation (OXPHOS) through activating PGCla/p (65).
Overexpression of miR-142-3p reversed MMP, mitochondrial
density and effectively abolished hypertrophic response in CMs
stimulated by Ang II, which was obtained by suppressing the
expression of SH2B1 (66). These results show that microRNAs are
key regulators in mitochondrial function in the heart. The critical
roles of microRNAs provide a new perspective on developing new
diagnostic and therapeutic tools to block or reverse pathological
cardiac hypertrophy.

Regulators Outside Mitochondria

The mechanisms underlying mitochondrial dysfunction and
cardiac hypertrophy are multifactorial and likely involve nuclear-
encoded regulatory factors, residing outside the mitochondria,
that directly or indirectly impact mitochondrial function
and contribute to the progression of pathological cardiac
hypertrophy. As such, manipulation of these critical regulators
might fulfill a double role by suppressing mitochondrial
abnormalities and improving cardiac function.

Nuclear factor of activated T cells, cytoplasmic 4 (NFATc4)
overexpression  aggravated  phenylephrine  (PE)-induced
perturbations in mitochondrial genesis, membrane potential,
and mitochondrial respiration; in contrast, NFATc4 deletion
mitigated PE-induced mitochondrial dysfunction as well
as cardiac hypertrophy (67). Mitochondrial dysfunction
induced by Nlrp3 inflammasome also appears to play a
regulatory role in Ang II-induced cardiomyopathy. The
mitochondria in the hypertrophic heart tissue were swollen
and fragmented, but these morphological alterations were
significantly reversed in the NLRP3™/~ group. In addition to
mitochondrial morphological alterations, cardiac hypertrophy
also led to mitochondrial dysfunction, which was accompanied
by insufficient mitochondrial biogenesis, damaged mtDNA,
disordered intracellular ATP synthesis, and low levels of TFAM
and PGCla. Surprisingly, Nlrp3 depletion remarkably reversed
the decreased expression of PGCla and TFAM, abnormal
mtDNA and ATP synthase in the hypertrophic heart caused by
AngII infusion (68). Polycystic kidney disease 2-like 1 (PKD2L1),
known to serve as an important sour sensor in taste cells, played
possible roles in cardiac hypertrophy. In vitro and in vivo
experiments showed that hypertrophic stress (including high salt

intake and Ang II infusion) significantly increased the expression
of PKD2L1 in mitochondria. PKD2L1-deficient mice exhibited
aggravated pathological cardiac hypertrophy caused by a high
salt diet, at the same time, less O2 consumption, reduced heat
production and a decreased respiratory exchange ratio were also
observed in mice with PKD2L1 mutation. Further mechanical
investigation illustrated that PKD2L1 was capable of controlling
the deteriorated mitochondrial Ca?* overload mediated by
NCX1, via restricting p300-mediated histone acetylation
on the NCX1 promoter (69). The Grb2-associated binder 1
(Gab1), a key mediator of growth factor receptor signaling, also
participated in the regulation of cardiac hypertrophy induced
by pressure overload. The levels of Gabl were diminished in
both human and mouse DCM hearts. Cardiac-specific Gabl
knockout mice rapidly developed severe DCM and heart failure
after the onset of cardiac hemodynamic stress, furthermore,
gene microarray analysis revealed the upregulation of several
pro-apoptotic genes and downregulation of some key anti-
apoptotic genes. Further analysis of mitochondrial function
and caspase activity demonstrated that under hemodynamic
stress conditions, Gabl deficiency caused severe damage to both
mitochondrial ultrastructure and function and triggered massive
activation of caspase, consequently leading to CM apoptosis and
heart failure (70).

In a word, these latest studies provide new mechanistic
insights into the link between mitochondria and cardiac
hypertrophy (Figure 1). In-depth exploration of mitochondria-
mediated cellular and molecular regulation would provide
a better understanding of the etiology and progression of
cardiac hypertrophy and support the discovery of novel
biomarkers in diseases and therapeutic targets to fight
against cardiomyopathies.

POTENTIAL THERAPEUTIC APPROACHES
TARGETING MITOCHONDRIA TO
PREVENT OR REVERSE CARDIAC
HYPERTROPHY

Phytochemicals

An attractive pharmacological tool for the treatment of cardiac
hypertrophy is the traditional phytochemicals. A growing
number of studies have proved that phytochemicals are
capable of mitigating cardiac hypertrophy in cell and animal
models via modulating mitochondrial function and maintaining
mitochondrial hemostasis. Wei’s recent findings suggest that T89,
a traditional Chinese medicine, may be a potential therapeutic
approach to treat ISO-induced cardiac hypertrophy, and the
underlying mechanisms mainly lay on the regulation of metabolic
pathways (71). By performing quantitative proteomics, the
group revealed that Tgg could inhibit glycolysis, accelerate fatty
acid oxidation and restore mitochondrial OXPHOS, thereby
attenuating energy metabolism disorders and alleviating ISO-
induced cardiac injury. Bawei Chenxiang Wan (BCW), another
well-known traditional Chinese medicine, was approved to be
effective in ISO-induced rat hypertrophic models. Moreover, a
number of mitochondrial DNA-encoded genes, such as ND1, Cyt
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FIGURE 1 | A summary of the potential mechanisms linking mitochondria and pathological cardiac hypertrophy. A range of mitochondria-dependent and
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b, ATP 5B, and mt-col were downregulated in ISO-treated rats,
but restored when administrated with BCW, indicating that the
anti-hypertrophic roles of BCW were obtained by modulating
mitochondria function and oxidative phosphorylation (72).
Mitophagy may exist as another important target. Berberine
has recently been verified to improve heart function in cardiac
hypertrophy murine models, which was exactly achieved by the
activation of mitophagy via the PINK1/Parkin/Ubiquitination
signaling pathway (73). Similarly, the pretreatment of baicalein
significantly attenuated cardiac hypertrophy and restored cardiac
function in experimental in vivo/vitro models by activating
mitophagy (74). As a natural bisphenol compound extracted
from the magnolia bark, Honokiol (HKL) exerted cardio-
protective properties in pathological cardiac hypertrophy.
Interestingly, HKL administration substantially decreased the
acetylation levels of mitochondrial proteins via directly binding
to and activating mitochondrial SIRT3 (75). Similarly, Emodin,
as the main component of rhubarb, could effectively block ISO-
and TAC-induced cardiac hypertrophy through Sirt3-dependent
mitochondrial protection (76).

Antioxidants

In view of the extensive ROS production and severe oxidative
stress after the onset of cardiac overload, treatment with
antioxidants may represent an efficient approach to attenuate
mitochondrial dysfunction and block cardiac hypertrophy.

Recent research has found that the application of mitoTEMPO
(an antioxidant targeting mitochondrial ROS) or resveratrol
(a sirtuin agonist) fulfilled a protective role against nicotine-
induced cardiac hypertrophy, fibrosis and inflammation and
dysfunction in rats (77). Alpha-lipoic acid (a-LA), another
well-known antioxidant, was also proved to protect against TAC-
induced adverse cardiac hypertrophy, cardiac dysfunction and
mitochondrial dysfunction via ALDH2-dependent activation of
a novel mitophagy receptor protein FUNDCI1 (78). Similarly,
pretreatment with NaHS abolished hypertrophic response,
mitochondrial — ultrastructure  impairment, mitochondrial
depletion and oxidative stress during cardiac pressure overload
in a Sirt3-dependent way (79). Additionally, lactoferrin
seemed to be an effective agent against pathological cardiac
hypertrophy in aged mice. After lactoferrin intake, the
aged mice showed remarkable improvement of cardiac
hypertrophy and dysfunction, which were partly attributed
to mitochondrial dynamic rearrangement and the control of
mitochondrial-lysosomal axis-related detrimental regulators
(80). Interestingly, researchers have recently illustrated the
relationship between aerobic exercise and hypertrophy, and
they illustrated that in the mice persisting in aerobic exercise,
cardiac hypertrophy and dysfunction were greatly improved.
Mechanistically, mitochondria from the aerobic exercise
group exhibited decreased excessive mitochondrial fission
and mitochondrial autophagy, thus restoring mitochondrial
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TABLE 2 | A summary of therapeutic approaches targeting mitochondria to treat cardiac hypertrophy.

Potential therapy

Models

Observations

Mechanisms

T89 (71)

Bawei Chenxiang Wan (72)

Berberine (73)

Baicalein (74)

Honokiol (75)

Emodin (76)

Alpha-lipoic acid (78)

NaHsS (79)

Lactoferrin (80)

aerobic exercise (81)

alpha-ketoglutarate (82)

Allyl Methy! Sulfide (83)

Diazoxide (84)

ISO-induced rat cardiac hypertrophy

ISO-induced rat hypertrophic models

TAC-induced murine cardiac
hypertrophy

ISO-induced murine cardiac
hypertrophy

TAC/ISO-induced murine cardiac
hypertrophy

TAC/ISO-induced murine cardiac
hypertrophy

TAC-induced murine cardiac
hypertrophy

TAC-induced murine cardiac
hypertrophy

Aging-related cardiac hypertrophy

TAC-induced murine cardiac
hypertrophy

TAC-induced murine cardiac
hypertrophy

TAC-induced rat cardiac hypertrophy

ISO-induced murine cardiac

Attenuated cardiac dysfunction and
energy metabolism disorders

Alleviated cardiac injury and restored
mitochondrial DNA-encoded genes

Improved heart function

Attenuated cardiac hypertrophy and
cardiac function

Attenuated cardiac hypertrophy and
cardiac function

Improved ISO- and TAC-induced
cardiac hypertrophy

Improved cardiac hypertrophy and
function

Improved hypertrophic response and
mitochondrial function

Improved cardiac hypertrophy and
function

Improved cardiac hypertrophy and
function

Improved cardiac hypertrophy and
function

Improved cardiac hypertrophy and
function

Attenuated cardiac hypertrophy

inhibiting glycolysis, accelerating fatty acid
oxidation and restoring mitochondrial
OXPHOS

modulating mitochondria function and
oxidative phosphorylation

Activating mitophagy via the
PINK1/Parkin/Ubiquitination signaling
pathway

Activating mitophagy

Decreasing mitochondrial protein
acetylation via regulating SIRT3

Regulating SIRT3 signaling pathway

ALDH2-dependent activation of a novel
mitophagy receptor protein FUNDC1

In a Sirt3-dependent way

Improving mitochondrial dynamics and
mitochondrial-lysosomal axis

Decreasing excessive mitochondrial fission
and mitochondrial autophagy

Promoting mitophagy

Improving mitochondrial energy
metabolism

Opening mitoKATP, improving MnSOD

hypertrophy

activity and decreasing HoO» production

ultrastructure and function in response to hypertrophic
insults (81).

Other Mitochondria-Targeted Molecules

A very recent study has found that external supplementation
of alpha-ketoglutarate (AKG), an intermediate metabolite of
the tricarboxylic acid cycle, effectively suppressed transverse
aortic constriction (TAC)-induced cardiac hypertrophy and
improved heart function (82). The cardio-protective roles
of AKG may be achieved by promoting mitophagy, which
helped to remove damaged mitochondria and reduce ROS
production (82). Allyl Methyl Sulfide (AMS) intervention also
exerted protective effects on TAC-induced cardiac hypertrophy.
Mechanistically, PCR array experiments showed that AMS
could improve mitochondrial energy metabolism-related genes
compared to vehicle control; AMS pre-treatment also restored
mitochondrial oxygen consumption rate, MMP and ROS
production in CMs stimulated by ISO, mitochondria fusion
and fission were also balanced after AMS intervention (83).
Pharmacological intervention targeting ATP-sensitive KT
channels in mitochondria (mitoKATP) may act as a potential
therapeutic approach to alleviate cardiac hypertrophy. Treatment
with diazoxide in ISO-induced cardiac hypertrophy mice to
open mitoKATP significantly improved MnSOD activity and
decreased H,O; production, and it went the opposite when

treated with 5-hydroxydecanoate or glibenclamide (mitoKATP
blockers), indicating that mitoKATP opening seems promising
to block oxidative stress and ameliorate cardiac hypertrophy
(84). Interestingly, the administration of choline protected
against abdominal aorta banding (AAB) and Ang II-induced
cardiac hypertrophy and dysfunction. In hypertrophic groups
pre-treated with choline, the mito-nuclear protein imbalance
was reversed and the unfolded protein response of mitochondria
(UPRmt) was greatly activated, thus mitochondrial ultrastructure
and function were restored to normal (21).

CONCLUSIONS

Mitochondria are the prominent organelle for the energy supply
of CMs, and a large number of researches have demonstrated
that mitochondria are highly susceptible to pathological stimuli,
including sustained and repeated cardiac overload (5, 16).
Pathological cardiac hypertrophy results in functionally and
structurally damaged mitochondria, and in turn, the abnormal
mitochondria may also mediate cardiac hypertrophic response
via regulatory pathways inside and outside mitochondria. It is
widely accepted that balanced regulation of mitochondrial energy
supply and the cardiac energy consumption is extremely delicate.
Thus, efficient cardiac therapies targeting mitochondrial lesions
and dysfunction may constitute a new strategy to inhibit the
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high susceptibility to pro-hypertrophic stimuli and attenuate
pathological cardiac hypertrophy (Table 2).

Despite great progress has been made in elucidating
the potential regulatory mechanisms underlying cardiac
hypertrophy, there are still some issues that remain to be solved.
Growing studies have provided evidence that mitochondria
exert the regulatory roles on cardiac hypertrophy via countless
modulators or signaling pathways, meanwhile, one particular
regulator may have multiple effects related or unrelated to
hypertrophy, thus identifying the prioritized mechanisms
altered and essential in humans is clinically significant and
should be highly valued. Selectively suppressing the specific
signaling mechanisms is of significant importance in enhancing
heart function in patients suffering from cardiac hypertrophy.
Moreover, in recent years, increasing studies have revealed
the potential protective roles of some agents against cardiac
hypertrophy via impacting mitochondrial function, however,
these possibilities are mainly verified in animal experiments but
are poorly characterized in clinical trials. Future work should
also be directed on improving their specificity and efficacy as
well as avoiding the potential cytotoxicity.

Another vagueness lies on the causal link between
mitochondrial abnormalities and cardiac hypertrophy. It seems
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