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Editorial on the Research Topic

Mitochondrial Metabolism in Ischemic Heart Disease

Ischemic heart disease (IHD) is the single greatest cause of mortality worldwide and the
most common underlying cause of heart failure (HF) (1). The major causes of IHD include
atherosclerosis-related narrowing or obstruction of the vascular lumen, myocardial ischemia, and
hypoxia/necrosis caused by coronary artery spasm. Despite existing treatments and interventions
such as drug therapy, left ventricular assist device, artificial heart, and heart transplantation, the
progression of HF caused by IHD is essentially irreversible (2, 3). Underlying the pathogenic
mechanisms of IHD lacks comprehensively understanding and the investigations on the novel
targets and signaling pathways involved in the development and progression of IHD are
urgently needed.

Mitochondria are critical in the energy production of cardiomyocytes, generating 90% of
adenosine triphosphate (ATP) for cardiac energy support. Moreover, mitochondria are the main
sites for generating oxidative phosphorylation (OXPHOS), which is the primary energy source for
maintaining normal heart contractile function (4). Mitochondria are not only the power plants
of the cardiomyocytes, but also is the centers of signal transmission (5, 6), and they are closely
connected with cell activities such as apoptosis (7), reactive oxygen species (ROS) generation
(8), and lipid metabolism (9). Nevertheless, how aberrant regulation of mitochondria functions
as an antecedent indicator of IHD and its restoration by pharmaceutical or non-pharmaceutical
intervention is yet to elucidate.

Recent reports including the studies under this Research Topic have borne out claims that
mitochondrial dysfunction is highly associated with IHD. Contributing factors to mitochondrial
disorder in IHD include mitophagy disorder, ROS exacerbation and mitochondria-related
inflammation. Xin et al. reported that mitochondria are important organelles involved in energy
production of cardiomyocytes, mitochondrial disorder results in the pathogenesis of IHD.

Oxidative stress, caused by excessive ROS, is a crucial pathophysiological mechanism of
myocardial infarction (MI), through impairment of cell function and vitality. ROS are byproducts
of the mitochondrial synthesis of ATP. When mitochondrial function declines, more ROS are
produced, resulting in the development of MI (10). Shen et al. found that dioscin, a natural
product, alleviated cardiac dysfunction and remodeling post-MI by maintaining the Kreb’s cycle
and restraining mitochondrial ROS accumulation to improve mitochondrial quality control.
Hence, restoring mitochondrial function may be an effective therapeutic strategy for IHD. Zhang
et al. constructed novel biomimetic adipose-derived stem cells (ADSC)-derived nanovesicles
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(ADSC NVs) and consisted engineered ADSC NVs with
melatonin (Mel) to form a novel Mel@NVs delivery system. The
Mel@NVs alleviated mitochondrial dysfunction and promoted
myocardial repair by ameliorating excessive ROS generation,
promoting microvascular formation, and attenuating cardiac
fibrosis. Therefore, targeting anti-ROS production would be a
new therapeutic strategy for IHD.

Mitophagy is a kind of autophagy that removes damaged or
dysfunctional mitochondria to prevent excessive accumulation
of ROS. Mitochondria maintain the stability of mitochondrial
dynamics through mitophagy, which is the basis of maintaining
mitochondrial homeostasis and ensuring mitochondrial
function. Proper functioning of this machinery is essential
for maintaining a healthy cardiovascular system (11, 12).
Uchikado et al. indicated oxidized low-density lipoprotein (ox-
LDL) induces mitochondrial fission, leading to mitochondrial
dysfunction and senescence through the association of lectin-like
oxidized low-density lipoprotein scavenger receptor-1 (LOX-1)
and angiotensin II type 1 receptor (AT1R), which activates
the CRAF/MEK/ERK pathway. Furthermore, AT1R inhibition

FIGURE 1 | Strategies for mitochondria-targeted IHD therapy. Moderate aerobic exercise is an effective strategy to protect heart function. Different approaches to

restore mitochondrial dynamics, autophagy, and metabolism are effective strategies for the treatment of IHD. Scavenging ROS accumulation is also one of the ways to

restore mitochondrial function, which also plays a positive role in the recovery of cardiac function. BAIBA, β-Aminoisobutyric Acid; pAMPK, AMPK phosphorylation;

AT1R, angiotensin II type 1 receptor; ox-LDL, oxidized low-density lipoprotein; Drp1, dynamin-related protein 1; NEU1, neuraminidase 1; SIRT1, sirtuin-1; PGC-1α,

peroxisome proliferator-activated receptor γ coactivator α; Mel@NVs, melatonin engineered NVs; ROS: reactive oxygen species.

suppresses dynamin-related protein 1 (Drp1) activation and
induces Rab9-dependent alternative autophagy through the
CRAF/MEK/ERK axis in human vascular smooth muscle
cells (VSMCs). Inhibition of AT1R also ameliorates cellular
senescence by regulating mitochondrial dynamics, which may
provide new ideas for the treatment of IHD.

As the second most energy-consuming organ of the
body, the heart needs cardiomyocytes to produce a large
amount of ATP to maintain normal functions, and most
of the energy generated by cardiomyocytes comes from
mitochondrial metabolism. In IHD, insufficient oxygen supply
and mitochondrial dysfunction lead to reduced ATP production,
making glycolysis as a more prominent source of energy (13).
In this Research Topic collection, Jiang et al. summarized
the role of abnormal mitochondrial metabolism in IHD
progression and the current understanding of shutting down
mechanotransduction to improve mitochondrial dysfunction
and HF. Although increasing numbers of mechanical circulatory
support (MCS) devices have been applied in clinical practice
to alter myocardial energy metabolism, more research is
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needed to clarify its benefits on cardiac function and long-term
prognosis. Guo et al. also found that cardiomyocyte-specific
Neuraminidase1 (NEU1) deficiency alleviated MI-induced
myocardial remodeling, oxidative stress, and mitochondrial
metabolism disorder by regulating the sirtuin-1/peroxisome
proliferator-activated receptor γ coactivator α (SIRT1/PGC-1α)
signaling pathway. Cardiomyocyte-specific NEU1 inhibition
provides a new direction for treatment after MI. Inhibitors of
NEU1 may be a novel treatment option for IHD by ameliorating
mitochondrial metabolism.

Moderate aerobic exercise is known to have a beneficial
effect on cardiac function in HF (14). Cardiometabolic
disorders in patients with HF can be partially recovered
through exercise because of improved mitochondrial quality
control, bioenergetics and cardiac function (15). Gu et al. in
Research Topic, discussed the mechanism of aerobic exercise
in maintaining normal mitochondrial function and improving
cardiovascular disease. Mitofusin 2 (MFN2) and optic atrophy
1 (OPA1), which are beneficial to mitochondrial fusion and
biogenesis, can be elevated by aerobic exercise. Drp1-induced
mitochondrial fission can be inhibited by aerobic exercise in
cardiovascular diseases. Regular aerobic exercise can reduce
mitochondrial fission, enhance mitochondrial fusion, and
improve mitochondrial autophagy or biogenesis, thus benefiting
human health. Moreover, Yu et al. found exercise-generated
β-Aminoisobutyric Acid (BAIBA) effectively improved both
cardiac function and energy metabolism and reduced apoptosis
in rats with HF after MI. BAIBA increased AMP-activated
protein kinase (AMPK) phosphorylation through the expression

of miR-208b and reduced apoptosis in H2O2-induced H9C2 cells,
reshaping the energy metabolism of rats with HF and improving
mitochondrial dysfunction. BAIBA has potential as an alternative
to exercise therapy or synergistically with exercise therapy in the
treatment of IHD.

In conclusion, this Research Topic discusses the role of
mitochondria in the process of IHD and provides some
strategies for mitochondria- targeted IHD therapy (Figure 1).
Restoration of mitochondrial dynamics and metabolism is
effective in alleviating experimental MI and HF, and further
clinical trials are needed to confirm these strategies. Natural or
artificial compounds that ameliorate excess ROS could reduce
mitochondrial dysfunction and alleviate cardiac dysfunction,
which may provide a novel treatment for IHD in the future. In
addition, moderate aerobic exercise shows promise in restoring
heart function in IHD, and maintaining regular exercise is also
an effective strategy for preventing IHD.
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Purpose: Angiogenesis post-ischemia plays an essential role in preventing ischemic

damage to tissue by improving the blood recovery. Determining the regulatory

mechanism of ischemic angiogenesis, therefore, could provide effective therapeutics for

ischemic injury.

Materials and Methods: The RNA sequencing (RNA-seq) database was used to

predict the association of gamma-aminobutyric acid type B receptor subunit 2 (GABBR2)

with endothelial-specific expression. The role of GABBR2 in angiogenesis was verified

in vitro by downregulating GABBR2 in human umbilical vein endothelial cells (HUVECs)

with lentiviral vectors. Besides, the in vivo effect of GABBR2 on the blood recovery of

an ischemic hindlimb was demonstrated by establishing a hindlimb ischemia model

in normal and GABBR2 adenoviral vector-infected mice. Then, the mobilization of

endothelial progenitor cells (EPCs) in peripheral blood post-ischemia was determined

by flow cytometry. Finally, the XF analyzer and Western blot were used to determine the

effect of GABBR2 on endothelial metabolism.

Results: The RNA-seq results indicated a strong association between GABBR2 and

endothelial revascularization, and the upregulation of GABBR2 was detected in both

hypoxia-treated HUVECs and ischemic mouse hindlimb. Hypoxia treatment for 6 h

increased the proliferation, migration, and tube formation of HUVECs, which were

inhibited by GABBR2 knockdown. Additionally, GABBR2 downregulation significantly

decreased the blood flow recovery of mouse ischemic hindlimb. The expressions of

the EPC markers CD34+ and CD133+ significantly decreased in the peripheral blood

in hindlimb post-ischemia. Mechanically, glycolysis-dominated metabolism of HUVECs

was compromised by GABBR2 knockdown. Evidences of the decreased expressions

of HKII, PFKFB3, and PKM1 also supported the compromised glycolysis induced by

GABBR2 downregulation.

Conclusion: Our study demonstrated that GABBR2 regulated angiogenesis

post-ischemia by inhibiting the glycolysis pathway.

Keywords: GABBR2, angiogenesis, glycolysis, endothelial (dys)function, ischemic injury
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INTRODUCTION

The rapid and timely reestablishment of blood vessels in response
to injury or in pathological conditions ensures the efficient
supply of oxygen and nutrients, which are essential for the
protection of tissues from ischemic injury. Peripheral arterial
diseases (PADs) are associated with dysfunctional collateral
circulation and are linked to a high risk of cardiovascular events,
specifically stroke and myocardial infarction (1). Illustrating
the mechanism of endothelial cell (EC) angiogenesis could
provide therapeutic targets in ameliorating the development of
cardiovascular events.

Current studies majorly focus on the growth factors,
receptors, signaling molecules, and others involved in the
process of angiogenesis, but no significant efficacy or specificity
was revealed so far. Recent findings have demonstrated that
pathological angiogenesis and EC dysfunction are accompanied
by EC-specific metabolic alterations. Targeting EC metabolism
is therefore emerging as a novel therapeutic strategy (2–4). The
switch of ECs from quiescence to growth metabolically demands
that 85% ATP is produced glycolytically (3, 5, 6). Even though
glucose oxidative metabolism produces 34 molecules of ATP,
ECs still preferentially utilize glycolysis instead of oxidative
metabolism. As glycolytic regulators, 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) and hexokinase2
(HK2) are rate-limiting enzymes that regulate EC angiogenesis
by modulating glycolytic metabolism. Silencing of the glycolytic
regulators PFKFB3 and HK2 inhibited the atrial development
and branching of mouse skin and the proliferation of filopodia
in the retinal vasculature (5, 7). The reasons for glycolysis-
dependent metabolism might lie in ECs bathing in oxygen
needing anaerobic metabolism to protect themselves from
oxidative stress. The stored oxygen is diffused to perivascular
cells. In addition, glycolysis yields fewer but faster ATP, which is
necessary for the angiogenesis of ECs in hypoxic tissues.

Gamma-aminobutyric acid (GABA) receptors are
heterodimeric G-protein-coupled receptors comprising the
GABAB1 and GABAB2 subunits (GABBR2) (8). Gamma-
aminobutyric acid receptors are located mainly in the central
nervous system (CNS) and retina. Additionally, GABA receptors
have also been detected in peripheral tissues and are shown
to modulate intracellular calcium concentration (9, 10). These
receptors can inhibit the release of many neurotransmitters,
such as dopamine, serotonin, and acetylcholine, via G-
protein-dependent inhibition of neuronal voltage-gated Ca2+

channels. Functional GABA receptors are implicated in various
disorders, including cognitive impairments, nociception,
anxiety, depression, and epilepsy (11, 12). Gamma-aminobutyric
acid is a neurotrophic factor that plays an important role in
embryonic development of the nervous system by promoting the
proliferation, migration, and differentiation of embryonic neural
cells and neural crest cells (13, 14). Additionally, GABA receptors
regulate intracellular signaling by inhibiting adenylyl cyclase
activity (15). Here, we found a potential of GABBR2 in regulating
EC function. Then, the effect of GABBR2 on angiogenesis
capacity was established by downregulating GABBR2 in vivo and
in vitro. Our present results illustrated that GABBR2 knockdown

inhibited the angiogenesis process post-ischemia by regulation
of the glycolysis-dominant metabolism.

MATERIALS AND METHODS

Animals
Adult C57BL/6J male mice (weighing 20–22 g), obtained from
Shanghai Research Center for Model Organisms, were used in
this study. Care and all animal experiments were performed in
accordance with institutional guidelines. Mice were housed at
room temperature under a 12:12 light/dark cycle with free access
to water and standard laboratory mouse chow.

Murine Hindlimb Ischemia Model
The fur in the hindlimb of adult C57BL/6J male mice were
removed after anesthetized by intraperitoneal injection of
pentobarbital sodium (40 mg/kg body weight). Then, the skin of
the left hindlimb was dissected and the femoral artery exposed.
Ischemia of the hindlimb was induced by ligation and excision of
the femoral artery at middle and two terminals.

Perfusion Recovery Detection
Blood flow recovery in the ischemic hindlimb was analyzed
by laser Doppler perfusion imaging (PeriScan PIM 3 System,
Perimed, Stockholm, Sweden) on days 1, 3, 5, 7, and 10. In
detail, the mice were anesthetized by intraperitoneal injection of
pentobarbital sodium and placed on 37◦C heating plate, and then
the hindquarters were imaged by laser Doppler imaging. Blood
flow recovery was calculated as the perfusion ratio of ischemic
limbs vs. non-ischemic limbs.

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were
obtained from Cell Bank of Chinese Academy of Science
(Shanghai, China) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) at 37◦C
in a humidified incubator with 21% O2 and 5% CO2. Hypoxia
treatment was performed by culturing the cells in an incubator
with 1% O2 and 5% CO2. For GABBR2 knockdown in HUVECs,
the lentiviral vectors were infected for at least 12 h, then the
medium was replaced with a virus-free medium.

Tubule Formation Assay and CCK-8 Assay
The angiogenic effect of HUVECs was quantified by tubule
formation assay in Matrigel (cat no. 354234, Corning, Corning,
NY, USA). The Matrigel solution was thawed overnight at 4◦C,
and then 200 µl thawed Matrigel was transferred and plated onto
a 24-well plate per well. After incubating for 30min at 37◦C, 104

HUVECs were resuspended with endothelial cell basal medium
(ECM-2, Lonza, Basel, Switzerland) and then seeded onto the
Matrigel. After 6 h, the tube formation status was imaged by a
microscope (Nikon TE2000, Nikon, Tokyo, Japan). For the CCK-
8 assay, Cell Counting Kit-8 (Weiao Co., Shanghai, China) was
used for the assessment of cellular proliferation.

Flow Cytometry Assay
To assess the endothelial progenitor cell (EPC) levels mobilized
post-ischemic injury, peripheral blood samples were harvested at
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day 7 post-hindlimb ischemia in mice. Erythrocyte lysis buffer
(BD Biosciences, Franklin Lakes, NJ, USA) was used to lyse red
blood cells in a shaker at room temperature for 10min. After
fixing with 4% paraformaldehyde, the cells were stained with
the antibodies CD34-FITC (11-0349-42, eBioscience, San Diego,
CA, USA) and CD133-PE (12-1331-82, eBioscience). Stained
cells were then analyzed on a FACScan flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA).

Adenoviral Vector Construction and
Transfection
The AAV9–GABBR2–shRNA–zsgreen vector was used in this
study for the downregulation of GABBR2 expression in mouse
hindlimb. Adenovirus was injected intramuscularly according to
the manufacturer’s instruction. Of Ad.GABBR2 or Ad.Null, 5 ×

109 plaque-forming units (PFU) in 100 µl of phosphate-buffered
saline (PBS) was injected into the gastrocnemius muscle of mice
4 weeks before surgery, respectively.

Western Blot
Cultured cells and tissue from mouse hindlimb were lysed on
ice with RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA)
containing protease inhibitor cocktail (ThermoFisher Scientific,
Waltham, MA, USA) and PhosSTOP (ThermoFisher Scientific)
for at least 30min. After centrifugation at 12,000 rpm for 10min
at 4◦C, supernatant fractions were collected and analyzed by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and immunoblotting. The following antibodies were
obtained from Cell Signaling (Danvers, MA, USA): GABA(B)R2
antibody (#3839, 1:1,000), Hexokinase II (HKII) antibody
(#2867, 1:1,000), and pyruvate kinase muscle 1 (PKM1) antibody
(#7067, 1:1,000). Vascular endothelial growth factor (VEGF)
antibody (#65373, 1:1,000), anti-PFKFB3 (ab181861, 1/1,000–
1/10,000), and anti-CD31 (ab76533, 1/5,000–1/20,000) were
obtained fromAbcam (MitoSciences-Abcam, Eugene, OR, USA).
Horseradish peroxidase (HRP)-conjugated monoclonal mouse
anti-beta actin (KC-5A08, 1:5,000) was obtained from KangChen
Bio-tech Co. (Shanghai, China).

Bioenergetics Assay of ECAR Changes
The extracellular acidification rates (ECARs) of the HUVECs in
different groups were analyzed using an XFe96 extracellular flux
analyzer (Seahorse Bioscience, Billerica, MA, USA). The optimal
seeding density of HUVECs ranges from 10,000 to 60,000 cells
per well and gives confluency of approx. 95% overnight in a 96-
well seahorse culture plate. ECAR was determined by adding
glucose (10mM), oligomycin A (1µM), and 2-deoxy-D-glucose
(1 M).

Immunofluorescent Staining
The quadriceps femoris muscles of wild-type (WT) and
GABBR2 knockdown (KD) ischemic limbs were harvested
and embedded with OCT. Then, the embedded tissues were
sectioned at 8µm. After fixation and blocking, the sections were
incubated with goat anti-mouse CD31 antibody (1:200, NOVUS

Biologicals, Littleton, CO, USA). Alexa Fluor 549 donkey anti-
goat secondary antibody (1:150, ThermoFisher Scientific) was
used for fluorescence imaging.

EdU Staining Assay
The effect of GABBR2 on the proliferative abilities of HUVECs
was detected by using the BeyoClick EdU Cell Proliferation
Kit with Alexa Fluor 488 (Beyotime, Jiangsu, China). In detail,
100µM 5-ethynyl-2′-deoxyuridine (EdU) solution was added to
the medium and incubated with HUVECs for 2 h. The divided
cells stained with green represented EdU-positive cells.

Statistical Analyses
Statistical analyses were performed using one-way ANOVA
with Tukey’s correction using GraphPad 8.0 software. Statistical
results were shown as the mean ± standard error of the mean
(SEM). Every experiment was repeated at least three times.

RESULTS

GABBR2 Was Closely Related to
Endothelial Angiogenesis and Upregulated
by Hypoxia Treatment
The RNA sequencing (RNA-seq) data from the Human Protein
Atlas (https://www.proteinatlas.org/) predicted an endothelial-
specific expression of GABBR2 (Figure 1A). We therefore
speculated that GABBR2 might play an important role
in the regulation of angiogenesis. To obtain the genes
involved in angiogenesis, we resorted to the publicly available
ANGIOGENES database of RNA-seq (http://angiogenes.uni-
frankfurt.de), identifying 14,153 genes whose transcription was
dynamically modulated during VEGF stimulation (12 h) of
HUVECs. Gamma-aminobutyric acid type B receptor subunit
2 was one of the genes closely related to physical or
pathological angiogenesis (Figure 1B). Hypoxia was a driver
that regulates angiogenesis and vascular remodeling (16). To
explore the effect of hypoxia on the regulation of GABBR2,
we cultured HUVECs under the condition of 1% oxygen for
0, 6, 12, and 24 h. The results in Figures 1C,D demonstrated
a significantly enhanced expression of GABBR2 in HUVECs
after hypoxia treatment. Furthermore, to determine the role
of GABBR2 in mouse vascular ECs, we performed a hindlimb
ischemia model and detected the expression of GABBR2
in the ischemic hindlimb muscle at different time points.
The results also showed a markedly upregulated expression
of GABBR2 in hindlimb post-ischemia (Figures 1E,F). The
above results indicated that GABBR2 might play an important
role in regulating the angiogenesis of ECs post-hypoxia
or ischemia.

GABBR2 Downregulation Regulated the
Angiogenesis of HUVECs With or Without
Hypoxia Treatment
Human umbilical vein endothelial cells were used to further
demonstrate the role of GABBR2 in angiogenesis. We
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FIGURE 1 | Gamma-aminobutyric acid type B receptor subunit 2 (GABBR2) expression increased in hypoxia-treated endothelial cells in vitro and mouse ischemic

hindlimb in vivo. (A) Prediction of an endothelial-specific expression of GABBR2 by RNA-seq data. (B) Re-speculation of the role of GABBR2 in angiogenesis. (C,D)

Expression changes of GABBR2 in human umbilical vein endothelial cells (HUVECs) after hypoxia treatment for 1, 3, and 6 h. (E,F) Expression changes of GABBR2 in

the muscle of mouse ischemic hindlimb on days 1, 3, and 7. *p < 0.05; **p < 0.01.

constructed the lentivirus-mediated GABBR2 downregulation
in HUVECs and analyzed the proliferation and migration
capacity. The results showed that about 90% of the GABBR2
expression was downregulated after lentivirus transfection
(Figure 2A). The CCK-8 assay results showed that GABBR2
knockdown significantly inhibited the proliferation of HUVECs
under normoxia, which could be further inhibited after 6 h
of hypoxic treatment (Figure 2B). Besides, the EdU staining
assay demonstrated that GABBR2 knockdown significantly
decreased the ratio of EdU-positive cells under normoxia
and hypoxia (Figure 2C). Then, the migration capacity was
calculated as the average wound healing distance; promotion
of endothelial migration was detected after hypoxia treatment,

which could be eliminated by GABBR2 knockdown (Figure 2D).

Since angiogenesis capacity could be evaluated by a tube-like

construction formation in Matrigel, we then assessed the

effect of GABBR2 knockdown on the formation of capillary-
like tubes. As shown in Figure 2E, GABBR2 knockdown

significantly inhibited the capillary-like tube formation

in HUVECs.

GABBR2 Knockdown Inhibited the Blood
Flow Recovery in Ischemic Mouse
Hindlimb
Adenovirus encoding a constitutively inactive form of GABBR2
was injected in mouse hindlimb by multipoint for 4 weeks
(Figure 3A). The Western blot results demonstrated that the
expression of GABBR2 was downregulated by about 80% in
the muscle of mouse hindlimb (Figure 3B). To determine
the role of GABBR2 knockdown in angiogenesis and blood
flow recovery, a hindlimb ischemia model was established in
normal and GABBR2-downregulated mice. The blood flow
recovery status on days 1, 3, 5, 7, and 10 was evaluated by
laser Doppler imaging post-ischemia. The results indicated that
GABBR2 downregulation significantly abrogated the blood flow
recovery by 3.84, 1.98, and 2.13 times on days 5, 7, and 10,
respectively (Figures 3C,D). To further prove the inhibitory
effect of GABBR2 knockdown on the angiogenesis of mouse
ischemic hindlimb, we determined the expression of VEGF
and platelet endothelial cell adhesion molecule-1 (PECAM-
1/CD31) in WT and GABBR2-downregulated hindlimbs. The
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FIGURE 2 | Effect of gamma-aminobutyric acid type B receptor subunit 2 (GABBR2) knockdown on the proliferation, migration, and angiogenesis of human umbilical

vein endothelial cells (HUVECs). (A) Downregulation of GABBR2 in HUVECs by lentivirus transfection. (B) Cellular proliferation changes induced by 6 h of hypoxic

treatment in normal and GABBR2-downregulated HUVECs. (C) EdU staining induced by 6 h of hypoxic treatment in normal and GABBR2-downregulated HUVECs.

(D) Wound healing distance changes induced by 6 h of hypoxic treatment in normal and GABBR2-downregulated HUVECs. (E) Tube-like construction formation

induced by 6 h of hypoxic treatment in normal and GABBR2 downregulated HUVECs. *p < 0.05; **p < 0.01; ****p < 0.0001.

results indicated that the upregulation of VEGF and CD31
induced by ischemia was inhibited by GABBR2 knockdown
(Figure 3E). Immunofluorescent staining of CD31 in WT and
GABBR2-downregulated hindlimbs showed consistent results
in that GABBR2 knockdown decreased CD31 expression
in ischemic hindlimb (Figure 3F). Overall, these evidences
demonstrated that GABBR2 is an important regulator in
promoting angiogenesis post-ischemia.

GABBR2 Knockdown Decreased the
Mobilization of EPCs in Peripheral Blood
Post-ischemia
CD34 and CD133 are the most commonly used EPC markers
expressed in early and mature vascular ECs that play an
important role in EPC proliferation and differentiation, therefore
serving as a powerful pan-endothelial marker (17, 18). To
determine the mobilization of EPCs, we collected peripheral
blood from normal and ischemicmice with or without GABBR2–
shRNA transfection. Then, we analyzed CD34- or CD133-
positive cells and CD34/CD133 double-positive cells by using
flow cytometry. The data showed that ischemia increased the
ratio of CD34 and CD133 double-positive cells in peripheral
blood from 2.45 to 7.17%, which was significantly blunted by

GABBR2 knockdown (Figures 4A–D). These results implied that
ischemia-induced mobilization of EPCs in peripheral blood was
markedly inhibited by GABBR2 downregulation.

GABBR2 Knockdown Inhibited the
Angiogenesis of HUVECs by Regulating
the Glycolysis Pathway
It was reported that ECs rely on glycolysis to participate in vessel
sprouting (3). To analyze the effect of GABBR2 downregulation
on cellular energetics, lentivirus-mediated GABBR2 knockdown
in HUVECs was used in our study. Since hypoxia promotes
glycolysis, we detected the metabolic changes of HUVECs under
normoxic and hypoxic conditions by assessing the ECAR. The
results showed that hypoxia treatment remarkably increased
the ECARs of HUVECs. However, GABBR2 downregulation
inhibited the glycolysis levels of HUVECs under hypoxic
condition (Figure 5A). Furthermore, total ATP generation was
evaluated in HUVECs with different GABBR2 expressions. The
results demonstrated that GABBR2 knockdown significantly
decreased cellular ATP production (Figure 5B). HKII, PFKFB3,
and PKM1 are three key enzymes responsible for glycolysis.
Our results indicated that the expressions of these enzymes
were enhanced by hypoxia treatment, which were significantly
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FIGURE 3 | Effect of gamma-aminobutyric acid type B receptor subunit 2 (GABBR2) knockdown on blood recovery of the ischemic hindlimb in mice. (A) Protocol of

adenovirus injection and the establishment of mouse hindlimb ischemia. (B) Knockdown efficiency of GABBR2 in mouse hindlimb. (C) Blood recovery of mouse

hindlimb imaged by laser Doppler at different time points. (D) Statistical analysis of the blood perfusion ratio (ischemic/non-ischemic hindlimb). (E) Expression changes

of VEGF and CD31 post-ischemia in wild-type (WT) and GABBR2-downregulated hindlimbs. (F) Immunofluorescent staining of CD31 in WT and

GABBR2-downregulated ischemic hindlimbs. Bar, 200µm. *p < 0.05; **p < 0.01.

downregulated by GABBR2 downregulation under normoxic
or hypoxic condition (Figures 5C–E). The above results
indicated that the inhibitory effect of GABBR2 knockdown
on glycolysis capacity could be responsible for the damaged
angiogenesis post-ischemia.

DISCUSSION

The present study demonstrated that the upregulation of
GABBR2 induced by hypoxia or ischemia plays an important
role in the proliferation, migration, and angiogenesis of
HUVECs, which were further proven by the compromised
blood recovery in GABBR2-downregulated ischemic hindlimb
of mice. Besides, the mobilization of CD34+/CD133+ cells in
peripheral bloodwas inhibited by hindlimbGABBR2 knockdown
in mice. Mechanically, GABBR2 downregulation inhibited the
glycolysis capacity of HUVECs by downregulating the expression
of glycolysis-associated enzymes. Gamma-aminobutyric acid
type B receptor subunit 2 was reported to implicate in a

number of neuronal disorders, including cognitive impairments,
nociception, anxiety, and depression (19–21). In the neuronal
pathophysiology of many CNS diseases and disorders, GABBR2
regulates intracellular signaling by G protein-coupled receptors
to activate adenylyl cyclase. However, our study indicated that the
critical role of GABBR2 in the process of EC angiogenesis might
be attributed to the regulation of the glycolysis pathway. Our
results provide a new horizon and mechanism for post-ischemic
angiogenesis, which could be a potential therapeutic target of
metabolism regulation.

Several modes of vessel formation have been identified,

including sprouting angiogenesis, vasculogenesis, and
arteriogenesis. Vasculogenesis is defined as the process in
which angioblasts differentiate into ECs in the developing
mammalian embryo. Subsequent sprouting angiogenesis ensures
the expansion of the vascular network. Then, pericytes or
vascular smooth muscle cells cover ECs to provide stability and
control perfusion, which is known as arteriogenesis (22). In other
words, angiogenesis refers to the formation of new blood vessels
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FIGURE 4 | Effect of gamma-aminobutyric acid type B receptor subunit 2 (GABBR2) knockdown on endothelial progenitor cell (EPC) mobilization in peripheral blood

in hindlimb post-ischemia. (A) Representative images of CD34+/CD133+ cells in the peripheral blood of mice analyzed by flow cytometry. WT, normal mice; KD,

GABBR2-downregulated mice; WT-H, wild-type (WT) mice with hindlimb ischemia; KD-H, GABBR2 knockdown (KD) mice with hindlimb ischemia. (B) Ratio of CD34+

cells in the peripheral blood of normal and ischemic mice. (C) Ratio of CD133+ cells in the peripheral blood of normal and ischemic mice. (D) Ratio of CD34+ and

CD133+ cells in the peripheral blood of normal and ischemic mice. *p < 0.05; ***p < 0.001; ****p < 0.0001.

from preexisting vessels, which was intensively explored in our
study. Given the complexity of angiogenesis, the pro-angiogenic
factors that play a predominant role in angiogenesis, such as
VEGF and CD31, were detected in our study. Our results showed
that the expressions of VEGF and CD31 were activated by
hypoxia, which was consistent with the enhanced angiogenesis
in the ischemic hindlimb. However, GABBR2 knockdown
inhibited VEGF and CD31 expressions, as well as post-ischemic
angiogenesis in the hindlimb. Taken together, we conclude that
the blood recovery of the ischemic hindlimb in mice was majorly
regulated by the mode of angiogenesis, which was further
modulated by GABBR2.

The repair of healthy adult vessels or the expansion of
pathological vessels can be aided by the recruitment of bone
marrow-derived cells and/or EPCs to the vascular wall (23, 24).
Mobilization of EPCs might represent an effective means to
augment the resident population of ECs (25). Different cytokines

and growth factors stimulate bone marrow-derived EPCs to
circulate in adult peripheral blood, participating in angiogenesis.
Vascular endothelial growth factor is an important cytokine for
EPC mobilization from the bone marrow into the peripheral
circulation (26, 27). In our study, an increased expression of
VEGF was observed in the ischemic hindlimb and, accordingly,
a significantly enhanced EPC mobilization in peripheral blood.
Gamma-aminobutyric acid type B receptor subunit 2 knockdown
inhibited VEGF expression and EPCmobilization. The evidences
from our study indicated that GABBR2 knockdown blunted EPC
mobilization by inhibiting VEGF expression.

Despite the 36mol of ATP from glucose oxidation vs. 2mol
of ATP from aerobic glycolysis, ECs generate ATP mainly from
glycolysis. Furthermore, the switch of ECs from quiescence
to vessel branching accelerates aerobic glycolysis (5, 28, 29).
Moreover, a hypoxic environment in the hindlimb favors the
glycolysis pathway, whereas glycolysis-dominant metabolism
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FIGURE 5 | Effect of gamma-aminobutyric acid type B receptor subunit 2 (GABBR2) knockdown on the glycolysis capacity of human umbilical vein endothelial cells

(HUVECs) after hypoxia treatment. (A) Extracellular acidification rate (ECAR) changes induced by 6 h of hypoxic treatment in normal and GABBR2-downregulated

HUVECs. WT, normal mice; KD, GABBR2-downregulated mice; WT-H, wild-type (WT) mice with hindlimb ischemia; KD-H, GABBR2 knockdown (KD) mice with

hindlimb ischemia. (B) ATP production changes induced by 6 h of hypoxic treatment in normal and GABBR2-downregulated HUVECs. (C–E) Expression changes of

HKII, PFKFB3, and PKM1 induced by 6 h of hypoxic treatment in normal and GABBR2-downregulated HUVECs. *p < 0.05.

also makes ECs more hypoxia-resistant. In our study, the
stimulation of glycolysis by hypoxia was accompanied by the
upregulation of GABBR2, indicating the potential connection
between glycolysis and GABBR2. Given the above fact, the
regulating mode of GABBR2 in glycolysis warrants further
exploration. The study of De Bock and colleagues reported that
the pro-angiogenic molecule VEGF stimulates the expression
of the glycolysis activator PFKFB3 (5). Intriguingly, our study
demonstrated that VEGF production was induced by hypoxia,
but inhibited by GABBR2 knockdown. Consistent with this
result, the expressions of the glycolysis activators, namely,
HKII, PFKFB3, and PKM1, were upregulated by hypoxia, but
downregulated by GABBR2 knockdown. In brief, we conclude
that GABBR2 regulated the glycolysis pathway by controlling the
secretion of pro-angiogenic molecules.

Human umbilical vein endothelial cell metabolism plays an
important role in the formation of new vessels. The importance
of metabolism could be described as the engine in a car
and the angiogenic signals as the driver. Once metabolism is
compromised, new vessel formation was inhibited regardless
of EC angiogenic signals (2). The division and migration of
ECs for the formation of new vessels demand a large amount
of energy. Endothelial cells highly rely on glycolysis instead of
oxidative metabolism for ATP production, most of which is
produced by the conversion of glucose into lactate (5, 29, 30).
Our results indicated that the glycolysis of ECs was further
stimulated by hypoxia treatment, which was evidenced by
the significantly increased ECARs. Combined with the profile
of the glycolysis-dominated metabolism, enhanced glycolysis

post-hypoxia was demonstrated. This reaction, however, was
inhibited by GABBR2 knockdown with or without hypoxia
treatment. The compromised glycolysis metabolism was further
illustrated by the decreased expressions of the catalyzing enzymes
participating in the metabolic pathway. Our present study
indicated that GABBR2 might be a potential therapeutic target in
modulating ECmetabolism and the process of ischemia in PADs.
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Mitochondria are the most abundant organelles in cardiac cells, and are essential

to maintain the normal cardiac function, which requires mitochondrial dynamics

and mitophagy to ensure the stability of mitochondrial quantity and quality. When

mitochondria are affected by continuous injury factors, the balance between

mitochondrial dynamics and mitophagy is broken. Aging and damaged mitochondria

cannot be completely removed in cardiac cells, resulting in energy supply disorder and

accumulation of toxic substances in cardiac cells, resulting in cardiac damage and

cardiotoxicity. This paper summarizes the specific underlying mechanisms by which

various adverse factors interfere with mitochondrial dynamics and mitophagy to produce

cardiotoxicity and emphasizes the crucial role of oxidative stress in mitophagy. This review

aims to provide fresh ideas for the prevention and treatment of cardiotoxicity induced by

altered mitochondrial dynamics and mitophagy.

Keywords: mitochondrial dynamics, cardiotoxicity, mitophagy, mitochondrial fission, mitochondrial fusion

INTRODUCTION

As the body’s “power plant,” heart is the body’s largest oxygen and energy consumption
organ. Therefore, mitochondria, as the core organelles of oxidative phosphorylation, play an
important role in maintaining cardiac homeostasis. Under normal conditions, cardiac cells
regulate the dynamic balance of mitochondria through a variety of signal pathways, remove
damaged mitochondria through the process of mitochondrial fission, fusion and autophagy, and
maintain the normal cardiac function. However, injury factors such as hypoxia, oxidative stress,
poisoning, and hyperglycemia can cause abnormalities in mitochondrial dynamics and mitophagy,
resulting in cardiotoxicity. Therefore, interventional treatment for different injury factors is
of great significance for improving cardiotoxicity induced by altered mitochondrial dynamics
and mitophagy.

CONCEPT OF MITOCHONDRIAL DYNAMICS AND MITOPHAGY

Mitochondria are critical organelles of eclectic cells and can reach 25–35% of cell volume
(1–3). They have a phospholipid bimolecular membrane structure and play a crucial role in
maintaining normal functionality in cells and metabolizing steady state. Moreover, they are
also the primary locations for the oxidative metabolism of cells. Also, mitochondria have
a mediated effect on cell proliferation or apoptosis, regulation of nuclear gene expression,
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and innate immunity (4, 5). Under normal physiological
conditions, mitochondria produce ATP through the tricarboxylic
acid cycle to meet the energy needs of the heart (6–8). It
is not only the power plant of the cell, but also the center
of signal transmission including calcium homeostasis (9, 10),
which ensure the normal operation of the mitochondrial electron
transport chain to maintain the normal cardiac function (11,
12). In the electron transport chain, premature leakage of
electrons will lead to the production of physiological reactive
oxygen species (ROS), and a small amount of ROS can be
decomposed by superoxide dismutase (SOD) and glutathione
(GSH) in the mitochondria (9, 10, 13). When the mitochondria
is in an abnormal state, the tricarboxylic acid cycle and calcium
homeostasis are destroyed, and the mitochondrial membrane
potential dissipation in turn leads to the disorder of the
electron transport chain and the accumulation of ROS (14,
15). The original mitochondrial quality of cardiac cells cannot
maintain the normal function of cardiac cells, resulting in cardiac
dysfunction and cardiotoxicity (6, 16, 17).

Although mitochondria are usually described as independent
organelles, they actually form a dynamic equilibrium network
maintained by mitochondrial dynamics, which is essential
for maintaining normal cell metabolism. In mitochondrial
structures, the outer mitochondrial membranes (OMM)
comprises a relatively smooth lipid double layer, and the inner
mitochondrial membrane (IMM) folds inwards to form a
structure called argon (18). The fission of membranes and outer
membranes in mitochondria is a critical event in mitochondrial
fission; it is a process that divides a single mitochondrion
into two mitochondria, guided by a dynamin-related protein
1 (DRP1) (19). Mitochondrial fusion is divided into outer
membrane fusion and endometrial fusion, the balance of which
determines the connectivity of the network (20).

Mitophagy is the process that identifies damaged
mitochondria in cells, which in turn binds to autophagy-
related proteins to create autophagic small bodies. These
bodies are degraded by fusion with lysosomes (21). Generally,
mitochondria are abundant in cardiac cells, making the cardiac
cells more sensitive to alterations in mitochondrial functionality
(22). Under normal circumstances, a certain mitophagy level
promptly removes damage to aging mitochondria and metabolic
toxic substances, promotes mitochondrial renewal, and ensures
the survival of cells (23–25).

THE PHYSIOLOGICAL STATE OF
MITOCHONDRIAL DYNAMICS AND
MITOPHAGY

Cardiotoxicity is caused by altered mitochondrial dynamics
and mitophagy (26, 27). The cardiac cells can remove
dysfunctional mitochondria through mitochondrial fission,
fusion, and autophagy. The process has a direct regulatory
effect on the quantity and quality of the cardiac mitochondria.
Thus, it ensures the stability of the inner environment of
cardiac cells (28–32). Under normal physiological conditions,
mitochondria are constantly updated to sustain healthy cardiac

functionality. Moreover, it can promote the formation of new
mitochondria and maintain the cardiac continuous contraction.
At this stage, the cardiac can promptly remove damaged
mitochondria through fission, fusion, and autophagy, and
facilitate the recovery of effective cellular components, such
as proteins, deoxyribonucleic acid (DNA), etc., to ensure the
normal metabolism of updated cells, thus compensate to ensure
the nominal function of mitochondria to maintain the cardiac
continuous contraction state (33).

It is generally believed that fission and fusion are carried
out at the same time and are dynamically balanced, and fission
is often regarded as a prerequisite for mitophagy (34–37).
Parkin, the key protein of mitophagy, can induce ubiquitination
or degradation of MFN1/2, thereby inhibiting mitochondrial
fusion (38, 39). The significance of mitophagy for fusion is that
when damaged mitochondria fuse with healthy mitochondria, a
larger damaged mitochondria will be formed, which can activate
mitophagy and maintain mitochondrial homeostasis (34, 40–42).
In mitochondrial fission, fusion and mitophagy, mitochondrial
autophagy plays a central role (34).

Mitochondrial Fission
Mitochondrial fission is divided into the fission of membranes
and outer membranes in mitochondria and is regulated by DRP1
(43, 44). DRP1 is classified as a homologous protein of guanosine
triphosphate (GTP) hydrolyzed enzyme (GTPase) power protein.
It has an active role in endocytosis and is a key regulatory factor in
mitochondrial fission, primarily located in cell pulp (20, 45, 46).

The serine 637 (S637) phosphorylation of DRP1 inhibits the
translocation of mitochondria DRP1 and its GTPase activity.
Meanwhile, serine 616 (S616) phosphorylation elevates the
DRP1 activity, which splits the mitochondria. During the fission
process, mitochondrial fission 1 (FIS1) protein, mitochondrial
fission factor (MFF), 49 kDa mitochondrial dynamic protein
(MiD49), and 51 kDa mitochondrial kinetic protein (MiD51)
induce DRP1 phosphorylation to recruit DRP1 into the
mitochondrial outer membrane. Afterward, the DRP1 oligopoly
reaction at the fission point of the OMM self-assembles to
create a spiral structure. It forms a cleavage ring that shrinks
and shears the mitochondrial outer and inner membranes and
breaking the mitochondria (47–54). Notably, FIS1 is distributed
throughout the outer membrane, while MFF is dotted, showing
a stronger interaction with DRP1 than FIS1. FIS1 and MFF
can independently promote the collection and oligopoly of the
mitochondrial outer membrane, yet, MFF plays a more critical
role. Besides, in the absence of MFF and FIS1, MiD49 andMiD51
can recruit DRP1 to the mitochondria (49).

Furthermore, cyclase-associated protein (CAP) are
recently discovered split-promoting proteins that induce
the oligomerization of DRP1 and the expression of FIS1, which
promotes DRP1-mediated mitochondrial fission (55).

Mitochondrial Fusion
Mitochondrial fusion is divided into outer membrane fusion
and endometrial fusion. It is regulated by a variety of
proteins, including mitofusin (MFN) in the outer membrane
of mitochondria and optic atrophy protein 1 (OPA1) (44,
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45, 49, 51, 56–61). Among them, mitofusin 1 (MFN1) and
mitofusin 2 (MFN2) regulate mitochondrial outer membrane
fusion. MFN1 positioned mitochondria and MFN2 positioned
mitochondria and endoplasmic reticulum. MFN1 and MFN2
form a stable homologous dimer through their GTPase domain.
Next, hydrolyzed GTP and the outer membrane of the two
mitochondria are combined and fused, which is critical for outer
membrane fusion (49, 52, 54, 56).

The OPA1 regulates the fusion of the IMM. OPA1 is
treated with mitochondrial processing peptide (MPP) enzyme
to produce a long-form OPA1 (L-OPA1) of membrane binding,
and then positioned as intermembrane space AAA (i-AAA)
protease in the membrane of the mitochondria IMM peptide
enzymes and mitochondrial AAA (m-AAA) protease are
further cut into short -form OPA1 (S-OPA1). Afterward, the
mitochondrial membranes are arranged into two layers of film
while maintaining the fidelity of the mitochondrial crucible
structure and promoting endometrial fusion (49, 58, 62).

Mitophagy
Mitophagy is an autophagy process that is regulated by several
mechanisms and protein molecules. However, it is different than
ordinary autophagy and is highly selective (63, 64). Presently,
three major pathways can induce and activate mitophagy:
PTEN-induced kinase 1 (PINK1)-Parkin signaling pathway,
BCL2 interacting protein 3 (BNIP3)/NIP3-like protein X (NIX)
pathway, and the FUN14 domain containing 1 (FUNDC1)
signaling pathway. Out of the three, the PINK1-Parkin signaling
pathway is the most characteristic and significant autophagy
pathway (65–67). In mitophagy, different pathways cooperate
and coordinate to sustain the normal functionality in cells.

The PINK1-Parkin Signaling Pathway
PINK1 is a mitochondrial serine-threonine protein kinase.
When the mitochondrial membrane potential decreases, the
PINK1-Parkin signaling pathway PINK1 aggregates in the
mitochondrial membrane’s outer membrane and activates Parkin
on damaged mitochondria (68–76). Generally, PINK1 is less
expressed. It enters the mitochondria, anchors the mitochondrial
intima through the mediation of outer membrane-related
proteins. Under external stimulation or pathological conditions,
mitochondrial depolarization can cause PINK1 translocation to
mitochondria’s outermembrane. Afterward, it catalyzes ubiquitin
phosphorylation to activate the Parkin receptor binding Parkin
and initiate mitophagy (30, 70, 77–85). Moreover, the PINK1-
Parkin pathway is also the primary mechanism of Zinc induced
mitophagy (86).

BNIP3/NIX Pathway
BNIP3 (also known as NIX) is a member of the Bcl-2 protein
family. It is a form of a mitochondrial outer membrane protein
with a biphasic effect. The phosphorylation of their microtubule-
associated protein 1A/1B-light chain 3 (LC3)-interacting region
(LIR) binds to LC3-phosphatidylethanolamine conjugate light
chain 3 (LC3II), which is involved in mitophagy and plays a
significant role in myocardial mitochondrial regeneration (24,
87–89). The hypoxia inducible factor 1 subunit alpha (HIF-1α)

can bind to the BNIP3 promoter to induce BNIP3, and BNIP3
expression can also promote PINK1 translocation, and then
induce mitophagy (90). Reportedly, the cardiac dual-specificity
phosphatase-1 (DUSP1) also induces BNIP3 expression and
promotes mitophagy (91).

FUNDC1 Signaling Pathway
The FUNDC1 is a highly conserved mitochondrial outer
membrane protein. Similar to BNIP3/NIX, it directly interacts
with LC3 through the N end, mediating hypoxia-induced
mitophagy, which is widely expressed in various cells, tissues,
and organs, particularly heart (63, 79, 88, 90, 92, 93).
Under normal oxygen conditions, FUNDC1 phosphorylated
by semi refined carrageenan (SRC) kinases and Casein kinase
II (CK2) decreases their affinity to LC3, which effectively
inhibits mitophagy. FUNDC1 was dephosphorylated by serine
13-position phosphatase, such as PGAM family member 5
(PGAM5), triggering its association with LC3, thereby enhancing
mitophagy (23, 88, 93).

Biogenesis
Mitochondrial biogenesis is also considered to be an important
factor in maintaining mitochondrial homeostasis. It is a complex
process involving the synthesis of mitochondrial inner and outer
membranes and mitochondrial-encoded proteins, the synthesis
and input ofmitochondrial-encoded proteins, and the replication
of mitochondrial DNA (mtDNA) (94–97), which is mainly
regulated by PPARG Coactivator 1 Alpha (PGC-1α) and Nuclear
Respiratory Factor 1 (NRF1), and can be defined as “the process
of producing new components of the mitochondrial network”
(98–100). Some scholars evaluate the biogenesis of mitochondria
by measuring the rate of mitochondrial protein synthesis.
Mitochondrial biogenesis and mitophagy coordinately regulate
the molecular mechanism of mitochondrial homeostasis (101–
104). On the one hand, the process of mitochondrial biogenesis
is accompanied by mitophagy, on the other hand, abnormal
mitophagy can feedback and inhibit mitochondrial biogenesis,
and the PGC-1α-NRF1-FUNDC1 pathway plays a key role in it,
cooperating tomaintain the quality and quantity of mitochondria
(96, 97, 105, 106).

THE PATHOPHYSIOLOGICAL STATE OF
MITOCHONDRIAL DYNAMICS AND
MITOPHAGY

When cardiac cells are stimulated by mechanical traction,
ischemia-reperfusion injury, and oxidative stress, they can cause
changes in the shape, structure and function of the heart
(107–110). Multiple signal pathways are activated when the
heart is stimulated by pathogenic factors, such as mitogen-
activated protein kinase signaling pathway, calcineurin (CaN)
signaling pathways, protein kinase A signaling pathways and
angiotensin type I receptors cause calcium homeostasis to be
destroyed and calcium overload, which ultimately leads to
cardiac pathophysiological changes (111–114). When excessive
or continuous stress acts on the heart, the mitochondrial
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energy metabolism function and quality control system are
seriously disturbed, which exceeds the self-regulation range
of mitochondrial dynamics and mitophagy. On the one
hand, it causes the energy metabolism of cardiac cells to
become impaired, on the other hand, the mtDNA and ROS
released by damaged mitochondria accumulate to reach a
toxic concentration, which together lead to cardiotoxicity
(25, 66, 115–117), the process of cardiotoxicity caused by
different injury factors is shown in Figure 1. Cardiotoxicity
refers to cardiac damage caused by excessive accumulation
of endogenous or exogenous substances to reach a toxic
concentration (118). Generally speaking, cardiotoxicity can cause
cardiac electrophysiological dysfunction or myocardial damage
(119). Moreover, mitochondrial dynamics play a vital role in the
onset of nervous system diseases, implying that mitochondrial
dynamics disorders may have damaging effects on cardiac
neuronal cells (120).

In addition, among smoking and obesity people, the
cardiovascular morbidity has increased significantly (121–126).
It has been reported that smoking and obesity can cause
abnormal mitochondrial dynamics and mitophagy (127–131).
Therefore, smoking and obesity may also lead to mitochondrial
damage, which in turn causes cardiac dysfunction, leading
to cardiotoxicity.

Hypoxia
Generally, hypoxia refers to any kind of physiological oxygen
deficiency or tissue oxygen demand deficiency state and the
integration of local responses defines hypoxia as a paradigm
of reactions affecting the entire body (86, 132, 133). Studies
have shown that inhibiting the breathing of rats caused obvious
cardiotoxicity (79, 134–138).

Mitochondrial Fission, Fusion, and Hypoxia
During mitochondrial fission, lack of oxygen can increase the
production of 4-hydroxyethyl ether (4-HNE) to promote the
S616 phosphorylation of DRP1 to induce mitochondrial fission.
Besides, in the presence of histone deacetylase 6 (HDAC6),
hypoxia can promote mitochondrial fusion by inducing
the binding of HDAC6 with MFN2, causing mitochondrial
dysfunction (139–141).

Mitophagy and Hypoxia
Hypoxia can be specifically activated by FUNDC1; under
normal conditions, FUNDC1 is highly conserved and stable in
mitochondria’s outer membrane. During hypoxia, it is FUNDC1
dephosphorylated by 13 phosphatases (such as PGAM5) of
serine, triggering its binding to LC3 and improving mitophagy
activity. It removes damaged mitochondria (23, 79, 88, 92, 93,
142–144). Hypoxia can activate poly (ADP-ribose) polymerase
(PARP), promoting mitophagy by regulating mitochondrial
membrane potential and inducing cardiomyocyte apoptosis, ROS
is central for PARP mediated mitochondrial membrane potential
(1Ψm) decline, and inhibited PARP can reduce the production
after injury (80). Moreover, the activation of FUNDC1 is vital in
platelet aggregation. Past studies have demonstrated that lacking
the FUNDC1 gene canmake themitochondrial function of blood

platelet disordered. In long-term hypoxia, it will eventually form
a microthrombus and lead to cardiac microvascular structure
destruction (79, 145).

Oxidative Stress
Oxidative stress (OS) is a state of imbalance between oxidation
and antioxidant effect in the body. It produces several destructive
products, such as ROS, which has an adverse impact on the
body and is often considered to be a crucial factor that leads
to aging and disease (146, 147). OS is caused by the imbalance
between ROS and endogenous antioxidants in response to
injury, which can lead to cardiotoxicity (148). ROS is a
collective common term that includes highly oxidative radicals
such as hydroxyl (OH-) and superoxide (O2•-) radicals, and
non-radical species such as hydrogen peroxide (H2O2) (149–
151). Antioxidants in the mitochondria, such as superoxide
dismutase (SOD) and glutathione (GSH), will rapidly degrade
or sequester O2·-, thereby reducing reactivity (152–154). Due
to the high concentration of mitochondria in myocardial tissue,
reduced mitochondrial antioxidant capacity results in cardiac
dysfunction (155–157). In addition, ROS is involved in a series
of vascular diseases associated with the functional properties of
the endothelial cell barrier (158–160).

Reportedly, ROS can significantly promote the activity
of DRP1 to increase the mitochondrial fission frequency,
resulting in mitochondrial dysfunction. Oxidative stress can
significantly increase the expression of WD repeat domain 26
(WDR26) protein, which is a critical medium for PINK1-Parkin
signaling pathways to induce cell mitophagy and depolarize
mitochondria by elevating the mitochondrial membrane
potential, causing PINK1 to transpose, which in turn catalyzes
ubiquitin phosphorylation to activate the Parkin receptor
(70, 78–80, 161). Parkin is dependent on p53, it triggers
mitophagy through autophagy small body lysosome pathways
and then degrades through autophagy-lysosome pathways.
Moreover, oxidative stress could also lead to an extended
opening time for mitochondrial permeability transition pore
(mPTP), releasing apoptosis factors such as cytochrome c
into the matrix, damaging cells (162–164). Meanwhile, ROS
activates multiple inflammatory pathways such as NLR family
pyrin domain containing 3 (NLRP3)-mediated inflammatory
responses. And the inhibition of mitophagy further aggravates
these inflammatory responses and exacerbates damage (165).
During myocardial ischemic re-perfusion injury (MIRI), the cell
ischemia hypoxia activates PINK1/Parkin-mediated mitophagy
and then removes the defective mitochondria. Afterward,
restores the intracellular steady-state to offset the damage
inflicted by hypoxia. In the case where Parkin is lacking, it
will further aggravate ischemia re-perfusion damage and inflict
damage to the heart (78, 166–170). Uncoupling protein 2
(UCP2) and vitamin D interferes with abnormal mitophagy
to protect the damaged cardiac from ischemic re-injection
(171, 172). Moreover, oxidative stress reactions can also activate
mitophagy through BNIP3/NIX and ROS promotes BNIP3
expression by activating the HIF-1α, which subsequentially
induces mitophagy (89, 90). Reportedly, the oxidative stress
response is a crucial cause of mitophagy disorders in diabetic

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 September 2021 | Volume 8 | Article 73909520

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Yin and Shen Mitochondrial Dynamics and Cardiotoxicity

FIGURE 1 | The process of cardiotoxicity caused by different injury factors.

patients (24). In addition, membrane associated Ring-CH-
Type Finger 5 (MARCHF5) and cellular communication
network factor 1 (CCN1/Cyr61) are protein molecules located
in the mitochondrial outer membrane, these proteins also
play a vital role in the autophagy process of mitochondria,
reducing expression during oxidative stress, and further inhibits
mitophagy (173, 174).

Hyperglycemia
Studies have shown that hyperglycemia can increase the opening
of mPTP by causing mitochondrial rupture and stimulating the
generation of ROS, leading to the release of cytochrome c into
the cytoplasm to activate the NLRP3 inflammasome (175–177).
Subsequently, NLRP3 activates downstream nuclear factors to
cause the release of inflammatory factors such as TNF-α and IL-6
further promotes the occurrence of inflammation, which well-
explains the pathogenesis of diabetic cardiomyopathy (178–180).

Hyperglycemia causes calcium overload by activating the
ORAI calcium release-activated calcium modulator 1 (ORAI1)
channel-mediated Ca2+ internal flow pathway. It would induce
S616 phosphorylation to further advance the expression of DRP1
and inhibit the MFN1 gene expression, as well as promote
mitochondria fission, resulting in mitochondrial dysfunction (53,
181, 182). Moreover, protein kinase A activity is significantly
inhibited at low glucose levels, enhancing the positioning
capacity of DRP1 on the outer membrane of the mitochondria,
which significantly increases the rate of mitochondrial fission
(183). Past studies have established that hunger or reduced

insulin signals are a strong trigger for autophagy (92, 184, 185).
Hyperglycemia can induce myocardial mitochondria division
but inhibit mitophagy, causing the accumulation of functionally
impaired mitochondria (57, 186, 187). Additionally, DRP1 and
ROS have mutually reinforcing associations (188). As a result,
oxidative stress reactions increase and ROS accumulates during
hyperglycemia conditions, which further damages cardiac cells
(24, 189).

Poisoning
Poisoning refers to the systemic damage caused by the poisoning
amount of harmful substances after entering the human
body. Cardiotoxicity caused by drugs is divided into type I
cardiotoxicity and type II cardiotoxicity (190–193). Among
them, type I cardiotoxicity is associated with irreversible
cardiac cell injury and is typically caused by anthracyclines and
conventional chemotherapeutic agents, such as doxorubicin
(DOX), daunorubicin, taxane and so on (194–196). Type
II cardiotoxicity, associated with reversible myocardial
dysfunction, is generally caused by biologicals and targeted
drugs, such as trastuzumab, pertuzumab, azidothymidine,
sumatinib, cloflupine, and cocaine, ethanol, etc (197, 198). The
above-mentioned drugs can cause cardiotoxicity by interfering
with mitochondrial dynamics and mitophagy, and ROS plays an
important role in this process (26, 199–202). Studies have shown
that anthracyclines such as doxorubicin and daunorubicin
accumulate in the heart by binding to cardiolipin in the inner
mitochondrial membrane (198). Anthracyclines binds with high
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affinity to the mitochondrial phospholipid cardiolipin, inhibits
its function, stimulates ROS production, inhibits oxidative
phosphorylation, and causes mitochondrial DNA damage.
These events result in mitochondrial defects, leading to the
opening of mPTP and the activation of cell death pathways,
which precipitate myocardial dysfunction (27, 203, 204). In
addition, recent experimental studies have found mitochondrial
iron accumulation following doxorubicin to be the mediator
of doxorubicin cardiotoxicity from redox cycling and oxidative
injury. ABCB8, a mitochondrial transport protein facilitates the
export of iron from the mitochondria. Doxorubicin reduces
ABCB8 transporter in the mitochondria. Overexpression of
ABCB8 protein or administration of dexrazoxane, an iron
chelator reverses the anthracycline-induced mitochondrial iron
overload and oxidative injury. It has been reported that the
expression of TNF-α and IL-6 in the myocardial tissue and H9C2
cells treated with DOX increased significantly (1, 198, 205–208).
Taxane further inhibits mitophagy by interfering with the
normal microtubular transport function in the cardiomyocytes
(26, 153, 198).

Unlike anthracyclines, trastuzumab induced left ventricular
dysfunction (LVD) and congestive heart failure (CHF) are
mostly reversible upon its discontinuation. At a molecular
level, trastuzumab binds to the extracellular domain 4 of
HER2 receptor, which prevents HER2 dimerization, activation
and downstream signaling (190, 194–196). It may induce the
occurrence of oxidative stress, which can also lead to the opening
of mPTP and the activation of cell death pathways, leading to
cardiac dysfunction (192, 209, 210). There are reports that drugs
that cause type II cardiotoxicity can also enhance anthracycline
cardiotoxicity, such as azidothymidine and rosiglitazone (193,
198, 211). In addition, there are some antidepressants and
excessive metal elements, such as cloflupine, cocaine, antimony,
mercury and so on (197, 212).

Mitochondrial Fission, Fusion and Poisoning
Poisoning can change the mitochondrial dynamically regulated
protein expression. On the one hand, poisoning induces the
expression of MFN2 and OPA1 in the cardiac tissue, which
increases the mitochondrial length and organelle aspect ratio
and excessive mitochondrial fusion. As a result, the activity
of mitochondrial respiratory chains is reduced, which leads to
severe cell defects (213–215). On the other hand, poisoning
promotes apoptosis by promoting DRP1 phosphorylation,
subsequentially leading to the fission of mitochondria in cardiac
cells (216).

Mitophagy and Poisoning
Doxorubicin (DOX), organophosphorus, nicotine, excessive
alcohol, and other toxic substances can also inhibit the expression
of Parkin, deteriorate the mitophagy ability of cardiac cells,
damage mitochondria, and destroyed substances in cardiac
cells will continue to accumulate, causing cardiac damage (26,
217, 218). Moreover, the decrease of mitophagy can lead to
excessive ROS in cardiac cells, further promote the release
of cytochrome c and cysteine aspartate protease, disrupt the
stability of mitochondria DNA, inhibit the activity of respiratory

electron-transport chain, and reduce both oxygen utilization
and consumption. It can even initiate mitochondrial apoptosis
and induce mitochondrial damage (26, 88, 219–224). Parkin
overexpression increases mitophagy, which aggravates cell death
through poisoning. And, Parkin knockdown has the opposite
effect (225, 226). DOX can also dysregulate the cytosolic
and mitochondrial signaling axes, which leads to mitophagy
destruction and arrhythmias, causing impaired mitochondrial
clearance, the accumulation of dysfunctional mitochondria,
ROS overload, and a lack of Adenosine triphosphate (ATP).
Meanwhile, DOX can also phosphorylate BNIP3 and then
inhibit mitophagy, which is closely related to the mitochondrial
sirtuins (SIRT3-SIRT4) pathway (26, 27, 150, 206, 207, 221,
225, 227, 228). Recently, it was reported that excessive DOX
can also significantly induce elevated insulin-like growth factor-
II receptor (IGF-IIR) expression, IGF-IIR induces myocardial
hypertrophy and cardiomyocyte death in a paracrine/autocrine
manner. Concurrently, IGF-IIR can further promote mitophagy
by inducing Parkin expression and cause cardiac damage (28,
229, 230).

THERAPEUTIC APPLICATION OF
MITOCHONDRIAL DYNAMICS AND
MITOPHAGY

Mitochondrial dynamics and mitophagy play an important role
in cardiotoxicity, so they can be regarded as potential therapeutic
targets. Cardiotoxicity can be treated, or its progress can be
delayed by promoting or inhibiting mitochondrial dynamics
and mitophagy, thus maintaining the functional stability of
mitochondria and reducing cell damage under the influence of
injury factors (Table 1).

Hypoxia preconditioning induced FUNDC1-dependent
activation of mitophagy and decreased I/R-induced cardiac
injury (79). Shaftaside is a natural flavonoid. Shaftaside and
MYLS22 can effectively inhibit the expression of DRP1 andOPA1
to inhibit mitochondrial fission and reduce the cardiotoxicity
induced by hypoxia, oxidative stress, hyperglycemia and
poisoning (231). In healthy and MIRI rat cardiomyocytes, Zn
and salidroside can activate mitophagy by up-regulating the
expression of PINK1/Parkin, clear damaged mitochondria, and
maintain normal cardiac function (86, 232–234). Myocardial
mitochondrial function adapts to stress during acute exercise and
manifests as significant upregulation of the mitophagy-related
protein BNIP3, which stimulates mitophagy and minimizes
myocardial injury. Melatonin and acute exercise preconditioning
can activate the expression of PINK1 and BNIP3, respectively, to
enhance mitophagy and decreased ROS-induced cardiac injury
(235–242). Metformin can inhibit mitochondrial fission by the
activation of MFN1 and the inhibition of DRP1, which decreased
hyperglycemia -induced cardiotoxicity (176, 243–247).

CONCLUSIONS AND PROSPECTS

Mitochondrial dynamics and mitophagy are decisive factors for
maintaining the homeostasis of the cardiac cell environment
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TABLE 1 | Therapeutic application of mitochondrial dynamics and mitophagy.

Injury factors Key protein Representative interventions Mechanisms Effects to cardiotoxicity

Hypoxia FUNDC1 Hypoxia preconditioning Mitophagy Protection

Hypoxia DRP1 Schaftoside Fission Protection

OS PINK1 Zine, Melatonin Mitophagy Protection

OS BNIP3 Acute exercise Mitophagy Protection

OS DRP1 Melatonin Fission Protection

Hyperglycemia DRP1 Metformin Fission Protection

Hyperglycemia MFN1 Metformin Fission Protection

Anthracyclines poisoning BNIP3 Acute exercise Mitophagy Protection

Organophosphate poisoning Parkin Salidroside Mitophagy Protection

Nicotine poisoning OPA1 MYLS22 Fusion Protection

and ensuring the normal function of the cardiac. Hypoxia,
hyperglycemia, and oxidative stress mainly interfere with
mitochondrial fission and mitophagy to cause cardiotoxicity,
while poisoning mainly interferes with mitochondrial fusion
and mitophagy to cause cardiotoxicity. In view of different
injury factors, taking different representative interventions to
maintain the normal mitochondrial dynamics and mitophagy
is of great significance for the prevention and treatment of
cardiotoxicity. However, whether different therapeutic effects can
be achieved through different routes of administration requires
further research. Therefore, the exploration, regulation, and
monitoring of the balance point in mitochondrial dynamics
is crucial for preventing external injury factors from inducing
cardiotoxicity. However, at the advent, the specific mechanism of
action of mitochondrial dynamics and mitophagy in the process
of cardiotoxicity is yet to be established. Extensive empirical

studies are needed to study, confirm, and provide a theoretical
basis for mitochondrial dynamics-induced cardiotoxicity, which
would help prevent various causes of cardiotoxicity.
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Mitochondria are essential organelles for cellular energy production, metabolic

homeostasis, calcium homeostasis, cell proliferation, and apoptosis. About 99% of

mammalian mitochondrial proteins are encoded by the nuclear genome, synthesized

as precursors in the cytosol, and imported into mitochondria by mitochondrial

protein import machinery. Mitochondrial protein import systems function not only as

independent units for protein translocation, but also are deeply integrated into a

functional network of mitochondrial bioenergetics, protein quality control, mitochondrial

dynamics and morphology, and interaction with other organelles. Mitochondrial protein

import deficiency is linked to various diseases, including cardiovascular disease. In this

review, we describe an emerging class of protein or genetic variations of components

of the mitochondrial import machinery involved in heart disease. The major protein

import pathways, including the presequence pathway (TIM23 pathway), the carrier

pathway (TIM22 pathway), and the mitochondrial intermembrane space import and

assembly machinery, related translocases, proteinases, and chaperones, are discussed

here. This review highlights the importance of mitochondrial import machinery in heart

disease, which deserves considerable attention, and further studies are urgently needed.

Ultimately, this knowledge may be critical for the development of therapeutic strategies

in heart disease.

Keywords: mitochondrial protein import machinery, heart disease, TOM complex, TIM23 complex, TIM22 complex,

CHCHD4 (MIA40)

INTRODUCTION

Mitochondria are vital for energy production in eukaryotic cells, generating cellular ATP
through oxidative phosphorylation (OXPHOS) (1). Importantly, mitochondria are also crucial
for numerous metabolic pathways, maintenance of calcium homeostasis, and regulation of cell
proliferation and apoptosis (2). However, only 13 proteins involved in OXPHOS are encoded by the
mitochondrial genome in mammals. About 99%—more than 1,500—mammalian mitochondrial
proteins are encoded by the nuclear genome, synthesized as precursors in the cytosol, and
need to be imported into mitochondria by mitochondrial protein import machinery (3). To
date, six translocases of the mitochondrial protein import machinery have been discovered. The
TOM complex serves as the entry gate for most precursors at the outer membrane (OM); the
TIM22 and TIM23 complexes at the inner membrane (IM) are responsible for the insertion of
carrier precursors into the IM and the translocation of presequence-carrying precursors into the
mitochondrial matrix or IM individually; the mitochondrial intermembrane space (IMS) import
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and assembly machinery (MIA) complex mediates the import
of cysteine-rich proteins to the IMS; the SAM and MIM
complexes are responsible for insertion of β-barrel proteins
and α-helical proteins, respectively, into the OM (Figure 1
and Table 1) (3). The dynamic interaction and cooperation of
these mitochondrial protein import pathways enable cells to
respond to environmental stress and energy demands rapidly
and with plasticity. Further, mitochondrial protein import
pathways function not only as independent units for protein
translocation, but also are deeply integrated into a functional
network of mitochondrial bioenergetics, protein quality control,
mitochondrial dynamics and morphology, and interaction with
other organelles (4). Mitochondrial protein import deficiency is

FIGURE 1 | Overview of the major mitochondrial protein import pathways in yeast. First, the presequence pathway transports presequence-carrying cleavable

preproteins to the mitochondrial matrix (1) or IM (2, 3) (in green). Presequence-carrying precursors to the mitochondrial matrix (1) are typically recognized by TOM at

the OM, passage the IM through TIM23, and are driven into the matrix assisted by PAM. 1ψ across the IM is essential for the entry of presequences into the matrix.

The presequences are cleaved by MPP, and additional proteolytic processing occurs by intermediate cleaving peptidases. Presequence-carrying precursors that

integrate into IM follow two distinct routes. IM proteins are either directly laterally released from the TIM23 complex (2) or transported into the matrix first followed by

further insertion into the IM with the help of Oxa1 (3). Oxa1 also is responsible for insertion of IM proteins synthesized on mitochondrial ribosomes. Second, in the

carrier pathway for the import of precursor proteins without a cleavable presequence, yet with internal targeting signals into the IM (in yellow), carrier precursors are

accompanied by cytosolic chaperones, delivered to the Tom70 receptor of the TOM complex, bound by small TIM chaperones in the IMS, and eventually integrated

into the IM by the TIM22 complex in a 1ψ-dependent manner. Third, in the MIA pathway for cysteine-rich proteins to the IMS (in blue), the precursors are kept in a

reduced state in the cytosol, imported by the TOM complex, oxidized by the MIA machinery, and stay in an oxidized state in the IMS. Fourth, in the SAM complex for

β-barrel proteins to the OM (in red), the precursors of β-barrel proteins are imported by the TOM complex at the OM, bound to small TIM chaperones in the IMS, and

inserted into the OM by the SAM complex. Fifth, some proteins with α-helical transmembrane segments are inserted into the OM by the MIM complex (in purple).

Typically, the Tom40 channel is not involved in this route, but Tom70 is indispensable. In addition, ERMES is a complex that connects ER and mitochondrial OM,

facilitating the dynamic substrate exchange between ER and mitochondrion. Mdm10 is a protein with dual localization in SAM and ERMES. OM, outer membrane; IM,

inner membrane; IMS, intermembrane space; TOM, the translocase of the outer membrane; TIM23, the inner membrane translocase TIM23; PAM, presequence

translocase-associated motor; 1ψ, membrane potential; MPP, mitochondrial processing peptidase; Oxa1, oxidase assembly protein 1; TIM22, the carrier translocase

of the inner membrane TIM22; MIA, mitochondrial intermembrane space import and assembly machinery; SAM, sorting and assembly machinery; MIM, mitochondrial

import complex; ERMES, endoplasmic reticulum (ER)–mitochondria encounter structure.

linked to various diseases, including neuropathies, myopathies,
neurodegenerative diseases, cancer, and cardiovascular disorders
(5, 6). The heart is a high-energy–requiring organ that depends
heavily on mitochondrial activity and the efficient import of
mitochondrial proteins. However, in heart disease, the roles
of the mitochondrial protein import machinery have not been
well-studied. Here, we summarize the current knowledge on
mitochondrial protein import in heart disease for the first time.
This review highlights the importance of the mitochondrial
import machinery in heart disease, which deserves considerable
attention, and further studies are urgently needed. Ultimately,
this knowledgemay be critical for the development of therapeutic
strategies in heart disease.
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TABLE 1 | Components of mitochondrial import machinery in fungi and mammals.

Complex Fungi

(protein/gene name)

Mammals

(protein/gene name)

TOM Tom20/TOM20 Tom20/TOMM20

Tom22/TOM22 Tom22/TOMM22

Tom70/TOM70 Tom70/TOMM70

Tom40/TOM40 Tom40/TOMM40

Tom5/TOM5 Tom5/TOMM5

Tom6/TOM6 Tom6/TOMM6

Tom7/TOM7 Tom7/TOMM7

TIM22 Tim22/TIM22 Tim22/TIMM22

Tim9/TIM9 Tim9/TIMM9

Tim10/TIM10 Tim10a/TIMM10A

Tim12/TIM12 Tim10b/TIMM10B

Tim54/TIM54

Tim18/TIM18

Sdh3/SDH3

AGK/AGK

Tim29/TIMM29

TIM23 Tim50/TIM50 Tim50/TIMM50

Tim23/TIM23 Tim23/TIMM23

Tim17/TIM17 Tim17a/TIMM17A

Tim17b/TIMM17B

Tim21/TIM21 Tim21/TIMM21

PAM Tim44/TIM44 Tim44/TIMM44

mtHsp70/SSC1 Mortalin/HSPA9

(Pam16/Tim16)/

(PAM16/TIM16)

(Tim16/Magmas)/

(PAM16/MAGMAS)

(Pam18/Tim14)/

(PAM18/TIM14)

(DnaJC15/MCJ)/

DNAJC15

(DnaJC19/Tim14)/DNAJC19

(Mge1/GrpE)/GRE1 mtGrpE/GRPEL1

Pam17/PAM17

OXA Oxa1/OXA1 Oxa1/OXA1L

Matrix (Mas1/β-MPP)/MAS1 β-MPP/PMPCB

(Mas2/α-MPP)/MAS2 α-MPP/PMPCA

MIP/OCT1 MIP/MIPEP

Hsp60/HSP60 Hsp60/HSPD1

Hsp10/HSP10 Hsp10/HSPE1

mtHsp70/SSC1 mtHsp70/GRP75

(Mge1/GrpE)/GRE1 mtGrpE/GRPEL1

MIA Mia40/MIA40 Mia40/CHCHD4

Erv1/ERV1 ALR/GFER

AIF/AIFM1

SAM Sam50/SAM50 Sam50/SAMM50

Sam35/SAM35 Metaxin-1/MTX1

Or Metaxin-2/MTX2

Sam37/SAM37 Metaxin-3/MTX3

Mdm10/MDM10

Soluble IMS

TIMs

Tim9/TIM9 Tim9/TIMM9

Tim10/TIM10 Tim10a/TIMM10A

Tim8/TIM8 Tim10b/TIMM10B

Tim13/TIM13 Tim8a/TIMM8A

Tim8b/TIMM8B

Tim13/TIMM13

Cytosolic

chaperones

Hsp70/(SSB1 or SSB2) Hsc70/HSPA8

Hsp90 alpha/HSP90A

Tom34/TOMM34

AIP/AIP

OVERVIEW OF MITOCHONDRIAL
PROTEIN IMPORT MACHINERY (IN YEAST)

Presequence Pathway to the Mitochondrial
Matrix and IM
The presequence pathway is the best characterized pathway,
responsible for the import of∼60% of all mitochondrial proteins
(7). The precursor proteins in this pathway carry a cleavable
N-terminal presequence that functions as a targeting signal (7–
9). This unique feature of the pathway distinguishes it from all
the others, where the precursor proteins do not have cleavable
presequences, but possess different kinds of internal targeting
signals. Presequence-carrying precursors to the mitochondrial

matrix are typically recognized by the translocase of the outer
membrane (TOM) (9–11), passaged through the IM by the
translocase of the inner membrane (TIM23) (12–16), and
driven into the matrix assisted by the presequence translocase-
associated motor (PAM) (Figure 1) (17–24). The membrane
potential (1ψ) across the IM is essential for the activation
of the TIM23 channel and the translocation of presequences
into the matrix (25–28). The presequences are cleaved by
the mitochondrial processing peptidase (MPP) (3, 29–31), and
additional proteolytic processing occurs by intermediate cleaving
peptidases (7, 32–34). Presequence-carrying precursors that

integrate into the IM follow two distinct routes (Figure 1).
IM proteins are either directly released laterally from the
TIM23 complex (35–37) or transported first into the matrix,
followed by further insertion into the IM with the help of
the oxidase assembly protein 1 (Oxa1) insertase (38–41). Oxa1
also is responsible for insertion of IM proteins synthesized on
mitochondrial ribosomes (42).

The presequences are located at the N-termini of preproteins
and typically consist of ∼15–50 amino acids. An essential
characteristic of mitochondrial presequences is the formation
of an amphipathic α-helix that is specifically recognized by
mitochondrial import receptors and other mitochondrial import
components during preprotein translocation by TOM, TIM23,
and PAM (3).

The TOM complex is the main gate for precursors entering
mitochondria. The TOM complex is composed of Tom20,
Tom22, and Tom70 as receptors, β-barrel protein Tom40
forming the channel, and three small associated proteins,
Tom5, Tom6, and Tom7 (11, 43–45). Tom20 and Tom22
function cooperatively as the receptors for presequence-carrying
precursors (9, 10, 46). Tom70 mainly functions as the receptor
for preproteins with internal targeting sequences, such as carrier
precursors (47–52). Presequence-carrying precursors cross the
Tom40 channel as linear polypeptide chains (44, 45, 53–57), and
interact with the tail of the Tom22 receptor in the IMS (57).
Tom22 has presequence binding sites on both the cytoplasmic
and IMS sides of the OM. The exact roles of the three small
subunits, Tom5, Tom6, and Tom7, have not been well-clarified. It
has been proposed that they are not essential for TOM functions
but are involved in the assembly and stability of the TOM
complex (58–61).

The TIM23 complex translocates cleavable preproteins into
mitochondrial matrix or IM. Tim50, Tim23, Tim17, and Tim21
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compose the main elements of the TIM23 complex (12, 13,
16, 62–65). Tim50 functions as a presequence receptor that
binds preproteins emerging in the IMS (63) and a channel
blocker that closes out the TIM23 channel in the absence of
preproteins (25, 66–69). Tim23 and associated partner Tim17
form the channel (16, 25, 28, 64, 70, 71). Tim21, Tim50, and
Tim23 expose domains to the IMS that transiently connect the
TOM and TIM23 complexes to facilitate the preprotein transfer
(16, 67, 72–74). Additionally, Tim21 also physically links the
TIM23 complex to the respiratory chain III-IV supercomplex
[bc1 complex and cytochrome c oxidase (COX)] (65, 75, 76).
Tim21 thus plays a dual role in TOM-TIM23 transfer and the
recruitment of respiratory chain complexes. A small membrane
protein, Mgr2, functions as a lateral gatekeeper for preproteins
that are sorted into the IM (35, 76). The 1ψ across the IM is
crucial for translocation of the presequences through the Tim23
channel, which is negative at the matrix side and positive at the
IMS side of the IM, whereas presequences are mostly positively
charged. Two roles have been assigned to 1ψ: activation of
TIM23 channel (25) and an electrophoretic effect that drives the
import of presequences (77, 78).

PAM. The 1ψ is a prerequisite for translocation of the
presequence across the TIM23 channel. Nevertheless, it is not
sufficient to import the entire protein into the matrix. PAM
is necessary for the translocation of matrix proteins. The core
of PAM is formed by the molecular chaperone mitochondrial
70 kDa heat shock protein (mtHsp70) (17, 18) and its co-
chaperones (Tim44, Mge1, Pam16, Pam17, and Pam18) (16, 21,
79, 80). mtHsp70 binds the unfolded polypeptide chain and
drives its translocation into the matrix in an ATP-dependent
manner (17, 18). The peripheral membrane protein Tim44 is
a docking site for mtHsp70 at the TIM23 complex (21). Mge1
(also known as mitochondrial GrpE) stimulates the release
of ADP from mtHsp70 (81). Pam16, Pam17, and Pam18 are
three membrane-associated co-chaperones. Pam18 (also termed
Tim14) is a J-type co-chaperone that stimulates the ATPase
activity of mtHsp70 (82, 83). The J-related Pam16 (Tim16) forms
a complex with Pam18 and functions as a negative regulator
(82–86). Pam17 mediates the organization of the TIM23–PAM
interaction (79, 87).

MPP. Once arriving in the matrix, the presequences of
both IM-sorted and matrix-targeted precursors are removed
by a heterodimeric enzyme, MPP (3, 29–31, 88). Additional
proteases, the intermediate cleaving peptidase (Icp55) (7,
89) and the octapeptidyl aminopeptidase (Oct1, also termed
mitochondrial intermediate peptidase, MIP) (90, 91), can remove
destabilizing N-terminal amino acid residues of the imported
proteins. mtHSP70 and other chaperones, like the HSP60–HSP10
chaperonin complex, further assist proteins folding into their
active forms (92). The clipped presequence peptides undergo
subsequent degradation by the matrix peptidasome, termed
presequence protease (PreP) or Cym1 (93, 94).

OXA translocase is vital for exporting proteins from the
mitochondrial matrix into the IM. OXA has three different
roles. (1) Proteins encoded by the mitochondrial genome
are exported into the IM by Oxa1 (42, 95–97). (2) Some
presequence-carrying proteins imported into the matrix via the

TOM-TIM23 machinery are exported into the IM via Oxa1.
This import-export pathway is termed conservative sorting of
nuclear-encoded IM proteins (38–41, 98–100). (3) Oxa1 is also
vital for the assembly of the carrier translocase TIM22 (38,
101).

Carrier Pathway Into the IM
The carrier pathway is the second mitochondrial protein import
pathway to be discovered, and is responsible for importing
precursor proteins without a cleavable presequence, yet with
different kinds of internal targeting signals (3, 102–104). The
carrier precursors are accompanied by cytosolic chaperones, such
as the HSP70 and HSP90 classes in the cytosol, directly delivered
to the Tom70 receptor of the TOM complex (47, 105, 106), and
then bound by small TIM chaperones in the IMS (107–110) and
eventually integrated into the IM by the carrier translocase of
the IM (TIM22) complex in a 1ψ-dependent manner (Figure 1)
(109, 111–116).

Chaperone-guided transport of carrier precursors

(including chaperones in the cytosol and IMS). The carrier
import pathway uses the same mitochondrial entry gate
as the presequence pathway, the TOM complex. However,
the mechanisms of translocation differ significantly. The
involvement of cytosolic (47, 105, 106) and mitochondrial
IMS chaperones, which is crucial to prevent aggregation of the
hydrophobic carrier precursors in the aqueous environment,
is the main feature distinguishing this from the presequence
pathway. Chaperones of the Hsp70 and Hsp90 classes directly
participate in delivering the precursors to Tom70 (47, 105, 106).
The receptor Tom70 possesses two distinct binding sites, one
for the precursor and another for a chaperone (47, 49, 117),
ATP is needed to release the precursor proteins from the
cytosolic chaperones (47, 48). Upon binding to Tom70, the
carrier precursors are transferred to the central receptor
Tom22, followed by insertion into the Tom40 channel in
a loop conformation (118, 119), and transferred to small
TIM chaperones in the IMS (107–110). These small TIM
heterohexameric chaperone complexes, like the Tim9-Tim10
complex (120, 121) and the homologous Tim8-Tim13 complex
(122), bind to the precursor proteins and transfer them through
the aqueous IMS to IM.

Insertion of carrier precursors into the IM. The TIM22
complex consists of the receptor-like protein Tim54, the channel-
forming protein Tim22, the Tim9-Tim10-Tim12 chaperone
complex, and the Tim18-Sdh3 module. The majority of Tim54
domain is exposed to the IMS and probably functions as the
binding site for the Tim9-Tim10-Tim12 complex (123, 124).
The Tim9-Tim10-Tim12 complex is a modified form of the
IMS chaperone, docking onto the TIM22 complex (123, 125).
Carrier precursors are inserted into the Tim22 channel in a 1ψ-
dependent manner (115). The Tim18-Sdh3 module is involved
in the assembly of the TIM22 complex (126, 127). The carrier
precursors are first bound to the Tim9–Tim10–Tim12 chaperone
complex on the surface of the translocase. Upon activation of the
Tim22 channel (1ψ-dependent), the precursors are inserted into
the translocase, probably in a loop structure. Finally, the proteins
are laterally released into the lipid phase of the IM.
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MIA Complex
Many IMS proteins contain internal targeting signals and
characteristic cysteine motifs. In the cytosol, the precursors are
kept in a reduced and unfolded state (128). Upon import by the
TOM complex (60), they are oxidized by theMIAmachinery, and
stay in the IMS in an oxidized state (Figure 1). The MIA system
consists of two main components: the oxidoreductase Mia40 and
the sulfhydryl oxidase Erv1 (129–133).

Mia40 serves as a receptor and protein disulfide

carrier. Most IMS proteins are synthesized without cleavable
presequences but contain cysteine motifs. Unlike presequence-
carrying precursors and carrier precursors, none of the Tom
receptors is necessary for the import of MIA substrates (60, 61).
Instead, upon passage through the Tom40 channel (60), Mia40
functions as a receptor on the IMS side of the Tom40 channel
(133–138). It recognizes an internal signal of the precursor
proteins, typically consisting of a hydrophobic element flanked
by a cysteine residue (133, 139, 140). Mia40 binds to precursors
via hydrophobic interaction and catalyzes the formation of
disulfide bonds in imported proteins (133, 138). The disulfide
bonds facilitate the conformational stabilization and assembly of
many IMS proteins.

Erv1 cooperates with Mia40 in a disulfide relay. Mia40 does
not form disulfide bonds de novo. Disulfide bonds are generated
by Erv1 and transferred to Mia40 by the formation of transient
intermolecular disulfide bonds (141). Mia40 then transfers the
disulfides onto the imported protein. Upon transfer of disulfide
bonds to proteins, cysteines of Mia40 become reduced and are
re-oxidized by Erv1. Electrons originating from the oxidation
of imported proteins flow in the opposite direction. They flow
from Mia40 to Erv1 and then to O2 or cytochrome c of the
respiratory chain (141–144). In addition to most IMS proteins,
some IM and matrix proteins are also MIA-system–dependent
(28, 71, 113, 114, 145).

Sorting Pathways of Mitochondrial OM
Proteins
All the mitochondrial OM proteins are imported from the
cytosol. The membrane contains two different types of integral
protein: β-barrel proteins, which are integrated into the
membrane by multiple transmembrane β-strands, and α-helical
proteins, which are membrane-anchored by one or more α-
helical transmembrane segments.

Sorting and AssemblyMachinery for β-Barrel Proteins. The
precursors of β-barrel proteins initially pass through the TOM
complex at the OM (146), then bind to small TIM chaperones in
the IMS (110), like the carrier precursors, to avoid aggregation
(Figure 1). Subsequent insertion of the β-barrel proteins into
the OM is performed by the SAM complex, which consists
of a membrane-integrated protein, Sam50 (Tob55), and two
peripheral membrane proteins exposed to the cytosol, Sam35
and Sam37 (147–149). Folding of the β-barrel proteins occurs
at Sam50-Sam35, followed by lateral release into the lipid
phase of the OM (148, 150, 151). Sam37 directly interacts with
Tom22, coupling the TOM and SAM complexes into a transient

supercomplex that promotes the efficient transfer of precursor
proteins (54, 152).

OM Insertion of α-Helical Proteins. The main α-helical
proteins are classified as signal-anchored proteins (containing
an α-helical transmembrane segment at the N-terminus), tail-
anchored proteins (containing an α-helical transmembrane
segment at the C-terminus), and polytopic (multi-spanning)
OM proteins. α-helical OM proteins are imported via distinct
routes that do not involve the Tom40 channel, in contrast
to most mitochondrial proteins. The insertion of some signal-
anchored and polytopic OM proteins is performed by the MIM
complex (153–156), which consists of multiple copies of Mim1
and one copy of Mim2, both of which are small single-spanning
OM proteins (Figure 1) (157, 158). Tom70 is required for the
insertion of some polytopic proteins into MIM (155, 156). In the
case of tail-anchored proteins and somemulti-spanning proteins,
import is aided by the lipid composition of the membrane,
and no proteinaceous machinery has been identified (159–162).
However, the exact mechanism for sorting and insertion of α-
helical outermembrane proteins is only partially understood, and
further studies are urgently needed.

INTEGRATION OF MITOCHONDRIAL
PROTEIN IMPORT INTO FUNCTIONAL
NETWORKS

Mitochondrial protein import pathways not only function
as independent units for protein translocation, but also are
deeply integrated into a functional network of mitochondrial
bioenergetics, protein quality control, mitochondrial dynamics
and morphology, and interaction with other organelles.

The protein import activity serves as a sensor for the fitness

and quality of mitochondria. The protein import activity is
determined by the energetic state (1ψ, ATP levels) and protein
homeostasis of mitochondria. Both the translocation of precursor
proteins through the TIM23 complex and the TIM22 complex
require the 1ψ (25, 77, 78, 113, 115, 116). The ATP-dependent
chaperones play essential roles in delivering carrier precursors
to Tom70 receptor (47, 48), driving presequence precursor
translocation to the matrix (17, 18) and folding in the matrix
(92). Impairment of respiratory chain activity, reduction of ATP
levels, and accumulation of misfolded proteins or reactive oxygen
species (ROS) in the matrix (163) will directly affect the import-
driving activity of the translocases. The protein import activity of
mitochondria is thus a sensitive indicator of their energetic state
and fitness.

Mitochondrial protein import machinery and respiratory

chain assembly. Both the insertion of mitochondrial-encoded
proteins from the matrix into the IM and the import of
nuclear-encoded precursors from the cytosol into mitochondria
rely heavily on the mitochondrial protein import machinery.
Increased mitochondrial ROS levels generated by the respiratory
chain contribute to decreased mitochondrial translation
efficiency (164). In addition, the TIM23 complex forms
supercomplexes with respiratory complexes III and IV as
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well as with the ADP/ATP carrier. These interactions of the
TIM23 complex facilitate protein import under energy-limiting
conditions (65, 75, 165) and can also promote the assembly
of respiratory complexes (166–168). The respiratory chain
complexes also function as assembly platforms for some PAM
subunits (75).

Mitochondrial protein import machinery associated with

protein quality control, specifically in the following aspects:
(1)Mitochondrial unfolded protein response (UPRmt): the stress-
activated transcription factor ATFS-1 contains a mitochondrial
presequence and a nuclear localization signal. In healthy
mitochondria, ATFS-1 is imported into the mitochondrial matrix
and degraded by the LON AAA+ protease. When mitochondrial
import is mildly impaired, ATFS-1 is translocated into the
nucleus, where it functions as a transcription factor and induces
expression of mitochondrial chaperones, proteases, and other
elements to promote recovery of impaired mitochondria (169–
171). (2) Unfolded protein response activated by mistargeted
mitochondrial proteins (UPR [am]): upon mild damage to
mitochondrial protein import, some mitochondrial precursors
fail to enter mitochondria and accumulate in the cytosol, thus
triggering mitochondrial Precursor Over-accumulation Stress
(mPOS). This is followed by a stress response termed UPR [am]
that reduces cytosolic protein synthesis and increases proteasome
activity to clear the mistargeted proteins from the cytosol
(172, 173). (3) PTEN-induced kinase 1 (PINK1)/Parkin-induced
mitophagy: in healthy conditions, PINK1 is imported into the
IM by the presequence pathway and processed by MPP and the
presenilin-associated rhomboid-like protease PARL, following
the retrotranslocation into the cytosol and degradation by the
proteasome (174, 175). Upon severe damage to mitochondrial
protein import, PINK1 remains at the OM bound to the TOM
complex, where it phosphorylates ubiquitin and the E3 ubiquitin
ligase Parkin, triggering the removal of damaged mitochondria
by mitophagy (176, 177). (4) Mitochondria as guardian in
the cytosol (MAGIC): in certain conditions, some aggregation-
prone or misfolded cytosolic proteins may be imported into
mitochondria for further degradation. This process is termed
MAGIC, suggesting a crucial role of mitochondria in cytosolic
proteostasis (178). (5) Proteolysis of mitochondrial proteins:
upon removal of the presequence by MPP, destabilizing N-
terminal amino acid residues of the imported proteins can be
further removed by the intermediate cleaving peptidase Icp55
(which removes a single amino acid) or the mitochondrial
intermediate peptidase Oct1 (which removes an octapeptide)
(7, 34). The matrix AAA+ proteases, CLPXP and LON, degrade
misfolded proteins and prevent protein aggregation in the matrix
(179–182). The IM contains two AAA+ proteases: the i-AAA
protease removes misfolded proteins from the IM, IMS, and
OM (183–185), whereas the m-AAA protease degrades proteins
from the matrix and IM (186, 187). Thus, the process of
mitochondrial protein import is connected to protein turnover
and quality control.

Mitochondrial protein import machinery connected to

mitochondrial membrane architecture and dynamics. The
mitochondrial contact site and cristae organizing system
(MICOS) is a large protein complex enriched at crista junctions

of the IM (188–190). It is crucial for the maintenance of
inner membrane cristae organization and is embedded into an
interactional network with protein translocases, including TOM,
SAM, andMIA. Thus, it provides a dynamic link between protein
import, mitochondrial membrane dynamics, and membrane
contact sites (136, 188, 189, 191).

The inner-membrane fusion protein optic atrophy (OPA1) is
an example of how protein import and processing are connected
tomitochondrial membrane dynamics. OPA1 is first processed by
matrix MPP, generating a long isoform, and further processed by
different IM proteases, AAA+ protease, or OMA1 in mammals
and Pcp1 in yeast, yielding a short isoform (192–195). The
balance between long OPA1 and the short isoform is essential for
membrane fusion and fission, which is modulated by stress and
mitochondrial energetic state. Thus, the processing of imported
mitochondrial protein is linked to mitochondrial fragmentation,
mitophagy, or even cell death.

Endoplasmic reticulum–mitochondria encounter structure

(ERMES). ERMES is a multi-subunit protein complex that
connects the endoplasmic reticulum and mitochondrial OM,
mainly formed by the MDM complex (196, 197). Other
molecules, such as voltage-dependent anion-selective channel
(VDAC) (198), TOM70 (199, 200), and inositol trisphosphate
(inositol 1,4,5-trisphosphate) receptors (194) also play crucial
roles in forming ER-mitochondria contact sites. The outer
membrane protein Mdm10 is a subunit of both SAM and
MDM complexes (196). The shuttling of Mdm10 between
SAM and MDM is regulated by the small protein Tom7
(58, 196, 197, 201). Therefore, TOM, SAM, and ERMES are
linked as a functional network, involved in the maintenance
of mitochondrial morphology and the transport of lipids and
calcium (202–205).

MITOCHONDRIAL PROTEIN IMPORT
MACHINERY AND HEART DISEASE

Mitochondrial dynamics have become a key topic in the field
of heart disease. However, only limited studies investigated
the involvement of mitochondrial protein import machinery
in these diseases (Summarized in Table 2). Moreover, most of
these studies were related to the presequence pathway, which
undertakes the import of∼60% of all mitochondrial proteins.

Presequence Pathway Associated With
Heart Disease
TOM Complex in Heart Disease
Tom20 is an essential receptor subunit of the TOM complex
that recognizes mitochondrial precursor proteins with cleavable
N-terminal presequences. Tom20 expression was reduced by
ischemic insults (206, 207), and showed a cardioprotective
role against ischemia/reperfusion (I/R) injury through
enhancing the mitochondrial import of PKCepsilon (PKCε)
in an HSP90-dependent manner (208). PKCε, a member of
the serine/threonine kinase family, has been demonstrated to
play a protective role against cardiac I/R injury (208, 216, 293).
Additionally, calcium homeostasis, which is closely related to
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TABLE 2 | Reported proteins or genes in mitochondrial protein import machinery associated with heart disease.

Protein/gene name Import pathway/role Associated disease/stress or

physiological process

Expression or function in disease References

Tom20/

TOMM20

TOM complex/

Receptor

Myocardial I/R injury;

Cardiac calcium overload

Decreased level of Tom20 protein upon myocardial I/R injury; Potential regulator of cardiac

calcium homeostasis.

(206–210)

Tom22/

TOMM22

TOM complex/

Receptor

Cardiac calcium homeostasis;

Cardiac aldosterone synthesis;

Chronic hypoxia

Receptor for mitoBKCa; Promoting the synthesis of cardiac aldosterone; Increased level of

Tom22 mRNA in chronically hypoxic rat hearts.

(211–215)

Tom70/

TOMM70

TOM complex/

Receptor

Cardiac hypertrophy; Myocardial I/R

injury; Myocardial infarction; Diabetic

cardiomyopathy; Heart failure

Decreased level of Tom70 protein in hypertrophic and diabetic hearts, upon I/R injury or

post-MI; Altered phosphorylation level of Tom70 in rat hearts with heart failure.

(216–228)

Tom40/

TOMM40

TOM complex/

Channel

Cardiovascular-related traits; Cardiac

arrhythmia; Heat stress-induced

apoptosis; Cardiac aging

TOMM40/APOE locus was associated with the main risk factors for cardiovascular disease;

Homozygous deletion of TOMM40 in mammals was lethal; Heterozygous TOMM40

knockdown mice with ECG alteration; Upregulated Tom40 associated with heat stress-induced

cardiomyocyte apoptosis; Reduced expression of Tom40 in hearts of old DCM patients.

(214, 215, 229–

238)

Tom5/

TOMM5

TOM complex/

Assisted protein

Lipoprotein-associated

phospholipase A2 activity

Correlated with increased activity of lipoprotein-associated phospholipase A2. (239)

Tim50/

TIMM50

TIM23 complex/

Receptor

Cardiovascular developmental

defects; DCM and cardiac

hypertrophy

Loss of Tim50 impaired cardiac development in zebrafish embryos; Tim50 deficiency

exacerbated cardiac hypertrophy in mice; Downregulated expression of Tim50 in human DCM

hearts and in murine hypertrophic hearts.

(240, 241)

Tim23/

TIMM23

TIM23 complex/

Channel

Myocardial H/R or I/R injury;

DCM

Reduced Tim23 expression level in hearts of patients with DCM, upon H/R or I/R injury. (207, 238, 242–

244)

mtHSP70/

GRP75

TOM-TIM23 pathway/

PAM

Myocardial H/R injury;

Diabetic cardiomyopathy; Chronic AF

Decreased expression of mtHSP70 upon H/R injury, in IFM of T1DM hearts and SSM of T2DM

hearts; Increased expression of mtHSP70 in human hearts with chronic AF.

(245–249)

Tim14/

DNAJC19

TOM-TIM23 pathway/

IM cochaperone

DCMA syndrome Mutations in DNAJC19 were related to DCMA syndrome, a novel autosomal recessive

syndrome characterized by early-onset DCM, non-progressive cerebellar ataxia, testicular

dysgenesis, growth failure, mild developmental delay, and 3-methylglutaconic aciduria.

(250–255)

MAGMAS/

MAGMAS

TOM-TIM23 pathway/

IM cochaperone

Early death due to heart failure Two patients from a family with MAGMAS mutation died at 2 years of age of heart failure. (256)

HSP90/

HSP90A

TOM-TIM23 pathway/

Cytosolic chaperone

Myocardial I/R injury HSP90 played a beneficial role against myocardial I/R injury. (208, 217, 257–

262)

HSP60/HSPD1 and

HSP10/HSPE1

TOM-TIM23 pathway/

MM chaperones

DCM; Myocardial I/R injury; chronic

AF; Early death due to heart failure

Cardiac-specific HSP60 deficiency in mice led to DCM; HSP10 overexpression protected

against myocardial I/R injury; Both HSP60 and HSP10 were upregulated in human hearts with

chronic AF; A girl with HSP60 deficiency died at 2 days of age of heart failure.

(263–266)

MPPα/

PMPCA

TOM-TIM23 pathway/

MPP

PMPCA gene mutation-associated

multisystem impairments; Myocardial

I/R injury

PMPCA mutants had multisystem impairments, including developmental delay, severe

hypotonia, ataxia, lactic acidemia, severe hypertrophic left ventricular cardiomyopathy;

Downregulation of MPPα was beneficial to cardiomyocytes during I/R injury.

(258, 267)

MIP/

MIPEP

TOM-TIM23 pathway/

MPP

COXPD31/Eldomery–Sutton

syndrome

Mutations in the MIPEP gene caused COXPD31/Eldomery–Sutton syndrome, a recessive

disorder with developmental delay, cardiomyopathy, cataracts, hypotonia, left ventricular

non-compaction, variable seizures.

(268)

Lon Protease/

LONP1

TOM-TIM23 pathway/

MM Protease

High-fat diet stress; Cardiac

hypertrophy; Hypoxia insults; Cardiac

aging; Friedreich’s ataxia

Lon seemed beneficial to cardiomyocytes upon high-fat diet and hypertrophic stresses but

harmful to cardiomyocytes upon hypoxia insults; In aged hearts, Lon expression increased, but

proteolytic efficiency declined; In cardiac-specific frataxin-deletion mice, Lon expression and

activity were increased in the heart.

(269–276)

YME1L/

YME1L1

TOM-TIM23 pathway/

MM Protease

DCM and heart failure; Experimental

autoimmune myocarditis; Myocardial

infarction

Cardiac-specific ablation of YME1L in mice led to DCM and heart failure; YME1L was also

crucial for the progression of experimental autoimmune myocarditis to DCM and the

therapeutic efficacy of mesenchymal stem cells in myocardial infarction.

(195, 277–279)

(Continued)
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cardiac health, is influenced by Tom20. For example, Wattamon
recently reported that the protective role of fibroblast growth
factor 2 (FGF-2) against calcium overload was partially mediated
by mitochondrial connexin 43 (Cx43) (introduced below),
probably in a Tom20-dependent manner (209). Cx43 was
imported into mitochondria via a Tom20-dependent pathway
(257). In another study, Tom20 was reported to be responsible
for the direct insertion of VDAC, a protein crucial in regulating
cardiac calcium homeostasis (210) through mitochondrial
permeability transition pore (mPTP) (294) and mitochondria-
associated endoplasmic reticulum membranes (MAMs), into the
OM of heart mitochondria in rats (295). Thus, Tom20 could be
a crucial adaptor of cardiac calcium homeostasis in a Cx43- or
VDAC-associated manner.

Tom22 serves as the central receptor for both presequence
precursors and carrier precursors. Furthermore, it is also the key
factor linking the TOM and SAM complex to a supercomplex by
interaction with Sam37, which promotes the efficient transfer of
β-barrel precursors. Tom22 was recently identified as a potential
receptor for cardiac mitochondrial large conductance voltage
and Ca2+-dependent K [+] (mitoBKCa) channels, facilitating
the import of mitoBKCa via the presequence pathway (211).
Tom22 deficiency might induce cardiomyocyte dysfunction
by interfering with cardiac mitochondrial Ca2+ import (211).
Additionally, Tom22 has been reported as a potential regulator
of heart function through assisting the synthesis of cardiac
aldosterone in mitochondria (212). Finally, in chronically
hypoxic rat hearts, the level of Tom22 mRNA was increased in
cardiac ventricles (213), suggesting a potential role of Tom22 in
ischemic heart disease.

Tom40, encoded by the TOMM40 gene, forms the main
protein-conducting channel of the TOM complex. Previous
studies indicated TOMM40 was genetically associated with
cardiovascular-related traits (214, 215, 229, 230). Several
genome-wide association studies (GWAS) have identified that
the TOMM40/APOE locus was strongly associated with low-
density lipoprotein cholesterol [rs157580 (231)], high-density
lipoprotein cholesterol [rs2075650, (232), rs157581 (233)], high-
sensitivity C-reactive protein [rs2075650 (234)], type 2 diabetes
[rs157580 (231)], or metabolic syndrome (235). Additionally,
experimental evidence showed that homozygous deletion of
TOMM40 in mammals was lethal, and heterozygous TOMM40
knockdown mice were found to have cardiac arrhythmia that
deteriorated with age (236). Upregulated Tom40 transcription
was reported associated with heat stress-induced apoptosis of
rat cardiomyocytes (237). Moreover, expression of Tom40 and
Tim23 was reduced only in older dilated cardiomyopathy (DCM)
patients but not in younger DCM patients, suggesting age-related
alterations of these proteins (238).

Small Tom Proteins (Tom5, Tom6, and Tom7). An
allele of TOMM5 (the gene encoding Tom5) intronic variant
(rs57578064) was correlated with a significant increase in
lipoprotein-associated phospholipase A2 activity, which is
associated with increased risk of cardiovascular events (239).
Tom7 deficit in endothelial cells particularly damaged formation
of the cerebrovascular network, but not cardiac vasculature, in
zebrafish and mice (296).
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TIM23 Complex in Heart Disease
Tim23, the channel-forming protein of the TIM23
complex, responsible for the translocation of presequence
precursors into mitochondrial matrix or IM, was reduced
by hypoxia/reoxygenation (H/R) or I/R (207, 242, 243).
Restoring expression of Tim23 by various treatments seemed
protective (207, 242, 243) against H/R or I/R injuries. However,
a controversial study from Bian showed that the protective
role of zinc against I/R injury was mediated by enhanced
mitophagy, accompanied by downregulation of Tom20 and
Tim23 expression (244). In addition, another study reported
the association of decreased Tim23 expression in patients with
DCM (238).

Tim50 is the receptor of the TIM23 complex that recognizes
presequence carrying proteins. Guo et al. demonstrated that the
loss of Tim50 during early zebrafish embryonic development
caused neurodegeneration, cardiovascular defects (dysmorphic
heart, reduced heartbeat, and decreased circulating blood), and
impaired motility. These pathological changes might result from
increased cell death, which was mediated by mitochondrial
membrane permeabilization and acceleration of cytochrome c
release (240). Tang et al. further identified that Tim50 was
downregulated in both human DCM heart and transverse aortic
constriction (TAC)-induced murine hypertrophic heart (241).
Meanwhile, global Tim50 knockout mice showed more severe
cardiac hypertrophy than wild-type mice, which was alleviated
by cardiac-specific overexpression of Tim50 via reducing ROS
accumulation and ASK1 activity (241).

The Presequence-Pathway–Associated Chaperones

in Heart Disease
mtHSP70 (also known as GRP75/ mortalin/ PBP74) is an
essential ATP-dependent chaperone of the PAM complex. It
drives the translocation of preproteins into the matrix in the
membrane-bound motor form and exhibits typical chaperone
activity to prevent protein misfolding and aggregation in the
soluble form. In vitro studies, mtHSP70 was identified as
a cardioprotective chaperone against H/R-induced oxidative
stress (245, 246), potentially via increased import of nuclear
genome-encoded antioxidant defense proteins, such as DJ-
1 (246). Expression of mtHSP70 was significantly decreased
in the interfibrillar mitochondria (IFM) of type 1 diabetes
mellitus (T1DM) (247) and the subsarcolemmal mitochondria
(SSM) of type 2 diabetes mellitus (T2DM) (248). Cardiac-
specific mtHSP70 overexpression restored cardiac function and
nuclear-encoded mitochondrial protein import, contributing
to a beneficial impact on proteome signature and enhanced
mitochondrial function during T2DM (248). Further, mtHSP70
expression was increased in myocardial samples from patients
with chronic atrial fibrillation, which suggested an adaptive heat
shock response to restore cellular homeostasis (249).

HSP60 and HSP10 are mitochondrial matrix chaperones,
playing pivotal roles in implementing protein folding and
preventing protein aggregation. Cardiac-specific HSP60
deficiency in mice led to DCM, heart failure, and lethality.
Interestingly, the import of preproteins into mitochondria was
unaffected by HSP60 deficiency. However, the imported proteins

processed by HSP60 underwent further degradation, suggesting
lower stability of those proteins (263). HSP10 showed a similar
cardioprotective role in I/R-induced myocyte death (264). Both
the beneficial roles of HSP60 and HSP10 in cardiomyocytes were
related to the preserved function of Complex I and Complex
II. Clinical evidence found upregulated expression of both
mitochondrial HSP60 and HSP10 in myocardial samples from
patients with chronic atrial fibrillation (265). Agsteribbe et al.
reported a single case of a girl who had facial dysmorphic features
and breathing difficulties upon birth and died at 2 days of age of
heart failure (266). The post-mortem examination revealed that
the amount of mitochondrial HSP60 was only about 1/5 of the
normal level (266).

Tim14 (encoded by DNAJC19), human homolog to yeast
Pam18/Tim14, is a mitochondrial IM co-chaperone of the
TIM23 complex. Mutations in DNAJC19 were related to DCM
and cerebellar ataxia (DCMA) syndrome, a novel autosomal
recessive syndrome characterized by early-onset DCM with
conduction defects, non-progressive cerebellar ataxia, testicular
dysgenesis, growth failure, mild developmental delay, and 3-
methylglutaconic aciduria, with or without sensorineural hearing
loss and basal ganglia lesions (250–255). The pathogenic
mechanism of DCMA was associated with protein import
inefficiency and cardiolipin remodeling. Experimental evidence
suggested DNAJC19 forms a complex with prohibitins (PHBs).
Furthermore, the loss of PHB/DNAJC19 complexes affected
cardiolipin acylation and led to the accumulation of cardiolipin
species with altered acyl chains (297).

MAGMAS (mitochondria-associated granulocyte
macrophage colony stimulating factor signaling molecule),
also termed PAM16/Tim16, forms a stable subcomplex with
J-protein Pam18 or DnaJC19. It tethers to the TIM23 complex in
yeast and humans (298). Cybel et al. reported that two patients
from a family with MAGMAS mutation died at 2 years of age of
heart failure (256).

HSP90, a chaperone mainly located in the cytoplasm, also
played a beneficial role against I/R injury (258, 259) through
translocation of PKCε, (208, 217) Cx43, (257, 260) AKT, (261),
and Pim1/Lon (262) into mitochondria, potentially via the HSP-
TOMmitochondrial import pathway.

The Presequence-Pathway–Associated Proteinases

and Peptidases in Heart Disease
Mitochondrial Lon Protease is crucial for the clearance of
oxidized ormisfolded proteins in thematrix. It played a beneficial
role in improving cardiac metabolic flexibility via degradation
of pyruvate dehydrogenase kinase 4 in mice fed a high-fat diet
(269). Moreover, it was also verified to enhance cardiac function
via improving mitochondrial respiration capacity in pressure
overload-induced heart failure in mice (270). However, it seemed
harmful to cardiomyocytes upon hypoxia insults, which was
associated with enhanced ROS production (271, 272) and
accelerated degradation of phosphorylated complex IV subunits
(273). In murine heart, mitochondrial Lon protease levels rose
with age, but proteolytic efficiency and adaptation to stress
were compromised in older animals (274, 275). Mitochondrial
Lon protease was also found to be involved in Friedreich’s
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ataxia (FRDA), a rare hereditary neurodegenerative disease
characterized by progressive ataxia and cardiomyopathy due
to mitochondrial frataxin defect. In cardiac-specific frataxin-
deletion mice, a progressive increase in mitochondrial Lon and
ClpP protease expression and activity were found in the heart,
accompanied by the loss of mitochondrial Fe–S proteins (276).

YME1L. As we mentioned above, the balance between
long OPA1 (L-OPA1) and short OPA1 (S-OPA1), which is
crucial for mitochondrial fusion and fission, is modulated by
two mitochondrial proteases, OMA1 and the AAA+ protease
YME1L. Cardiac-specific ablation of YME1L in mice led to DCM
and heart failure via activated OMA1 and accelerated OPA1
proteolysis, which triggered mitochondrial fragmentation and
altered cardiacmetabolism (195).Moreover, cardiac function and
mitochondrial morphology were rescued by Oma1 deletion by
preventing OPA1 cleavage (195). The regulation of YME1L in
mitochondrial fusion via OPA1 proteolysis was further verified
in experimental autoimmune myocarditis animals (277) and
YME1L-overexpressing or deficit cells (278). Furthermore, it was
related to the therapeutic efficacy of mesenchymal stem cells for
myocardial infarction (279).

MPPα. MPP is a dimeric protease in the matrix that
removes N-terminal presequences and consists of MPPα and
MPPβ. Mugdha reported that a patient with mutations in
the PMPCA gene, which encodes MPPα, had multisystem
impairments, including developmental delay, severe hypotonia,
ataxia, lactic acidemia, and severe hypertrophic left ventricular
cardiomyopathy and died at 14 months from respiratory failure
(267). This phenotype may be related to reduced MPPα levels
and impaired processing of frataxin and other mitochondrial
proteins. Downregulation of MPPα was found linked to the
protective role of GSK inhibitor SB216763 in I/R injury (258).

MIP/Oct1. Upon removal of the presequence by MPP, some
mitochondrial precursor proteins undergo secondary processing
carried out by the mitochondrial intermediate peptidase
MIP/Oct1 or intermediate cleaving peptidase Icp55/XPNPEP3
to remove destabilizing N-terminal amino acid residues of
the imported proteins. Mutations in the MIPEP gene, which
encodes MIP, causes COXPD31/Eldomery–Sutton syndrome
with developmental delay, cardiomyopathy, left ventricular non-
compaction, hypotonia, and infantile death (268).

CLPP (mitochondrial ATP-dependent Clp proteolytic
subunit), a mitochondrial matrix proteinase, has a central role
in protein homeostasis. Loss of CLPP in the heart was found
to alleviate mitochondrial cardiomyopathy induced by DARS2
deficiency, potentially mediated by increased de novo synthesis of
individual OXPHOS subunits, without affecting the mammalian
UPR [mt] (280).

Carrier Pathway Involved in Heart Disease
Tom70mainly serves as the receptor for hydrophobic precursors
without a cleavable presequence, such as carrier precursors.
Tom70 protein was downregulated in hypertrophic heart of
animals and humans, which was associated with increased
oxidative stress. Furthermore, upregulation of Tom70 provided
cardiomyocytes with full resistance to diverse pro-hypertrophic
insults (218). Tom70 expression was also reduced by I/R insult

in cardiomyocytes (219–222). Supplementation of Tom70
significantly attenuated I/R injury by promoting translocation
of PKCε (216, 217) [to increase the expression of KATP channel
pore-forming subunit Kir6.2 (223), augment mitochondrial
respiratory capacity, and modulate cardiac glucose metabolism
(224)], MICU1 (to reduce mitochondrial Ca2+ overload),
(222) and PINK1 (associated with mitophagy) (221, 225) into
mitochondria. Increased expression of PGC-1α/Tom70 was
also involved in melatonin-induced cardiac protection against
post-myocardial infarction, which was associated with inhibited
mitochondrial impairment and reduced ROS generation
(219, 220). In the hearts of diabetic db/db mice, Tom70
expression was suppressed. Reconstitution of Tom70 protected
against diabetic cardiomyopathy through its antioxidant and
antiapoptotic properties (226). Moreover, in aging hearts of
diabetic db/db mice, only the expression of mitochondrial
membrane proteins like Tom70 and VDAC, but not respiratory
enzymes, could be increased by short-term exercise (227).
Further, phosphoproteome mapping in a rat model of heart
failure revealed phosphorylation of several import machinery
proteins (Tom70, HSP90, and Tim8a), suggesting that the
modification of mitochondrial protein import was involved in
heart failure (228).

AGK (acylglycerol kinase). AGK is a mitochondrial lipid
kinase that was recently identified as a subunit of the
TIM22 complex. It plays an indispensable role in the import
and assembly of mitochondrial carrier proteins in the IM
(299). It has been shown that loss-of-function mutations
in the AGK gene cause Sengers syndrome (281–286), an
autosomal recessive mitochondrial disorder characterized by
hypertrophic cardiomyopathy, congenital cataracts, skeletal
myopathy, exercise intolerance, and lactic acidosis. Loss of AGK
led to destabilized TIM22 complex; defects in the biogenesis of
carrier substrates (such as adenine nucleotide translocator); lower
complex I, III, and IV activities; perturbed tricarboxylic acid
(TCA) cycle; and higher citrate synthase activity (300).

Tim8a (Tim8a/DDP1 and Tim8b/DDP2 are human homologs
of yeast Tim8) is a small TIM chaperone in the IMS. Tim8a
expression in ischemic rat heart was downregulated by treatment
with GSK inhibitor SB216763, which showed a protective effect
against I/R stress (258), suggesting a potential role of Tim8a in
ischemic heart disease.

MIA Machinery Related to Heart Disease
FAD-linked sulfhydryl oxidase ALR is the human homolog
of yeast Erv1. The interaction between Mia40 and Erv1/ALR
facilitates the import of the small Tim proteins and cysteine-
rich proteins. Inhibition of ALR activity by MitoBloCK-6 or a
translation initiation codon (ATG) morpholino targeted to ALR
in zebrafish embryos led to retarded cardiac development and
impaired cardiac function (287).

Apoptosis-Inducing Factor (AIF) was initially characterized
as a pro-apoptotic factor. It translocates from the mitochondrial
IMS to the nucleus in the presence of apoptotic insults. It is
also critical for the mitochondrial import and maturation of
CHCHD4 (in human)/Mia40 (in yeast) (301–303). Mutations
of the AIF-encoding gene AIFM1 led to early prenatal
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ventriculomegaly (288) and childhood cardiomyopathy (289),
accompanied by respiratory chain complex I and IV deficiency.
Global loss of AIF in mice during embryogenesis resulted in
embryonic growth retardation and death during mid-gestation.
Muscle-specific loss of AIF in mice led to severe DCM and
skeletal muscle atrophy, associated with a significant defect in
respiratory chain complex I activity (290). The Harlequin (Hq)
mice, a genetic model with an 80% reduction in mitochondrial
AIF, displayed more severe ischemic damage than wild-type
hearts after acute I/R injury (291, 292).

Other Molecules Involved in Heart Disease
by Impacting Mitochondrial Protein Import
Efficiency or Altering Mitochondrial Protein
Translocation
Cardiolipin (CL) is a unique phospholipid that is localized and
synthesized in mitochondrial IM. CL plays a central role in many
biological processes, such as mitochondrial biogenesis, protein
import, morphology and mitophagy, oxidative phosphorylation,
and apoptosis (304–306). Defective remodeling of CL due
to genetic mutations of TAZ-1 causes Barth syndrome, a
rare, X-linked recessive, infantile-onset debilitating disorder
characterized by early-onset cardiomyopathy, skeletal myopathy,
growth delay, and neutropenia (304–309). The molecular
mechanisms were partially mediated by impaired mitochondrial
import machinery. CL was verified to play a central role in the
structural integrity and functions of mitochondrial translocases,
such as TOM Complex (44, 310), TIM22 Complex, and TIM23
Complex (26, 311, 312).

Connexin 43 (Cx43) is the predominant protein forming
gap junctions and non-junctional hemichannels in ventricular
cardiomyocytes and is also localized at the IM of cardiomyocyte
mitochondria (313–315). The translocation of Cx43 to the IM
was TOM-HSP90–dependent and was enhanced by ischemic
preconditioning (IP). The beneficial role of mitochondrial Cx43
in I/R stress was associated with its regulation of mitochondrial
potassium influx and ROS production (257, 313–315). The
cardioprotection of IP was abolished by genetic ablation of Cx43,
blockade of mitochondrial Cx43 import, or age-related loss of
mitochondrial Cx43 (257, 316–318).

PINK1 is imported into the mitochondrial matrix in healthy
conditions, followed by retrotranslocation into cytosol and
degradation by the proteasome. Perturbation of this process
causes mitophagy, which plays a vital role in the quality control of
mitochondria in heart disease. Given that it has been well-studied
and summarized in many other reviews (319, 320), we do not
discuss it here in detail.

NDUFB10, an accessory subunit of complex I, is a substrate
of the MIA machinery (CHCHD4/ Mia40) for oxidation-
dependent protein import into the mitochondrial IMS. Mutation
of cysteine 107 of NDUFB10 impaired its mitochondrial import
via CHCHD4 and resulted in complex I assembly defect, led to
fatal infantile lactic acidosis and cardiomyopathy in a single-case
report of an infant (321).

In addition, some other proteins also showed a protective
effect against I/R or H/R stress through enhancing their
translocation from the cytosol to the mitochondria; these include
α-crystallin B (cryAB, the major small heat shock protein in
cardiomyocytes) viaVDAC-Tom20 (322) and DJ-1 viamtHSP70
(246, 323–325).

Other Conditions That Affect Mitochondrial
Protein Import Efficiency in Heart Disease
According to their subcellular spatial arrangement in
cardiomyocytes, mitochondria are classified into three groups:
subsarcolemmal mitochondria (SSM) existing below the cell
membrane, interfibrillar mitochondria (IFM) residing in
rows between the myofibrils, and perinuclear mitochondria
located at the nuclear poles. Mitochondrial subpopulations
vary in structure and function and appear to be influenced
disparately in different cardiac pathologies, including I/R,
heart failure, aging, exercise, and diabetes mellitus. According
to recent studies, the mitochondrial import machinery in
IFM of T1DM hearts (247, 326) and SSM of T2DM hearts
(248, 327) were more susceptible to inefficiency. Further, many
studies reported the downregulation of mitochondrial import-
machinery components in heart disease, such as heart failure,
DCM, ischemic cardiomyopathy, diabetic cardiomyopathy,
etc. Supplements of corresponding components could partially
recover cardiac function.

However, some studies pointed out an enhancement of
mitochondrial protein import in aging animals. Craig et al. found
mitochondria from senescent animals exhibited a higher import
rate of precursors into the matrix than mitochondria from young
animals (328). Later studies showed that, although expression
of some key import machinery components was upregulated
in the aging heart, import efficiency was compromised (238).
The mechanism and significance need to be determined in
future studies.

In addition, the import rate of matrix-localized proteins was
found to be increased in heart of hyperthyroid animals or by T3
treatment (329–332), which was partially mediated by elevated
levels of the OM receptor Tom20 and mtHSP70. Meanwhile, the
proteolysis of matrix proteins was unaffected.

CONCLUSION

Mitochondrial import machinery pathways are involved
in various heart diseases, including heart failure, DCM,
hypertrophic cardiomyopathy, ischemic cardiomyopathy,
and diabetic cardiomyopathy. Mutants of genes encoding
components of the mitochondrial import machinery in
humans or genetic deficiency of those genes in animals usually
cause severe mitochondrial cardiomyopathy and are lethal,
highlighting the critical role of mitochondrial import machinery
in heart disease. However, compared with neurodegenerative
diseases, in which the functions of mitochondrial import
machinery are relatively well-studied and established, research
in heart disease is still fairly limited. Although many studies
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detected some components of mitochondrial import machinery,

most studies simply regarded those components as indicators
of mitochondrial content to evaluate mitochondrial biogenesis
or mitophagy. The function of mitochondrial import machinery
was highly neglected. Actually, even from the perspective
of mitochondrial biogenesis or mitophagy, under different
stimuli, import machinery components are able to adapt to
diverse cellular functions, which are not always proportional to
mitochondrial quantity.

Furthermore, our current understanding of mitochondrial
import machinery in heart disease is still widely based on
experimental evidence from yeast. Nevertheless, recent
research in higher eukaryotes has identified more complex
and diverse functions in some conserved components of
mitochondrial import machinery. Furthermore, with the
development of high-throughput sequencing in genomics,
transcriptomics, proteomics, and metabolomics, more and more
novel import machinery components have been revealed in
mammals. The roles of mitochondrial import machinery in heart
disease deserve considerable attention, and future studies are
urgently needed.
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Lectin-like oxidized low-density lipoprotein (ox-LDL) causes vascular senescence and

atherosclerosis. It has been reported that ox-LDL scavenger receptor-1 (LOX-1) is

associated with the angiotensin II type 1 receptor (AT1R). While mitochondria play

a crucial role in the development of vascular senescence and atherosclerosis, they

also undergo quality control through mitochondrial dynamics and autophagy. The

aim of this study was to investigate (1) whether LOX-1 associates with AT1R, (2)

if this regulates mitochondrial quality control, and (3) whether AT1R inhibition using

Candesartan might ameliorate ox-LDL-induced vascular senescence. We performed in

vitro and in vivo experiments using vascular smooth muscle cells (VSMCs), and C57BL/6

and apolipoprotein E-deficient (ApoE KO) mice. Administration of oxidized low-density

lipoprotein (ox-LDL) to VSMCs induced mitochondrial dysfunction and cellular

senescence accompanied by excessive mitochondrial fission, due to the activation

of fission factor Drp1, which was derived from the activation of the Raf/MEK/ERK

pathway. Administration of either Drp1 inhibitor, mdivi-1, or AT1R blocker candesartan

attenuated these alterations. Electron microscopy and immunohistochemistry of the

co-localization of LAMP2 with TOMM20 signal showed that AT1R inhibition also

increased mitochondrial autophagy, but this was not affected by Atg7 deficiency.

Conversely, AT1R inhibition increased the co-localization of LAMP2 with Rab9 signal.

Moreover, AT1R inhibition-induced mitochondrial autophagy was abolished by Rab9

deficiency, suggesting that AT1R signaling modulated mitochondrial autophagy derived

from Rab9-dependent alternative autophagy. Inhibition of the Raf/MEK/ERK pathway

also decreased the excessive mitochondrial fission, and Rab9-dependent mitochondrial

autophagy, suggesting that AT1R signaling followed the Raf/MEK/ERK axis modulated

both mitochondrial dynamics and autophagy. The degree of mitochondrial dysfunction,

reactive oxygen species production, vascular senescence, atherosclerosis, and the

number of fragmented mitochondria accompanied by Drp1 activation were all higher
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in ApoE KO mice than in C57BL/6 mice. These detrimental alterations were successfully

restored, and mitochondrial autophagy was upregulated with the administration of

candesartan to ApoE KO mice. The association of LOX-1 with AT1R was found to play

a crucial role in regulating mitochondrial quality control, as cellular/vascular senescence

is induced by ox-LDL, and AT1R inhibition improves the adverse effects of ox-LDL.

Keywords: mitochondrial dynamics, dynamin-related protein 1, mitochondrial autophagy, angiotensin II type 1

receptor, oxidized low-density lipoprotein, senescence

INTRODUCTION

Hyperlipidemia is a major risk factor for atherosclerosis and
senescence, and is reportedly related to cardiovascular disease
(CVD), including coronary artery disease (1). There is increasing
evidence that statins are effective for the primary and secondary
prevention of CVD from a large clinical trial (2, 3). However,
the incidence of CVD adverse events remains as high as 45%,
even with statin treatment (4). Moreover, plaque progression
is observed in one of three patients with lower levels of low-
density lipoprotein (LDL) cholesterol (<70 mg/dl) in coronary
artery lesions (5). Thus, the prevention of atherosclerotic CVD
has a residual risk that is insufficient even if lipids are sufficiently
lowered. Lectin-like ox-LDL scavenger receptor-1 (LOX-1) is
a major receptor for ox-LDL and plays a crucial role in the
genesis of reactive oxygen species (ROS) in vascular smooth
muscle cells (VSMCs). It has recently been reported that LOX-
1 associates with angiotensin II (Ang II) type 1 receptor (AT1R)
and activates its downstream signal ERK in human umbilical
vein endothelial cells (6, 7). The renin-angiotensin system (RAS),
the main regulatory system for blood pressure, has been widely
documented as being involved in the pathogenesis of several
disease states, including CVD. RAS signaling was found to
accelerate arterial senescence and arteriosclerosis in human
VSMCs and an atherosclerotic apolipoprotein E-deficient (ApoE
KO) mouse model (8, 9). Therefore, the treatment using AT1R
blocker (ARB) based on the concept of association with LOX-1
andAT1Rmay have the potential to solve residual risk from lipid-
lowering therapies in CVD patients. Indeed, several experimental
and clinical studies revealed that ARB therapy combined with
statin reduced atherosclerotic plaque of ApoE KO mice and
improved clinical symptom and cardiac function in patients with
CVD (10, 11).

Mitochondria, however, produce adenosine triphosphate
(ATP), which generates ROS as a byproduct of ATP synthesis,
and as their function declines, they yield more ROS, resulting
in the development of vascular senescence and atherosclerosis.

Abbreviations: LOX-1, lectin-like oxidized low-density lipoprotein scavenger

receptor-1; AT1R, angiotensin II type 1 receptor; VSMCs, vascular smooth

muscle cells; ApoE KO, apolipoprotein E deficient; ox-LDL, oxidized low-density

lipoprotein; CVD, cardiovascular disease; ROS, reactive oxygen species; ATP,

adenosine triphosphate; Drp1, dynamin-related protein 1; Mfn1, mitofusin 1;

Mfn2, mitofusin 2; Opa1, Optic-atrophy 1; Candesartan, Candesartan cilexetil;

DMSO, dimethyl sulfoxide; SA-β gal, Senescence-associated β-galactosidase; SEM,

standard error of the mean; ARB, angiotensin II type 1 receptor blocker; Ang II,

angiotensin II; EM, electron microscopy; RAS, renin-angiotensin system; EBA,

Extraction Buffer A; PBS, phosphate-buffered saline.

Thus, mitochondrial quality should be strictly controlled, as
it can critically impact cellular viability and eventually an
individuals’ life. Mitochondria have a self-maintenance system to
dynamically change their morphology, so-called mitochondrial
dynamics (fission and fusion), and impaired mitochondria are
eliminated through autophagy. Mitochondrial fission generates
small spherical mitochondria, whereas fusion redistributes
tubular or elongated mitochondria. Fusion is a mechanism that
allows intact mitochondria to complement a damaged unit and
share components, thereby maintaining metabolic efficiency.
However, fission could isolate an altered subset of mitochondria
and induce mitochondrial autophagy to eliminate damaged cells
(12). Mitochondrial fission and fusion processes in mammals are
mediated by several small GTPases, including dynamin-related
protein 1 (Drp1), mitofusin 1 (Mfn1), mitofusin 2 (Mfn2), and
optic atrophy 1 (Opa1) (13–15).

A previous study reported that AT1R KO mice had preserved
mitochondrial function, leading to longevity (16). However, there
are few reports on the relationship between the recovery of
mitochondrial function from the effects AT1R inhibition and
mitochondrial quality control through mitochondrial dynamics
and autophagy. While the administration of ox-LDL decreased
mitochondrial function in HL-1 cells, there is no report that this
mitochondrial dysfunction is ameliorated by AT1R inhibition in
terms of mitochondrial dynamics and autophagy (17). Therefore,
we hypothesized that (1) the association of LOX-1 and AT1R is
involved in mitochondrial quality control throughmitochondrial
dynamics and autophagy, and (2) AT1R inhibition using ARB,
Candesartan, may ameliorate ox-LDL-mediated senescence,
leading to atherosclerosis.

MATERIALS AND METHODS

Cell Culture and Treatment
Human aortic smooth muscle cells were purchased from LONZA
(Portsmouth, NH, USA) and cultured in smooth muscle basal
medium-2 (Lonza, Cat #CC-3181) supplemented with SMC
growth medium (Lonza, Cat #CC-4149), as described previously
(18). Prior to stimulation, the cells were starved in 0.5 %
FBS-containing medium for 16 h. The cells were treated with
20 µmol/L ox-LDL (Thermo Fisher Scientific, Cat #L34357).
Time of the exposure to ox-LDL was 24 h for assessment of
senescence in immunoblot (detections of p53 and p21) and in
Senescence-associated β-galactosidase (SA-β gal) staining, 12 h
for mitochondrial autophagy in immunohistochemistry, and
3 h for other experiments. The following inhibitors were used:
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20 µmol/L Mdivi-1 (Sigma, Cat #M0199), Drp1 inhibitor; 10
µmol/L candesartan cilexetil (Candesartan) (Sigma-Aldrich, Cat
#SML0245), ARB; 10 µmol/L Dabrafenib (Selleck, Cat #S2807),
RAF inhibitor; 2 µmol/L PD184352 (Selleck, Cat #S1020), MEK
inhibitor; 2 µmol/L SCH772984 (Selleck, Cat #S7101), ERK
inhibitor. For the inhibition experiments, cells were treated with
each inhibitor for 1 h following the addition of ox-LDL. Control
cells were exposed to the same amount of dimethyl sulfoxide
(DMSO). The dose of Candesartan was based on the previous
report (19).

Animal Models
This study was conducted in compliance with the protocol
reviewed by the Institutional Animal Care and Use
Committee and was approved by the Faculty of Medicine
at Kagoshima University. All animal experiments followed the
recommendations in the guidelines for animal experimentation
at research institutes (Ministry of Education, Culture, Sports,
Science and Technology, Japan), the guidelines for animal
experimentation at institutes (Ministry of Health, Labor and
Welfare, Japan), and the guidelines for proper conduct of animal
experimentation (Science Council of Japan). In this experiment,
we used only male mice, housed in groups of one to three
per cage. Mice had free access to water and food during the
experimental period and were maintained at room temperature
(25 ± 2◦C) under a standard 12/12 h light-dark cycle. For
comparison of C57BL/6 and ApoE KOmice,∼35-week-old mice
were used. To suppress mitochondrial fission, ApoE KO mice
that were ∼30 weeks old were administered either mdivi-1 (1.2
mg/kg) or with the same amount of DMSO by intraperitoneal
injection for 4 weeks. To check the role of AT1R inhibition, ApoE
KOmice at 16 weeks of age were administered either candesartan
(10 mg/kg) or the same amount of DMSO by intraperitoneal
injection for 8 weeks. Body weight and food intake were
measured weekly after the injection. Systolic and diastolic blood
pressure and heart rate of mouse were measured by MK-2000, a
computer-controlled tail-cuff system (Muromachi Kikai).

Tissue Preparation
All mice were sacrificed with an overdose of sodium
pentobarbital (100 mg/kg) by intraperitoneal injection. ATP
production, H2O2 measurement, and senescence-associated
β-galactosidase (SA-β gal) staining were performed in a single
mouse. For ATP production and H2O2 measurement, we
isolated the mitochondrial fraction from vessels immediately
after removal of aorta samples from the ascending aorta to the
bifurcation of the common iliac artery. For SA-β gal staining,
the aortic trees were removed and cut longitudinally from
the ascending aorta to the abdominal aorta. We performed
immunohistochemical analysis, Masson’s trichrome staining and
immunoblot analysis for the same mouse. For Masson’s
trichrome staining and immunohistochemical analysis,
ascending aortas were fixed in 4% paraformaldehyde phosphate
buffer solution, embedded in paraffin, and sectioned into 4µm
tissue sections. For immunoblot analysis, the remaining aorta
samples from the ascending aorta to the bifurcation of the

common iliac artery were rinsed with phosphate-buffered saline
(PBS) and stored at−80◦C.

Immunoblot Analysis
Immunoblot analysis was performed in accordance with a
previous report (18, 20). The primary antibodies used were
as follows: Drp1 (1:1000, BD Biosciences, Cat #611112,
RRID:AB_398423), Phospho-Drp1 ser616 (1:200, Cell Signaling
Technology, Cat #4494, RRID:AB_11178659), Phospho-
Drp1 ser637 (1:200, Cell Signaling Technology, Cat #4867,
RRID:AB_10622027; 1:500, Abcam, Cat #ab193216), Opa1
(1:1000, BD Biosciences, Cat #612606, RRID:AB_399888),
Mfn1 (1:1000, Abcam, Cat #ab57602, RRID:AB_2142624),
Mfn2 (1:500, Sigma-Aldrich, Cat #M6319, RRID:AB_477221),
COX IV (1:1000, Cell Signaling Technology, Cat #4844,
RRID:AB_2085427), p53 (1:1000, Abcam, Cat #ab131442,
RRID:AB_11155283; 1:200, Santa Cruz Biotechnology,
Cat # sc-99, RRID:AB_628086), p21 (1:2000, Abcam, Cat
#ab109199, RRID:AB_10861551), ERK1/2 (1:500, Santa
Cruz Biotechnology, Cat #sc-514302, RRID:AB_2571739),
Phospho-ERK1/2 (1:500, Santa Cruz Biotechnology, Cat
#sc-7383, RRID:AB_627545), MEK1/2 (1:500, Santa Cruz
Biotechnology, Cat #sc-81504, RRID:AB_1126111), Phospho-
MEK1/2 (1:500, Santa Cruz Biotechnology, Cat #sc-81503,
RRID:AB_1126112), CRAF (1:1000, Cell Signaling Technology,
Cat #9422, RRID:AB_390808), Phospho-CRAF ser338 (1:500,
Cell Signaling Technology, Cat #9427, RRID:AB_2067317),
β-actin (1:1000, Santa Cruz Biotechnology, Cat #sc-47778
HRP, RRID:AB_2714189), and α-tubulin (1:1000, Sigma-
Aldrich, Cat #T6199, RRID:AB_477583). The secondary
antibodies used were as follows: goat anti-rabbit antibody
(1:4000, Bio-Rad, Cat #170-6515, RRID:AB_11125142) or
goat anti-mouse antibody (1:2000, Santa Cruz Biotechnology,
Cat #sc-516102, RRID:AB_2687626). Bands were visualized
using ECL Prime western blotting Detection Reagent
(Amersham, Cat #RPN2232) and detected with Lumino
Graph II (ATTO).

Confocal Immunohistochemistry
Immunostaining in vivo and in vitro was performed as
described previously (18, 21). The samples were stained
with primary and secondary antibodies as follows: anti-
Rab9 mouse monoclonal antibody (1:100, Abcam, Cat
#ab2810, RRID:AB_303323), anti-LAMP2 rabbit polyclonal
antibody (1:100, Sigma, Cat #L0668, RRID:AB_477154),
anti-LAMP2 mouse monoclonal antibody (1:100, Abcam,
Cat #ab25631, RRID:AB_470709), anti-TOMM20 rabbit
monoclonal antibody (1:100, Abcam, Cat #ab186734,
RRID:AB_2716623), anti- LC3B rabbit polyclonal antibody
(1:100, Abcam, Cat #ab51520, RRID:AB_881429), Alexa
Fluor 488-conjugated goat anti-rabbit IgG (1:100, Abcam,
Cat #ab150081, RRID:AB_2734747), and Alexa Fluor 594-
conjugated goat anti-mouse IgG (1:100, Abcam, Cat #ab150120,
RRID:AB_2631447). Fluorescence images were obtained using
an LSM700 confocal laser scanning microscope (Zeiss, Cat
#LSM700, RRID:SCR_017377). Pearson’s correlation coefficient
was calculated to quantify the colocalization correlation of the

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 November 2021 | Volume 8 | Article 78865554

https://scicrunch.org/resolver/RRID:AB_398423
https://scicrunch.org/resolver/RRID:AB_11178659
https://scicrunch.org/resolver/RRID:AB_10622027
https://scicrunch.org/resolver/RRID:AB_399888
https://scicrunch.org/resolver/RRID:AB_2142624
https://scicrunch.org/resolver/RRID:AB_477221
https://scicrunch.org/resolver/RRID:AB_2085427
https://scicrunch.org/resolver/RRID:AB_11155283
https://scicrunch.org/resolver/RRID:AB_628086
https://scicrunch.org/resolver/RRID:AB_10861551
https://scicrunch.org/resolver/RRID:AB_2571739
https://scicrunch.org/resolver/RRID:AB_627545
https://scicrunch.org/resolver/RRID:AB_1126111
https://scicrunch.org/resolver/RRID:AB_1126112
https://scicrunch.org/resolver/RRID:AB_390808
https://scicrunch.org/resolver/RRID:AB_2067317
https://scicrunch.org/resolver/RRID:AB_2714189
https://scicrunch.org/resolver/RRID:AB_477583
https://scicrunch.org/resolver/RRID:AB_11125142
https://scicrunch.org/resolver/RRID:AB_2687626
https://scicrunch.org/resolver/RRID:AB_303323
https://scicrunch.org/resolver/RRID:AB_477154
https://scicrunch.org/resolver/RRID:AB_470709
https://scicrunch.org/resolver/RRID:AB_2716623
https://scicrunch.org/resolver/RRID:AB_881429
https://scicrunch.org/resolver/RRID:AB_2734747
https://scicrunch.org/resolver/RRID:AB_2631447
https://scicrunch.org/resolver/RRID:SCR_017377
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Uchikado et al. LOX1/AT1-Receptor Association Control Mitochondrial Quality

FIGURE 1 | Ox-LDL treatment induced mitochondrial fission, ROS production, mitochondrial dysfunction, and cellular senescence. (A) Representative images and

quantitative analysis of SA-β gal staining of cells treated with ox-LDL or the control. Scale bar = 100µm. **P < 0.01 vs. Ctr (n = 7 per group). (B) Immunoblots and

(Continued)
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FIGURE 1 | quantitative analysis of p53, p21, and β-actin in cells treated with ox-LDL or the control. *P < 0.05 vs. Ctr (n = 3 per group). (C) Representative images of

MitoSox Red in cells treated with ox-LDL or the control. Scale bar = 100µm. (D) Relative mitochondrial H2O2 production in cells treated with ox-LDL or the control.

*P < 0.05 vs. Ctr (n = 3 per group). (E) Representative images and quantitative analysis of JC-1 staining in cells treated with ox-LDL or the control. Scale bar =

100µm. *P < 0.05 vs. Ctr (n = 3 per group). (F) Relative mitochondrial ATP production in cells treated with ox-LDL or the control. *P < 0.05 vs. Ctr (n = 3 per group).

(G) Representative images of Mitotracker Red in cells treated with ox-LDL or control. Scale bar = 10µm. *P < 0.05 vs. Ctr (n = 3 per group). (H) Electron

microscopic images and quantitative analysis of mitochondria and average mitochondrial areas in cells treated with ox-LDL or the control. Scale bar = 1µm. *P <

0.05 vs. Ctr (n = 4 per group). (I) Immunoblots and quantitative analysis for Drp1, p-Drp1 (Ser616), p-Drp1 (Ser637), Mfn1, Mfn2, Opa1, and β-actin in cells with

ox-LDL or the control. *P < 0.05 vs. Ctr (n = 3 per group). (J) Immunoblots and quantitative analysis for Drp1, COX IV, and β-actin in mitochondrial fractions of cells

treated with ox-LDL or the control. *P < 0.05 vs. Ctr (n = 3 per group). All data are presented as the mean ± SEM. Statistical analysis were conducted by Wilcoxon

rank sum test (B,D-J) and Student’s t-test (A).

intensity distributions between the two channels, as previously
described (22). We performed independent in-vitro experiments
three times.

SA-β Gal Staining
SA-β gal activity in VSMCs was evaluated using the SA-β gal
staining kit (Cell Signaling Technology, Cat #9860), according
to the manufacturer’s protocol. SA-β gal activity in vitro was
assessed using β galactosidase staining solution (pH 6.0): 930
µl Staining solution, 10 µl solution A, 10 µl solution B, 50 µl
DMF containing with 1mg X-gal. Briefly, cells were washed with
PBS and fixed with Fixative solution. Then they were stained
with β galactosidase staining solution for 12 h at 37◦C. SA-β gal
positive cells were quantitatively determined within at least 200
cells that were counted in no less than four random fields using
a microscope (Keyence, Cat #BZ X-710, RRID:SCR_017202). As
described previously, SA-β gal activity in vivo was assessed using
SA-β gal solution: 1 mg/ml X-Gal (Invitrogen, Cat #15520034),
1 mol/L MgCl2, 2% NP-40, 100 mmol/L potassium ferrocyanide
(II), 100 mmol/L potassium ferrocyanide (III), and 40 mmol/L
citric acid/sodium phosphate buffer (pH 6.0) (18). Briefly, after
washing the harvested aortic trees from the ascending aorta to
the abdominal aorta with PBS, they were stained with SA-β gal
solution for 24 h at 37◦C. The samples were then washed three
times with PBS and fixed with 4% paraformaldehyde. Images
were captured using a digital camera (Nikon, Cat #D810). SA-
β gal positive area were quantified using ImageJ FIJI (National
Institutes of Health, RRID:SCR_003070).

Evaluation of Mitochondrial Reactive
Oxygen Species and Membrane Potential
Measurements
The methods for evaluation of mitochondrial reactive
oxygen species and membrane potential measurements
have been described previously (21). Briefly, intracellular
mitochondrial ROS generation was measured using the
MitoSoxTM Red mitochondrial superoxide indicator (Invitrogen,
Cat #M36008) under a microscope (Keyence, Cat #BZ-X710,
RRID:SCR_017202). To evaluate mitochondrial membrane
potential, the state of the mitochondrial membrane potential
was visualized using MitoPT R©JC-1 (ImmunoChemistry
Technologies, Cat #924) with red and green fluorescence
indicating polarized and depolarized mitochondria. Depolarized
mitochondria were evaluated by counting the number of green
fluorescent cells in at least 150 cells in each experiment.

Mitotracker Staining
After administration of either ox-LDL treated with or without
each inhibitor, or control vehicle to VSMCs as described
above, the cells were stained with MitoTracker Red FM
(Invitrogen, Cat #M22425), according to the manufacturer’s
protocol. Fluorescence images of live cells were acquired using
a LSM700 confocal laser scanning microscope. The method
for evaluating mitochondrial morphology has been described
previously (21). More than 20 cells were chosen randomly in
each experiment, and the percentage of cells with fragmented
mitochondria was calculated.

Mitochondrial Isolation
Mitochondrial fractions of VSMCs or isolated mouse aortas
were purified using a different mitochondrial isolation kit
(Thermo Fisher Scientific, Cat #89874; Sigma-Aldrich, Cat
#MITOISO1), according to themanufacture’s instruction. Briefly,
in vitro experiment, cells were collected by cell scraper and
then centrifuge at 850 × g for 2min at 4◦C. After removing
supernatant samples were added several reagents and incubated
according to the instruction. Then, samples were centrifuged at
700 × g for 5min at 4◦C. Supernatant were then centrifuged
at 12,000 × g for 15min at 4◦C. After removing supernatant,
the pellets were washed with 500 µl of Mitochondria Isolation
Reagent C, and centrifuged again at 12,000 × g for 5min at 4◦C.
The pellets contained mitochondria fraction. In vivo experiment,
after washing the harvested aortic trees with Extraction Buffer
A (EBA) [50 mmol/L HEPES, 1 mol/L mannitol, 350 mmol/L
sucrose, 5 mmol/L EGTA], they were cut thinly and incubated
in EBA containing 0.25 mg/ml trypsin on ice for 3min. Then,
removed supernatant and added 8 volumes of EBA containing
0.25 mg/ml trypsin for 20min. After adding albumin solution
and remove supernatant, samples were added eight volumes
of EBA containing 0.25 mg/ml trypsin and homogenized.
Homogenates were centrifuged at 600 × g for 5min at 4◦C.
Supernatant were then centrifuged at 11,000 × g for 10min at
4◦C. The pellets were mitochondrial fractions. Regardless of in
vitro or vivo experiments, performed all the isolation procedure
at 4◦C with ice-cold solutions.

H2O2 Measurement and ATP Production
Mitochondrial fractions of cells and tissues were prepared
as described above. H2O2 production was measured using
an Amplex Red H2O2 assay kit (Invitrogen, Cat #A22188),
according to the manufacturer’s recommendations. ATP
production was quantified using an ATP Bioluminescent Assay
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FIGURE 2 | Mdivi-1 treatment retarded excessive mitochondrial fission, ROS production, mitochondrial dysfunction and cellular senescence, which were induced by

ox-LDL. (A) Representative images and quantitative analysis of Mito-tracker Red in ox-LDL-treated cells with mdivi-1 or the control vehicle. Scale bar = 10µm.
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FIGURE 2 | *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (B) Electron microscopic images and quantitative analysis of mitochondria and average

mitochondrial areas in ox-LDL-treated cells with mdivi-1 or the control. Scale bar = 1µm. *P < 0.05 vs. ox-LDL with the control (n = 4 per group). (C) Immunoblots

and quantitative analysis for Mfn1, Mfn2, Opa1, and β-actin in ox-LDL-treated cells with mdivi-1 or the control (n = 3 per group). (D) Representative images and

quantitative analysis of SA-β gal staining of ox-LDL-treated cells with mdivi-1 or the control. **P < 0.01 vs. ox-LDL with the control (n = 9 per group). (E) Immunoblots

and quantitative analysis for p53, p21, and β-actin in ox-LDL-treated cells with mdivi-1 or the control. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (F)

Representative images of MitoSox Red in ox-LDL-treated cells with mdivi-1 or the control. Scale bar = 100µm. (G) Representative images and quantitative analysis of

JC-1 staining in ox-LDL-treated cells with mdivi-1 or the control. Scale bar = 100µm. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). All data are presented

as the mean ± SEM. Statistical analysis were conducted by Wilcoxon rank sum test (A-C,E,G) and Student’s t-test (D).

kit (Sigma-Aldrich, Cat #213-579-1), according to a previously
described method (21).

Masson’s Trichrome Staining
We used 4 mice per group in comparison of C57BL/6 and ApoE
KOmice, 3 mice per group in that of ApoE KOmice treated with
mdivi-1 or the control, and 3 mice per group in that of ApoE
KO mice treated with Candesartan or the control. Mice aorta
samples were fixed as described above, and Masson’s trichrome
staining was used to visualize the state of fibrosis. Interstitial
fibrosis was quantified using ImageJ FIJI (National Institutes of
Health, RRID:SCR_003070).

Transmission Electron Microscopy
Analysis
The method of creating samples for EM has been
described previously (21). Sections of the samples were
observed using a HITACHI H-7650 transmission electron
microscope (HITACHI).

Evaluation of Average Mitochondrial Area
The number of mitochondria in each experiment was determined
within at least 50 mitochondria, as assessed using EM.
Mitochondria were randomly selected from no less than three
independent experiments. The average mitochondrial area was
calculated from the number of mitochondria and the total area of
the mitochondria using ImageJ FIJI.

Evaluation of Mitochondrial Autophagy
In vitro experiment, the cells of each group were quantitatively
determined within at least 15 cells, counted in no less than
three independent experiments assessed using EM. In vivo
experiment, 600 µm2 of the aorta of each mouse was observed
in a random fashion. The number of mitochondria engulfed by
autophagosomes was counted using the EM. Three samples were
assessed per group.

Small Interfering RNA Transfection
For ERK1, ERK2, and Rab9 RNA knockdown, cells were
transfected with ERK1, ERK2, Rab9, or control siRNA
(Santa Cruz, Cat #sc-29307, sc-35335, sc-44065, sc-37007)
using the siRNA transfection reagent (Santa Cruz, Cat #sc-
29528), according to the manufacturer’s protocol. For siRNA
targeting Atg7, we transfected cells with Atg7 or control
(Thermo Fisher Scientific, Cat #s20650, #4390843) using the
Lipofectamine RNAiMAX transfection reagent (InvitrogenTM,
13778150), according to the manufacturer’s protocol. Efficient

knockdowns of ERK1, ERK2, Rab9, and Atg7 were confirmed by
immunoblotting (Supplementary Figures 1A-D).

Statistical Analysis
All data are presented as mean ± standard error of the mean
(SEM). For datasets with a small sample size (n= 3–5) or a biased
distribution, the results were assessed statistically for significant
differences by non-parametric statistical analysis using Wilcoxon
rank sum test. Otherwise, statistical significance was assessed
using Student’s t-test. All statistical analyses were performed
using the JMP Pro 15 (SAS Institute). Statistical significance was
set at P < 0.05.

RESULTS

ox-LDL Induced Mitochondrial Fission,
ROS Production, Mitochondrial
Dysfunction, and Cellular Senescence
First, we investigated the effects of ox-LDL on cellular senescence.
ox-LDL was found to increase the ratio of SA-β gal positive
cells (Figure 1A). The expression of p53 and p21 was also
higher in VSMCs treated with ox-LDL (Figure 1B), suggesting
that ox-LDL induces cellular senescence. We then evaluated
oxidative stress and mitochondrial function. The intensity of
MitoSox Red fluorescence and H2O2 production were found to
be higher in ox-LDL-treated cells (Figures 1C,D). Mitochondrial
membrane potential and ATP production were lower in ox-LDL-
treated cells (Figures 1E,F), suggesting that ox-LDL decreased
mitochondrial function and increased ROS production. To assess
whether ox-LDL modulates mitochondrial dynamics in VSMCs,
we performed MitoTracker Red and electron microscopic
analyses. Administration of ox-LDL increased the ratio of cells
with fragmented mitochondria (Figure 1G). Both fused and
small spherical mitochondria without ox-LDL were identified
(Figure 1H). However, most of the mitochondria treated with
ox-LDL showed a small spherical shape (Figure 1H). These
results indicated that ox-LDL forced mitochondrial fission.
We consequently investigated how mitochondrial fission was
regulated in response to ox-LDL. Immunoblot analysis revealed
that ox-LDL induced phosphorylation of Drp1 at serine 616,
which is the activating form of Drp1 and the primary
regulator of mitochondrial fission, but it did not modulate other
mitochondrial dynamics factors, such as Mfn1, Mfn2, and Opa1,
which induced mitochondrial fusion (Figure 1I). Although Drp1
is localized primarily in the cytosol, ox-LDL assembles Drp1
to mitochondria (Figure 1J). These results suggest that ox-
LDL induces mitochondrial fission through Drp1 activation and
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FIGURE 3 | AT1R inhibition retarded excessive mitochondrial fission, ROS production, mitochondrial dysfunction, and cellular senescence, which are induced by

ox-LDL. (A) Representative images and quantitative analysis of Mitotracker Red in ox-LDL-treated cells with Candesartan or the control vehicle. Scale bar = 10µm.
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FIGURE 3 | *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (B) Electron microscopic images and quantitative analysis of mitochondria and average

mitochondrial areas in Candesartan-treated vs. vehicle-treated cells with ox-LDL. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (C) Immunoblots and

quantitative analysis for Drp1, p-Drp1 (Ser616), p-Drp1 (Ser637), Mfn1, Mfn2, Opa1, and β-actin in ox-LDL treated cells with Candesartan or the control. *P < 0.05 vs.

ox-LDL with the control (n = 3 per group). (D) Representative images of MitoSox Red in ox-LDL-treated cells with Candesartan or the control vehicle. (E) Relative

mitochondrial H2O2 production in ox-LDL-treated cells with Candesartan or the control. *P < 0.05 vs. ox-LDL with control vehicle (n = 3 per group). (F)

Representative images and quantitative analysis of JC-1 staining in ox-LDL-treated cells with Candesartan or the control. Scale bar = 100µm. *P < 0.05 vs. ox-LDL

with the control (n = 3 per group). (G) Relative mitochondrial ATP production in ox-LDL-treated cells with Candesartan or the control. *P < 0.05 vs. ox-LDL with the

control. (n = 3 per group). (H) Representative images and quantitative analysis of SA-β gal staining of ox-LDL-treated cells with Candesartan or the control. Scale bar

= 100µm. **P < 0.01 vs. ox-LDL with the control (n = 8 per group). (I) Immunoblots and quantitative analysis for p53, p21, and β-actin in cells with Candesartan or

the control under ox-LDL treatment. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). All data are presented as the mean ± SEM. Statistical analysis were

conducted by Wilcoxon rank sum test (A-C,E-G,I) and Student’s t-test (H).

may cause ROS production, mitochondrial dysfunction, and
cellular senescence.

Drp1 Inhibition Retarded Excessive
Mitochondrial Fission, Mitochondrial
Dysfunction, ROS Production, and Cellular
Senescence
To investigate whether ox-LDL-induced mitochondrial fission
causes mitochondrial dysfunction, increased ROS production,
and cellular senescence, we used mdivi-1, a small molecule
that selectively inhibits the assembly of Drp1 to mitochondria.
Mdivi-1 treatment decreased the ratio of cells with fragmented
mitochondria induced by ox-LDL (Figure 2A). Moreover, mdivi-
1 suppressed ox-LDL-mediated excessive mitochondrial fission
and induced mitochondrial fusion (Figure 2B). However, mdivi-
1 did not regulate mitochondrial fusion factors, such as Mfn1,
Mfn2, andOpa1 (Figure 2C), indicating thatmdivi-1 successfully
restored mitochondrial fission by inhibiting Drp1. Under these
conditions, mdivi-1 decreased the ratio of SA-β gal positive cells
and the expression of p53 and p21 in VSMCs treated with ox-LDL
(Figures 2D,E). The intensity of MitoSox Red fluorescence was
lower in mdivi-1-treated cells than in untreated cells (Figure 2F).
Furthermore, the administration of ox-LDL treated with mdivi-
1 improved the mitochondrial membrane potential (Figure 2G).
These results suggest that excessive mitochondrial fission is
restored by Drp1 inhibition, mitochondrial dysfunction, ROS
production, and cellular senescence.

Receptor Association of LOX-1/AT1R
Regulates Mitochondrial Dynamics
We next investigated whether the receptor association of
LOX-1 with AT1R is involved in regulating mitochondrial
dynamics using candesartan, an ARB. As shown in Figure 3A,
AT1R inhibition decreased the ratio of cells with fragmented
mitochondria (Figure 3A). Moreover, both fused and small
spherical mitochondria were observed in VSMCs treated
with candesartan (Figure 3B). Ox-LDL-induced Drp1
phosphorylation at Ser616 was also decreased by AT1R
inhibition, but AT1R inhibition did not modulate other
mitochondrial dynamics factors (Figure 3C). The intensity of
MitoSox Red fluorescence and H2O2 production was lower
in ARB-treated cells than in untreated cells (Figures 3D,E).
Moreover, the administration of ox-LDL treated with ARB
improved mitochondrial membrane potential and increased

ATP production (Figures 3F,G). Furthermore, ARB decreased
the ratio of SA-β gal positive cells and the expression of p53
and p21 in VSMCs treated with ox-LDL (Figures 3H,I). These
results suggest that AT1R inhibition improved the imbalance of
excessive mitochondrial fission and restored ROS production,
mitochondrial dysfunction, and cellular senescence.

ox-LDL Induced Drp1 Activation via the
CRAF/MEK/ERK Pathway
The mechanism of ox-LDL-induced mitochondrial fission
was then investigated. Ox-LDL was found to activate
CRAF/MEK/ERK, which is downstream of AT1R (Figure 4A).
We consequently investigated whether CRAF, MEK, or ERK
modulated Drp1 activation using inhibition experiments.
The results showed that Dabrafenib, a RAF inhibitor,
inactivated MEK, ERK, and Drp1 (Figure 4B). MEK inhibition
using PD184352 inactivated ERK and Drp1, but not CRAF
(Figure 4C). ERK inhibition using SCH772984 also inactivated
Drp1, but not CRAF (Figure 4D). Knockdowns of ERK1 or
ERK2 did not modulate activation of MEK (Figure 4E and
Supplementary Figures 1A,B). The CRAF/MEK/ERK pathway
was found to play a role in activating Drp1 (Figures 4D,E), while
ARB decreased ox-LDL-induced CRAF/MEK/ERK activation
(Figure 4F). These results suggest that ox-LDL activates Drp1
through CRAF/MEK/ERK signaling, and this is downstream
of AT1R.

AT1R Inhibition Induced Mitochondrial
Autophagy Derived From Rab9-Dependent
Alternative Autophagy
As dysfunctional mitochondria are eliminated through
autophagy, which is generally believed to require mitochondrial
fission, we investigated whether AT1R inhibition regulates
mitochondrial autophagy. Electron microscopic analysis
showed that mitochondrial autophagy increased in ox-LDL
and ARB-treated cells (Figure 5A). Under ox-LDL treatment,
immunohistochemistry analysis showed that the colocalization
of mitochondrial protein TOMM20 and LAMP2, which is a
marker of autolysosomes, was higher in ARB-treated cells than
in untreated cells (Figure 5B). These results suggest that AT1R
inhibition promotes mitochondrial autophagy. In contrast, ARB
treatment did not change the colocalization of LAMP2 with
LC3, which is a hallmark of autophagy (Figure 5C). Recent
studies have revealed the existence of at least two forms of

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 November 2021 | Volume 8 | Article 78865560

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Uchikado et al. LOX1/AT1-Receptor Association Control Mitochondrial Quality

FIGURE 4 | ox-LDL induced Drp1 activation through AT1R and the CRAF/MEK/ERK pathway. (A) Immunoblots and quantitative analysis for CRAF, p-CRAF, MEK,

p-MEK, ERK, p-ERK, and β-actin in cells with ox-LDL or the control. *P < 0.05 vs. the control (n = 3 per group). (B) Immunoblots and quantitative analysis for CRAF,
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FIGURE 4 | p-CRAF, MEK, p-MEK, ERK, p-ERK, Drp1, p-Drp1 (Ser616), and β-actin in Dabrafenib-treated vs. control cells with ox-LDL. *P < 0.05 vs. ox-LDL with

the control (n = 3 per group). (C) Immunoblots and quantitative analysis for CRAF, p-CRAF, MEK, p-MEK, ERK, p-ERK, Drp1, p-Drp1 (Ser616), and β-actin in

PD184352-treated vs. control cells with ox-LDL. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (D) Immunoblots and quantitative analysis for CRAF,

p-CRAF, MEK, p-MEK, ERK, p-ERK, Drp1, p-Drp1 (Ser616), and β-actin in SCH772984-treated vs. the control cells with ox-LDL. *P < 0.05 vs. ox-LDL without

SCH772984 (n = 3 per group). (E) Immunoblots and quantitative analysis for CRAF, p-CRAF, MEK, p-MEK, ERK, p-ERK, and β-actin in Candesartan-treated vs.

control cells with ox-LDL. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). All data are presented as the mean ± SEM. Statistical analysis were conducted by

Wilcoxon rank sum test (A-F).

autophagy. One is LC3- and Atg7-dependent autophagy, which
is also considered to be conventional autophagy. The other is
called alternative autophagy, does not require the use of LC3
or Atg7 but does require the membrane trafficking protein
Rab9 (23). To examine whether mitochondrial autophagy is
related to conventional autophagy or alternative autophagy,
we examined the colocalization of LAMP2 with Rab9 using
double-staining immunohistochemistry. The colocalization of
LAMP2 with Rab9 staining was also significantly increased
in ox-LDL-treated cells with ARB (Figure 5D). In addition,
the colocalization of TOMM20 with LAMP2 induced by
AT1R inhibition was not affected by Atg7 knockdown, but
by Rab9 knockdown in ox-LDL-treated cells (Figures 5E,F).
Furthermore, Rab9 knockdown increased the ratio of SA-β gal
positive cells in ox-LDL-treated cells with candesartan, indicating
that AT1R inhibition induces mitochondrial autophagy through
Rab9 (Supplementary Figure 1E). These results suggest that
AT1R inhibition induces mitochondrial autophagy derived
from Rab9-dependent alternative autophagy, leading to the
suppression of cellular senescence by maintaining mitochondrial
quality control.

Rab9-Dependent Mitochondrial Autophagy
Was Not Affected by ERK Inhibition but by
MEK Inhibition
We further analyzed whether CRAF/MEK/ERK is involved
in AT1R inhibition-mediated mitochondrial autophagy
derived from Rab9-dependent alternative autophagy. ERK
inhibition did not affect the colocalization of LAMP2 and
TOMM20 (Figure 6A), whereas MEK inhibition increased
the colocalization of LAMP2 with either TOMM20 or
Rab9 (Figures 6B,C), indicating that AT1R inhibition-
induced mitochondrial autophagy is mediated by the
AT1R/CRAF/MEK pathway.

Drp1 Inhibition Improved the Imbalance of
Mitochondrial Dynamics and Vascular
Senescence in ApoE KO Mice
We investigated the relationship between vascular senescence
and mitochondrial dynamics in C57BL/6 and ApoE KO mice.
Body weight, heart rate, and blood pressure were not found
to differ between C57BL/6 and ApoE KO mice (Table 1). EM
revealed that ApoE KO mice forced mitochondrial dynamics
resulting in excessive fission when compared to C57BL/6
mice (Figure 7A). Immunoblot analysis indicated that the
arterial expression of Drp1 phosphorylation at serine 616 was
higher in ApoE KO mice than in C57BL/6 mice, but other

mitochondrial dynamics factors were not significantly different
between the two groups (Figure 7B). ATP production was lower
and H2O2 production was higher in ApoE KO mice than in
C57BL/6 mice, suggesting that ApoE KO mice had reduced
mitochondrial function and increased oxidative stress in the
arteries (Figures 7C,D). Arterial fibrosis, was assessed using
Masson’s trichrome staining, and was found to have increased
in ApoE KO mice when compared with that in C57BL/6 mice
(Figure 7E). The ratio of arterial senescence assessed by SA-β gal
staining was greater in ApoE KO mice than in C57BL/6 mice
(Figure 7F). Immunoblot analysis showed that the expression
of p21 and p53 was higher in ApoE KO mice than in C57BL/6
mice (Figure 7G). These results indicate that arterial senescence
is facilitated in ApoE-KO mice. Next, we investigated ApoE KO
mice treated with mdivi-1 to investigate whether the inhibition
of mitochondrial fission retarded vascular senescence. Food
intake during the experiment, body weight, heart rate, and blood
pressure were not different between ApoE KO mice treated with
mdivi-1 and the control vehicle (Table 2). EM analysis revealed
that excessive mitochondrial fission was reduced in ApoE KO
mice treated with mdivi-1 compared to those treated with the
control vehicle (Figure 7H). Immunoblot analysis showed that
the administration of mdivi-1 did not significantly change the
expression of mitochondrial fusion factors (Figure 7I). The ratio
of the arterial fibrosis and senescence area, assessed usingMasson
trichrome analysis and SA-β gal staining, respectively, were lower
in ApoE KO mice administered mdivi-1 than in those treated
with the control vehicle (Figures 7J,K). These results suggest
that excessive mitochondrial fission through Drp1 activation
promotes arterial senescence in ApoE KO mice.

AT1R Inhibition Improved the Imbalance of
Mitochondrial Dynamics and Induced
Rab9-Dependent Mitochondrial
Autophagy, Leading to Anti-vascular
Senescence
Finally, we investigated whether AT1R inhibition attenuated
vascular senescence by regulating mitochondrial dynamics and
mitochondrial autophagy in ApoE KO mice. Food intake during
the experiment, body weight, heart rate, and blood pressure were
not different between ApoE KO mice treated with candesartan
or the control vehicle (Table 3). EM revealed that excessive
mitochondrial fission was reduced in ApoE KO mice treated
with candesartan when compared to that in the control mice
(Figure 8A). The arterial expression of Drp1 phosphorylation
at serine 616 was lower in ApoE KO mice treated with
candesartan when compared to that in the control mice. Other
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FIGURE 5 | AT1R inhibition induced mitochondrial autophagy derived from Rab9-dependent alternative autophagy with ox-LDL treatment. (A) Electron microscopic

images and quantitative analysis of the number of mitochondrial autophagy in Candesartan-treated vs. the control cells with ox-LDL. Scale bar = 1µm. **P < 0.01 vs.

(Continued)
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FIGURE 5 | ox-LDL with the control (n = 15 per group). (B) Representative images and quantitative analysis of TOMM20 (green) and LAMP2 (red)

immunohistochemistry in Candesartan-treated vs. control cells with ox-LDL. Scale bar = 10µm. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (C)

Representative images and quantitative analysis of LC3 (green) and LAMP2 (red) immunohistochemistry in Candesartan-treated vs. control vehicle-treated cells with

ox-LDL (n = 3 per group). Scale bar = 10µm. (D) Representative images and quantitative analysis of LAMP2 (green) and Rab9 (red) immunohistochemistry in

Candesartan-treated vs. control cells with ox-LDL. Scale bar = 10µm. *P < 0.05 vs. ox-LDL with the control (n = 3 per group). (E) Representative images and

quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in Candesartan-treated vs. control cells transfected with siRab9 under ox-LDL

treatment. Scale bar = 10µm. (n = 3 per group). (F) Representative images and quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in

Candesartan-treated vs. control cells transfected with siAtg7 under ox-LDL treatment. Scale bar = 10µm. *P < 0.05 when compared with control vehicle-treated

cells transfected with siAtg7 under ox-LDL treatment (n = 3 per group). All data are presented as the mean ± SEM. Statistical analysis were conducted by Wilcoxon

rank sum test (B,C,E,F) and Student’s t-test (A).

FIGURE 6 | Rab9-dependent mitochondrial autophagy was not affected by ERK inhibition but was affected by MEK inhibition. (A) Representative images and

quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in SCH772984-treated vs. control vehicle-treated cells with ox-LDL. Scale bar =

10µm. (n = 3 per group). (B) Representative images and quantitative analysis of TOMM20 (green) and LAMP2 (red) immunohistochemistry in PD184352-treated vs.

control vehicle-treated cells with ox-LDL. Scale bar = 10µm. *P < 0.05 when compared with ox-LDL with the control (n = 3 per group). (C) Representative images

and quantitative analysis of LAMP2 (green) and Rab9 (red) immunohistochemistry in PD184352-treated vs. control cells with ox-LDL. Scale bar = 10µm. *P < 0.05

when compared with ox-LDL with the control (n = 3 per group). All data are presented as the mean ± SEM. Statistical analysis were conducted by Wilcoxon rank sum

test (A-C).

mitochondrial dynamics factors were not significantly different
between the two groups (Figure 8B). H2O2 production was
lower and ATP production was higher in ApoE KO mice
administered candesartan (Figures 8C,D). The ratio of arterial
fibrosis and the senescence area were also lower in ApoE
KO mice administered with candesartan when compared with

the control (Figures 8E,F). Immunoblot analysis showed that
the expression of p53 and p21 was lower in ApoE KO mice
treated with candesartan (Figure 8G). To examinemitochondrial
autophagy induced by AT1R inhibition, we performed EM and
immunohistochemistry. The number of autophagy-engulfing
mitochondria was higher in ApoE KO mice administered with
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TABLE 1 | Body weight, heart rate, and blood pressure of the C57BL/6 and ApoE

KO mice.

C57BL/6

(n = 18)

ApoE KO

(n = 15)

P-value

BW (g) 32.8 ± 0.7 32.1 ± 0.5 N.S.

HR (bpm) 705 ± 11 668 ± 13 N.S.

BP (mmHg) 107 ± 4/63 ± 3 116 ± 5/71 ± 4 N.S.

All values are presented as the mean and SD. BW, body weight; HR, heart rate; BP,

blood pressure.

candesartan when compared to the control (Figure 8H). The
colocalization of LAMP2 with Rab9 or TOMM20 was also higher
in ApoE KO mice treated with the ARB when compared with
the control (Figures 8I,J). Taken together, AT1R inhibition was
found to contribute to improved mitochondrial quality control
through the suppression of excessive mitochondrial fission and
the induction of Rab9-dependent mitochondrial autophagy,
causing anti-arterial senescence in ApoE KO mice.

DISCUSSION

Our findings indicate that AT1R inhibition attenuates excessive
mitochondrial fission that is induced by ox-LDL and thus
augments mitochondrial autophagy, which is crucial for
maintaining mitochondrial quality control and the effect
of anti-senescence. In human VSMCs exposed to ox-LDL,
AT1R inhibition suppresses Drp1 activation through the
CRAF/MEK/ERK pathway, which is downstream of the AT1R
signal, and did not induce conventional Atg7/LC3-dependent
autophagy but Rab9-dependent alternative autophagy. The
administration of candesartan to ApoE KO mice retarded
excessive mitochondrial fission and induced Rab9-dependent
alternative autophagy, resulting in anti-vascular senescence.

Regardless of mitochondrial dynamics, there were some
reports of mitochondrial fission induced by ox-LDL or a high-
fat diet in various cells or animals. Treatment with ox-LDL
induces excessive mitochondrial fission in rat annulus fibrosus
cells (24) and the hearts of high-fat-fed C57BL/6 mice showed
mitochondrial fission (17). As shown in Figure 4, ox-LDL
activated CRAF, MEK, and ERK. Either inhibition of CRAF,
MEK, or ERK inactivated the phosphorylation of Drp1 at
serine 616 induced by ox-LDL. Furthermore, AT1R inhibition
suppressed the activation of CRAF, MEK, ERK, and Drp1
induced by ox-LDL. These results revealed that ox-LDL activated
Drp1 through AT1R and CRAF/MEK/ERK pathway. It has
been reported that Drp1 may be involved in this cascade in
various cells. Ang II activates Drp1 through MEK/ERK signaling
by interacting with protein kinase Cδ in rat VSMCs (25).
Another study has reported that the high-mobility group box-
1 activated phosphorylation of Drp1 at serine 616 through
ERK in rat pulmonary artery SMCs (26). Ox-LDL was also
reported to activate RAF/MEK/ERK, one of the most well-
defined pathways in cancer biology, in rat VSMCs (27, 28). The
signals indicated by these reports are consistent with the cascade

of Drp1 activation in human VSMCs. As mentioned previously,
ox-LDL upregulated ERK through receptor association with
LOX-1 and AT1R (9). However, it had not been previously
reported that AT1R and its downstream signal are involved
in ox-LDL-induced mitochondrial fission, as we revealed in
this investigation. Furthermore, there are no previous reports
indicating that the association of LOX-1 and AT1R plays a role
in regulating mitochondrial dynamics.

Many researchers have reported that mitochondrial fission
adversely affects atherosclerosis, various cell types, and
diseases. Drp1 inhibition attenuates VSMC proliferation
and reduces ROS production (25). Anoxia reoxygenation
activated phosphorylation of Drp1 at serine 616, which
facilitated cardiomyocyte death in HL-1 cells, but was attenuated
by the inhibition of cyclin dependent kinase 1 and protein
kinase Cδ (29). HIF-1α activation in human pulmonary artery
SMCs leads to mitochondrial fission by cyclin B1/CDK1-
dependent phosphorylation of Drp1 at serine 616, resulting
in pulmonary artery remodeling (30). Conversely, there are
some reports that suppressing mitochondrial fission improves
mitochondrial conditions. Prior to the administration of mdivi-1
to an ischemia reperfusion murine model, it had inhibited
mitochondrial fission, which prevented the opening of the
mitochondrial permeability transition pore and decreased
infarct size (31). However, excessive suppression of fission
has been reported as an adverse effect. Cardiomyocyte-
specific ablation of Drp1 mice resulted in the accumulation of
damaged mitochondria and left ventricular dysfunction, and
finally death within 13 weeks. Under ischemia reperfusion
conditions, mice treated with a high dose of mdivi-1 showed
a greater degree of myocardial damage than the control mice
(32). This is because excessive inhibition of mitochondrial
fission suppresses mitochondrial autophagy, leading to the
accumulation of damaged mitochondria. Indeed, we also found
that ox-LDL treated with a high concentration of mdivi-1
increased p53 expression when compared to that in the control
(data not shown). Given these results, it may be important
to maintain an optimal balance between mitochondrial
fission and fusion.

There have been some reports on the relationship between
RAS signaling and autophagy in various cells and animals.
However, all these studies have shown that Ang II induced
conventional autophagy and its inhibition by AT1R inhibition
provided beneficial protective effects on the cardiovascular
system. In addition, there have been no reports examining the
relationship between RAS signaling and alternative autophagy.
Ang II increased LC3-II expression in rat VSMCs, resulting
in decreased apoptosis (33). Another study revealed that Ang
II induced LC3-depenent autophagy through AT1R/RhoA/Rho
kinase, leading to hypertrophy, and ARB reduced autophagy
(34). In human umbilical vein endothelial cells, Ang II induces
Atg5-dependent autophagy via AT1R and decreases nitric oxide
production, leading to dysfunction of human umbilical vein
endothelial cells (35). For mitochondrial autophagy, one study
reported that the renovascular hypertension model for domestic
pigs improved left ventricular hypertrophy by reducing the
myocardial LC3-II/LC3-I ratio and colocalization of Parkin
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FIGURE 7 | Drp1 inhibition improved the imbalance of excessive mitochondrial fission and vascular senescence in ApoE KO mice. (A) Electron microscopic images

and quantitative analysis of mitochondria and average mitochondrial areas in C57BL/6 and ApoE KO mice. Scale bar = 1µm. *P < 0.05 vs. C57BL/6 (n = 4 per
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FIGURE 7 | group). (B) Immunoblots and quantitative analysis for Drp1, p-Drp1 (Ser616), p-Drp1 (Ser637), Mfn1, Mfn2, Opa1, and α-tublin in C57BL/6 and ApoE KO

mice. *P < 0.05 vs. C57BL/6 (n = 4 per group). (C) Relative mitochondrial ATP production in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (C57BL/6; n = 7,

ApoE KO mice; n = 5). (D) Relative mitochondrial H2O2 production in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (n = 4 per group). (E) Representative

images and quantitative analysis of Masson’s trichrome staining in C57BL/6 and ApoE KO mice. Scale bar = 100µm. *P < 0.05 vs. C57BL/6 (n = 4 per group). (F)

Representative images and quantitative analysis of SA-β gal staining of arteries in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (n = 3 per group). (G)

Immunoblots and quantitative analysis for p53, p21, and α-tublin in C57BL/6 and ApoE KO mice. *P < 0.05 vs. C57BL/6 (n = 4 per group). (H) Electron microscopic

images and quantitative analysis of mitochondria and average mitochondrial areas in ApoE KO mice treated with mdivi-1 or the control. Scale bar = 1µm. *P < 0.05

vs. ApoE KO mice with the control (n = 3 per group). (I) Immunoblots and quantitative analysis for Mfn1, Mfn2, Opa1, and α-tublin in ApoE KO mice treated with

mdivi-1 or the control, (n = 3 per group). (J) Representative images and quantitative analysis of Masson’s trichrome staining in ApoE KO mice treated with mdivi-1 or

the control. Scale bar = 100µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (K) Representative images and quantitative analysis of SA-β gal

staining of the arteries in ApoE KO mice treated with mdivi-1 or the control. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). All data are presented as

the mean ± SEM. Statistical analysis were conducted by Wilcoxon rank sum test (A,B,D-K) and Student’s t-test (C).

TABLE 2 | Body weight, food intake, heart rate, and blood pressure of ApoE KO

mice administered with mdivi-1 or the control vehicle.

ApoE KO +

control vehicle

(n = 7)

ApoE KO +

mdivi-1

(n = 7)

P-value

BW (g) 31.9 ± 1.3 31.4 ± 2.5 N.S.

FI (g/day) 3.7 ± 0.3 3.7 ± 0.4 N.S.

HR (bpm) 692 ± 35 657 ± 72 N.S.

BP (mmHg) 113 ± 18/76 ±

9

118 ± 16/72 ±

22

N.S.

All values are presented as the mean and SD. BW, body weight; FI, food intake; HR, heart

rate; BP, blood pressure.

and Tomm20, suggesting that ARB suppressed LC3-dependent
mitochondrial autophagy (36).

There are two forms of autophagy, as mentioned above:
LC3-dependent autophagy and Rab9-dependent autophagy (21,
23, 37). Since we have recently demonstrated that Rab9-
dependent alternative autophagy causes estrogen-mediated
mitochondrial autophagy through the SIRT1/LKB1/AMPK/Ulk1
pathway (21), we examined which type of autophagy AT1R-
induced mitochondrial autophagy contributes to. As shown in
Figure 5, the colocalization of LAMP2-Rab9 signals and the
number of autophagosome-engulfed mitochondria in VSMCs
was increased by AT1R inhibition treated with ox-LDL.
It is noteworthy that this phenotype was affected by the
knockdown of Rab9 and was not diminished after the
silencing of Atg7, which is essential for inducing LC3-
dependent conventional autophagy, suggesting that AT1R
inhibition in VSMCs exposed to ox-LDL induces Atg7-
independent and Rab9-dependent alternative autophagy. One
study reported that ox-LDL treatment increased with the
colocalization of LC3-TOMM20 and this colocalization was
decreased by 3-methyladenine treatment, an inhibitor of
conventional autophagy, suggesting that ox-LDL induced LC3-
dependent mitochondrial autophagy. However, ox-LDL reduces
mitochondrial function and generates ROS. This is because
mitochondria impaired by ox-LDL cannot be eliminated by
ox-LDL-mediated physiological mitochondrial autophagy (38).
Since AT1R inhibition attenuated mitochondrial dysfunction
and ROS production, AT1R inhibition regulated mitochondrial
autophagy derived from Rab9-dependent alternative autophagy
is crucial to sustain mitochondrial quality control in VSMCs.

TABLE 3 | Body weight, food intake, heart rate, and blood pressure of ApoE KO

mice administered with Candesartan or the control vehicle.

ApoE KO +

control vehicle

(n = 13)

ApoE KO +

Candesartan

(n = 14)

P-value

BW (g) 29.3 ± 1.7 28.7 ± 2.5 N.S.

FI (g/day) 3.9 ± 0.2 4.0 ± 0.3 N.S.

HR (bpm) 680 ± 41 707 ± 15 N.S.

BP (mmHg) 117 ± 17/77 ±

13

113 ± 13/74 ±

17

N.S.

All values are presented as the mean and SD. BW, body weight; FI, food intake; HR, heart

rate; BP, blood pressure.

Although it is generally believed that mitochondrial
autophagy requires fission, we revealed that AT1R inhibition
simultaneously induces mitochondrial fusion and mitochondrial
autophagy. This is because AT1R inhibition did not
physiologically suppressmitochondrial fission in our experiment.
Indeed, as assessed by EM and Mitotracker, AT1R inhibition
did not force the proportion of the cells to have excessive
mitochondrial fusion, but decreased the number of cells with
excessive mitochondrial fission induced by ox-LDL. Moreover, it
has been reported that the amount of mitochondrial autophagy
decreases with hepatocyte-specific deletion in Drp1 mice,
whereas mitochondrial autophagy occurs in Drp1-Opa1 double
knockout mice, indicating that fission is not necessarily required
for the induction of mitochondrial autophagy (39). A previous
study reported that either statin or ARB had a mild inhibitory
effect on LOX-1 expression, and the combination of statin
and ARB inhibited LOX-1 completely in the arteries of ApoE
KO mice fed a high fat diet (10). Given this report and our
findings, AT1R inhibition using ARB is the potential key
therapy and combined use of statin with ARB could facilitate
to improve residual risk from lipid-lowering therapies through
mitochondrial quality control in CVD patients.

Here, we have revealed for the first time that AT1R inhibition
attenuates cellular senescence by regulating mitochondrial
dynamics and inducing Rab9-dependent alternative autophagy
through the CRAF/MEK/ERK axis in terms of mitochondrial
quality control in human VSMCs (Figure 9). We hope that these
findings will help to retard vascular senescence and contribute to
the development of a method by which to reduce residual risk
of CVD.
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FIGURE 8 | AT1R inhibition improved the imbalance of excessive mitochondrial fission and induced Rab9-dependent mitochondrial autophagy, leading to

anti-vascular senescence. (A) Electron microscopic images and quantitative analysis of mitochondria and average mitochondrial areas in ApoE KO mice treated with

(Continued)
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FIGURE 8 | Candesartan or the control. Scale bar = 1µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (B) Immunoblots and quantitative analysis

for Drp1, p-Drp1 (Ser616), p-Drp1 (Ser637), Mfn1, Mfn2, Opa1, and α-tublin in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO mice

with vehicle (n = 3 per group). (C) Relative mitochondrial H2O2 production in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO mice

with the control (n = 3 per group). (D) Relative mitochondrial ATP production in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO mice

with the control (ApoE KO mice with Candesartan; n = 5, ApoE KO mice with the control; n = 3). (E) Representative images and quantitative analysis of Masson’s

trichrome staining in ApoE KO mice treated with Candesartan or the control. Scale bar = 100µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (F)

Representative images and quantitative analysis of SA-β gal staining of arteries in ApoE KO mice treated with Candesartan or the control. *P < 0.05 vs. ApoE KO

mice with the control vehicle (ApoE KO mice with Candesartan; n = 3, ApoE KO mice with the control; n = 4). (G) Immunoblots and quantitative analysis for p53, p21,

and β-actin in ApoE KO mice with Candesartan or the control. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (H) Electron microscopic images of

mitochondrial autophagy in ApoE KO mice treated with Candesartan or the control. Scale bar = 1µm. **P < 0.01 vs. ApoE KO mice with the control (n = 14 per

group). (I) Representative images of TOMM20 (green) and LAMP2 (red) immunohistochemistry in ApoE KO mice treated with Candesartan or the control. Scale bar =

10µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per group). (J) Representative images and quantitative analysis of LAMP2 (green) and Rab9 (red)

immunohistochemistry in the ApoE KO mice treated with Candesartan or the control. Scale bar = 10µm. *P < 0.05 vs. ApoE KO mice with the control (n = 3 per

group). All Data are presented as the mean ± SEM. Statistical analysis were conducted by Wilcoxon rank sum test (A-G,I,J) and Student’s t-test (H).

FIGURE 9 | The mechanism for the AT1R inhibition of anti-senescence through mitochondrial quality control. ox-LDL induced mitochondrial fission through the

association of LOX-1 and AT1R and the CRAF/MEK/ERK pathway, resulting in mitochondrial dysfunction and senescence. AT1R inhibition attenuated senescence by

suppression of this cascade and induced Rab9-dependent alternative autophagy through the CRAF/MEK axis and aspects of the mitochondrial quality control

process in human VSMCs.

Limitations
Despite the promising nature of our results, there were
some acknowledged limitations in this study. First, we did
not conduct in vivo experiments for arterial-specific loss

of function of Rab9 or Drp1 conditional knockout mice.
Second, we did not determine the precise mechanisms of
mitochondrial autophagy induced by AT1R inhibition. In
particular, in the future we should aim to determine how
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Rab9-dependent alternative autophagy recognizes impaired
mitochondria in a PINK1-Parkin pathway-independent manner.
Further studies are thus required to confirm the role of
mitochondrial autophagy.
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IHD is a significant cause of mortality and morbidity worldwide. In the acute phase,

it’s demonstrated as myocardial infarction and ischemia-reperfusion injury, while in

the chronic stage, the ischemic heart is mainly characterised by adverse myocardial

remodelling. Although interventions such as thrombolysis and percutaneous coronary

intervention could reduce the death risk of these patients, the underlying cellular and

molecular mechanisms need more exploration. Mitochondria are crucial to maintain the

physiological function of the heart. During IHD, mitochondrial dysfunction results in the

pathogenesis of ischemic heart disease. Ischemia drives mitochondrial damage not only

due to energy deprivation, but also to other aspects such as mitochondrial dynamics,

mitochondria-related inflammation, etc. Given the critical roles of mitochondrial quality

control in the pathological process of ischemic heart disease, in this review, we will

summarise the efforts in targeting mitochondria (such as mitophagy, mtROS, and

mitochondria-related inflammation) on IHD. In addition, we will briefly revisit the emerging

therapeutic targets in this field.

Keywords: mitochondria, myocardial infarction, metabolism, remodelling, inflammation

INTRODUCTION

AMI is myocardial necrosis due to acute obstruction of a coronary artery or induced hypoperfusion
of myocardial tissue, which is attributed to millions of deaths worldwide every year. The longer
duration of ischemia usually leads to much more severe myocardial damage. Therefore, timely
reestablishment of blood flow is the critical factor for rescuing the ischemic tissue. However,
another form of strike, called IRI is also responsible for local damage (1, 2) (Figure 1). According
to previous evidence, IRI describes tissue ischemia with inadequate oxygen supply after successful
reperfusion of the culprit artery. Currently, there are no efficient strategies to prevent the damage
caused by IRI (3). Thus, more explorations of the underlying molecular mechanisms are urgent to
foster the identification of novel agents to improve outcomes following MI or IRI.

Adverse myocardial remodelling is a significant feature of acute myocardial infarction,
characterised by various gradual changes of left ventricular morphology, such as infarcted zone

72
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FIGURE 1 | Procedures from myocardial infarction to post-infarction

remodelling. Myocardial infarction and reperfusion attributed mitochondria

damage, mitochondria function, and structure disorders are involved in various

pathophysiological processes, such as cardiac fibrosis, compensated

hypertrophy, and final heart failure.

expansion and chamber dilatation. HF is the end stage of
myocardial remodelling after AMI. It’s diagnosed in ∼13% of
patients at 30 days and 20–30% at 1 year after discharge for MI
(4, 5) (Figure 1). In addition, accumulated evidence indicated
that myocardial inflammation and myocardial fibroblasts play
critical roles in the process of cardiac repairment after AMI,
but excessive inflammation and fibrosis also lead to cardiac
remodelling (6, 7). Cardiac fibrosis has been an independent
risk factor in HF, which attributed HF patients to sudden
cardiac death and increased overall mortality independently of
the ejection fraction (8). Although various studies focus on the
underlying mechanisms of this pathological process, there are
still many unsolved problems in this field, and there are no
effective strategies to reverse this process.

Mitochondria is the energy house of cardiomyocytes,
generating ATP to maintain normal heart contractile
function (9). Mitochondria metabolic dysfunction is a key
characteristic of ischemic heart disease. In addition, with
more studies focusing on mitochondria, it’s reported that
mitochondria is not only an energy organelle, but also closely
connected with apoptosis (10), ROS generation (11–13),
lipid metabolism (14–16), and inflammation (17). All these
mechanisms contribute to acute phase and post-infarction
remodelling (18). In this review, we discuss the roles of
mitochondria in the pathological of ischemic heart disease and
the potential in translating mito-protective strategies into the
clinical setting.

MITOCHONDRIAL REMODELLING IN
ISCHEMIC HEART DISEASE

Mitochondrial remodelling in ischemic heart disease includes
structural and metabolic changes, both of which are identified
to play key roles through each stage of the pathogenesis of
ischemic heart disease. In cardiomyocytes, mitochondria are
highly dynamic organelles, in response to environmental or

metabolic changes, they underwent continuous fission, fusion
and cristae remodelling (Figure 2). Fusion is an essential
dynamic process to maintain the equilibration of matrix
metabolites, intact mtDNA, and even membrane components
(19–21). In reverse, mitochondrial fission exerts the function
to segregate dysfunctional mitochondria to clean damaged
proteins and mtDNA (19, 22). These mitochondrial activities
are strictly regulated by a group of GTPases related to the
dynamin family (23). Through the control of these proteins,
mitochondria can maintain a dynamic fission-fusion balance to
exert physiological functions. The structural disequilibrium
is closely related to acute and chronic heart diseases,
involving various molecular mechanisms (discussed in the
following parts).

The double-membrane mitochondria mediate OXPHOS,
coupling the substrate oxidation to ATP generation, which is
also known as the electron transport chain, ETC (24, 25).
Mitochondrial energy remodelling is a key characteristic of
myocardial ischemia. In the early ischemia stage, FAO, the
main metabolic way of heart, increases slightly and provides
60–90% of cardiac ATP production. In addition, the rapid
depletion of oxygen switches mitochondria metabolism to
glycolysis (26), resulting in pyruvate and lactate accumulation,
followed by intracellular acidification. After reperfusion, the
restoration of oxygen may initiate the burst of ROS, resulting
in severe intracellular damage. ROS, combined with calcium
overload, will trigger the opening of the mPTP. Despite various
researches on this topic, the exact molecular composition
of mPTP is still controversial (Figure 3). Previous evidence
indicated that mPTP includes ANT, VDAC, CyPD and PiC
(27, 28), but genetic ablation of these proteins revealed that
they are the regulators but not the pore of mPT (29, 30).
Mitochondrial F1F0 ATP synthase is known to form dimers
in the inner mitochondrial membrane (31, 32). Some studies
indicated that the ablation of the main membrane-embedded
component of ATP synthase, c-subunit, resulted in no change
of the sensitivity of mPT (33, 34), however, other evidence
found that c-subunit knockout lead to attenuate mPT (35,
36). Previous studies found that mitochondrial F1F0 ATP
synthase dimers were essential to form the inner mitochondrial
membrane channel, maintaining their physical function (37,
38). However, Nelli et al. found that ATP synthase monomer
is sufficient, and dimer formation is not required, for mPTP
activity (39). Anyway, despite the controversial components
of mPTP, current evidence indicated that mPTP opening
could lead to the depolarization of mitochondrial membrane
potential followed by cell death. Upon heart failure, FAO and
mitochondrial OXPHOS decrease, resulting in cardiac ATP
behind the requirement. Although the slight increase of glucose
uptake and glycolysis could exert a compensatory response,
this upregulation is insufficient to restore ATP production
(40–42). Accumulating evidence suggest that mitochondrial
respiration disturbance is a potential contributory factor to
ischemic heart disease due to its generation of ROS (43).
Mitochondrial remodelling participates in many regulating
processes in ischemic heart disease, which will be discussed in
the following parts.
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FIGURE 2 | Mechanisms of mitochondria dynamics and mitophagy. Mitochondria are highly dynamic organelles undergoing coordinated cycles of fission and fusion.

A series of GTPase-related proteins are involved in the dynamic process. Drp1 is the main regulator of mitochondrial fission, and Mfn1/2, combined with OPA1

regulate the fusion process. After mitochondrial fission, the mitochondrial fragments could be cleared out via PINK/Parkin-mediated mitophagy pathway.

FIGURE 3 | Structure of mPTP. mPTP is a non-specific and -selective channel composed of multiple proteins, which is voltage-dependent and spans cytoplasm,

OMM, IMM, and mitochondrial matrix. F1F0 (F)-ATP synthase is the main component of the pore and that the regulatory molecule CypD is a protein modulator

of the mPTP.

MITOCHONDRIA MITOPHAGY IN
ISCHEMIC HEART DISEASE

Mitophagy is a specific subtype of autophagy, which is
also an important mitochondria quality control system to
maintain mitochondrial homeostasis (44, 45). The mechanisms

of mitophagy induced by mitochondrial stress are complicated
(Figure 2). Mitophagy impairment causes the accumulation of
defective organelles, leading to cell and tissue damage. Previous
studies focused on autophagosome-mediated mitophagy via
LC3 adapters. Recently, many studies have investigated a
PINK/Parkin pathway involved in mitophagy. PINK and Parkin
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were first reported as genetic factors of Parkinson’s disease (46).
PINK is a mitochondrial serine/threonine-protein kinase and
Parkin is a cytosolic E3-ubiquitin ligase (47, 48). Under physical
conditions, PINK is transported to the inner mitochondrial
membrane and cleaved by MPP. The auto-phosphorylation of
PINK recruited Parkin translocation to themitochondrial surface
(49, 50). Pathological stresses cause mitochondrial membrane
depolarization and reduce the cleavage of PINK. Accumulated
PINK could be self-phosphorylated and activated, recruiting
Parkin to damaged mitochondria and triggering its E3 ligase
activity (51, 52). PINK could also phosphorylate ubiquitin
(Ub), forming poly-Ub chains on dysfunctional mitochondria.
Parkin would be activated by PINK after binding with
phospho-Ub, amplifying mitophagy signals (53). Parkin could
polyubiquitinate its substrates, such as VDAC1 and Mfn1/2,
leading to their degradation by the proteasomes (54, 55), followed
by mitochondria fission and mitophagy (Figure 2). PINK-Parkin
pathway also interferes with other mitochondrial quality control
mechanisms, mitochondrial fusion, and fission play an essential
role in mitophagy, mediating by dynamics-related proteins (the
fission and fusion proteins) (56). Mitochondrial fission results in
small fragmented mitochondria while fusion forms the elongated
interconnected network. Mitochondria are divided into polarised
and depolarised daughter mitochondria. Mitochondrial fission
is usually considered as the prerequisite for the occurrence
of mitophagy. Drp1 knockout disrupts mitochondria fission,
promotes elongated mitochondria, and inhibits mitophagy,
which aggravates cardiac dysfunction during IR injury (57).
Fission inhibition resulted in the progression of cardiac injury
due to impaired mitophagy, in addition, overexpression of Drp1
could promote mitophagy-mediated cell death (58, 59). Song
et al. reported that Drp1 ablation interrupts mitochondrial fission
and increases the activation of Parkin-mediated mitophagy,
and Parkin deletion in Drp1-knockout mice rescues heart
function and alleviates cardiac remodelling (60). NR4A1 could
aggravate IR injury via increasing mitochondrial fission through
Drp1 translocation and mitophagy suppression, NR4A1 ablation
could protect against pathological fission and mitochondrial
dysfunction. Novel therapeutic targeting the balance among
NR4A1, fission, and mitophagy may improve cardiac function
following IR injury (61).

In addition to increased mitochondrial fission during
I/R injury, the decreased mitochondrial fusion promoted
mitochondrial fragmentation, resulting in cardiac cell death
and dysfunction. Mitochondrial fusion, mediated by mitofusin
1/2 and OPA1, could prevent damaged mitochondria from
fusing with healthy ones. The dynamin-related protein OPA1,
located on the inner mitochondrial membrane, protects against
apoptosis by preventing the release of cytochrome c from the
mitochondria (62). Chen et al. found that OPA1 decreased
in samples from human hearts with ischemic cardiomyopathy
(63). Increased ROS reduced the expression of OPA1 and
aggravated cardiomyocytes apoptosis in response to I/R injury
(64). OPA1 overexpression protected cardiomyocytes against
hypoxia-induced damage and enhanced cell viability by inducing
mitophagy (65), andmelatonin could attenuate IRI via improving
mitophagy and activating the AMPK-OPA1 signalling pathway

(66). Additionally, Lichun et al. (67) found that increased
expression of MCU induced calpain activation, down-regulating
OPA1 and leading to myocardial IRI.

Current evidence indicated that impaired mitophagy
participated in cardiac IRI. PTENα deficiency could disrupt
mitophagy and lead to the accumulation of damaged
mitochondria, followed by the higher risk of IR injury
(68). WDR26 is a scaffolding protein that was found to
increase after cardiac ischemia. Increasing the expression
of WDR26 could increase mitochondria potential, thereby
inhibit cardiomyocyte apoptosis via promoting Parkin-mediated
mitophagy (69). Many agents such as antioxidants from
grapes were reported to exert protection against IR injury by
promoting the PINK/Parkin pathway (70, 71). Zinc ion also
demonstrated cardiac protection from IR injury via promoting
PINK-dependent mitophagy through the MAPK/ERK pathway,
the activation of PINK/Parkin-dependent mitophagy could
significantly decrease mitochondrial superoxide generation
and oxidative stress (72). Cardiac Drp1 heterozygous knockout
mice suffer disturbed mitophagy and are more susceptible to
IR injury (57). FUNDC1 is a mitophagy receptor after hypoxia
(73), exerting a protective property in cardiac IR injury. A
decrease of FUNDC1 could increase ROS levels and promote
apoptosis, leading to an increase in cardiac IR injury via
MAPK/ERK-CREB pathway. Restoration of FUNDC1 levels
could reduce myocardial infarct size (74). In addition, platelet
activation and thrombosis formation is the key step in cardiac
ischemia (75). Platelet-specific FUNDC1 ablation induces
worse cardiac damage via mitophagy interruption and platelet
activation (76, 77).

In addition to Parkin, there are several other ubiquitin E3
ligases, such as SMURF1, SIAH1, Gp78 also involve inmitophagy
regulation (78, 79). All these factors could generate ubiquitin
chains after being located on the mitochondrial surface, followed
by the recruitment of autophagy adaptors such as optineurin,
nuclear dot protein 52, and p62. These adaptors interact
directly with LC3, anchoring Ub-tagged mitochondria into
autophagosomes. PINK1 ubiquitin kinase mediates optineurin,
nuclear dot protein 52 recruitment on damaged mitochondria,
stimulating mitophagy. The serine/threonine-protein kinase
TBK1 modulates the phosphorylation status of the adaptors,
followed by their increasing binding affinity to Ub chains,
and promoting mitochondrial removal (80–82). Choong
et al. (83) reported that damaged mitochondria could release
into extracellular space in free naked form or in membrane-
surrounded vesicles. Mitochondrial stress may enhance this
extracellular release process. Extracellular mitochondrial
release acts as an alternative pathway to PRKN-dependent
and independent mitophagy to help with the clearance of
damaged mitochondria.

Macrophages are the most heterogeneous immune cell
population, which could be activated by a variety of cytokines.
A recent work examining macrophage transcriptome in the mice
heart post- MI showed a robust reprogramming of mitochondrial
genes, suggesting that mitochondrial function may lie at the
heart of macrophage function and cardiac remodelling. Another
primary function of macrophages is to eliminate unwanted
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material through phagocytosis (84). Nicolás-Ávila et al. (85)
identified a non-canonical route of elimination of abnormal
mitochondria from cardiomyocytes in vesiculated structures
(exophers). The exophers is then taken up and processed by
macrophages surround cardiomyocytes through the phagocytic
receptor Mertk. In cardiac stress such as AMI and hypertrophy,
failure to eliminate mitochondria-laden exophers results in
activation of the inflammasome and autophagy arrest, ultimately
compromising mitochondrial fitness.

Cardiac remodelling is also a canonical pathological process
after myocardial infarction, characterised with a large number
of cardiomyocytes undergoing cell death. To maintain normal
cardiac output, surviving cardiomyocytes will increase in cellular
size, mass, and volume. In addition to cardiomyocytes, cardiac
fibroblasts are also activated to secret components of the
ECM, which promotes the differentiation to myofibroblasts and
exert increased migratory, proliferative and secretory properties
(86). BNIP3 is an apoptosis-inducing protein, Diwan et al.
(87) and Dorn et al. (88) reported that BNIP3 ablation in
unstressed mice reveals no essential function, but BNIP3
specific knockout mice suffered reduced apoptosis and cardiac
remodelling after myocardial infarction. It is possible that
BNIP3 regulates mitochondrial quality throughmitophagy under
baseline conditions. However, during cardiac injury, BNIP3 may
act as a death promoter. Pingjun and colleagues found that
RIPK3 mediated cardiomyocyte necroptosis via AMPK/Parkin-
mitophagy axis in post-MI heart failure (89). Moshi et al. (90)
found that conditional ablation of Drp1 in mouse embryonic
fibroblasts promoted mPTP-mediated mitophagy. In summary,
mitophagy is indispensable for physiological mitochondrial
function, interruption of which may reduce mitochondrial
dysfunction both in ischemia and post-ischemic reperfusion.

MITOCHONDRIAL ROS IN ISCHEMIC
HEART DISEASE

It’s undoubtful that ROS is a toxic product of aerobic metabolism,
involving in various physiological and pathological processes
(91, 92). Mitochondria is the major cellular source of ROS. On
the one hand, mitochondria consume more than 95% of the
oxygen to generate the energy required to sustain life (93). During
ischemia, oxygen transported to mitochondrial ETC reduced
sharply, after blood restoration bring back oxygen, an electron
back-up primer the soluble ubiquinone component of the ETC
(especially complex I and complex III) to generate oxygen free
radicals. On the other hand, NADPH oxidase was another source
of ROS. NADPH oxidase could not deal with the superfluous
ROS, causing damage to DNA, proteins, lipids or modulate
cellular signalling pathways (Figure 4).

Increased ROS levels could activate various second message
pathways, such as the ERK, P38, protein kinase C, and PI3-
kinase pathways (94–96). Zorov et al. reported that mtROS
could dissipate the mitochondrial membrane potential and lead
to mPTP opening (97). In the following study, Aon et al.
(98) demonstrated that during ischemia-reperfusion injury,
excessive ROS from ETC could activate the inner mitochondrial

FIGURE 4 | Mitochondria oxidative stress in ischemic heart disease.

Mitochondria is the main source of ROS, after oxidative stress, the respiratory

chain could generate ROS, the imbalance level of ROS could attribute to

mtDNA damage, initiate the open of mPTP, leading to cell death.

anion channel, causing the release of ROS into the cytoplasm
and simultaneous dissipation of the membrane potential. As
mentioned above, Nox is another important source of ROS.
Braunersreuther et al. reported that in Nox1/Nox2 knockout
mice, myocardial infarct size was significantly smaller than that
in wild-type mice subjected to IR (30min of ischemia and 24 h of
reperfusion), the underlying pathways include Akt/ERK inNox1-
knockout mice and STAT3/ERK in Nox2-knockout mice (99).
Matsushima et al. (100) aimed to figure out the role of Nox-4 in
mediating IR injury and they found that Nox-4 knockout mice
suffered reduced ROS production and attenuation of the infarct
size after IR via the HIF-1α/PPARα pathway.

In addition to the harmful aspects, redox signalling also
contributes to protective or adaptive responses during IR injury
(101, 102). Many potential signal pathways have been reported in
this process, HIF signalling is one of the most important ones.
During ischemia, cardiomyocyte energy metabolism switches
from FAO to glycolysis, under control of HIF, followed by
the activated expression of several glycolytic genes (103–105).
In addition, it’s reported that oxidative stress following IR
injury is neutralised by the CNC -bZIP transcription factor
Nrf2, which could regulate intracellular redox homeostasis.
With the accumulation of intracellular oxidants, the levels
of Nrf2 increased in the nucleus, binding to ARE in the
upstream regulatory regions of genes encoding detoxification
and antioxidant enzymes, enhancing their transcription. This
has been shown to protect the heart from IR injury (106, 107).
Recently, some studies investigated that MAOs, including MAO-
A and MAO-B, is another source of ROS. Located on the
OMM, MAOs could generate O2 and H2O2 (108). During IR
injury, the increased activity of the MAO-A isoform significantly
deteriorated myocardial injury (109, 110) and promoted the
cardiac remodelling (110).
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Cardiac fibrosis is a significant feature of adverse cardiac
remodelling after myocardial infarction, sustained fibrosis could
result in myocardial stiffness, decrease of heart function, and
increased risk of arrhythmias (111). After myocardial infarction,
cardiac fibroblasts transform to a proinflammatory state,
secreting cytokines and MMPs, later post-MI phase, fibroblasts
transform to anti-inflammatory phenotype and generate ECM
(112). It’s reported that ROS is an important regulator of
MMPs, the increased levels of ROS could increase the activity
of MMPs, decrease tissue inhibitors of MMPs and increase
collagen synthesis (113, 114). In vitro tests indicated that ROS
could decrease collagen synthesis and increase transcriptional
and posttranslational levels of MMPs (115, 116). In vivo, mice
receiving ROS scavengers after MI could preserve left ventricular
function via decreasing the activity of MMPs (117, 118). The
evidence indicated that MMPs are key regulators in the process
that ROS influences cardiac fibrosis. Gpx is an antioxidant
enzyme, which could scavenge H2O2, meanwhile prevent the
formation of other kinds of toxic radicals. Gpx transgenic mice
presented improved heart function via attenuating apoptosis,
fibrosis, and decreasing MMP-9 activation after MI (119). Some
studies also identified the effect of mitochondrial oxidative
stress on remote myocardium after MI. Overexpression of
Prx3, a mitochondrial antioxidant enzyme, could inhibit cardiac
remodelling and failure (120). Cardiolipin inhibition could
prevent adverse cardiac remodelling in the non-infarcted MI
border zone via the restoration of ETC and reduced ROS (121).
In addition, another study demonstrated that increased lipid
peroxidation products could be detected in post-MI heart failure
(122). These studies indicated that mitochondrial oxidative stress
is an important factor regulating ischemic heart disease.

MITOCHONDRIA-RELATED
INFLAMMATION IN ISCHEMIC HEART
DISEASE

Current evidence demonstrated that inflammatory cell
recruitment, together with the activation of innate and
adaptive immune reactions, are the features of MI and IR
injury (123, 124). Inflammation is an important component of
tissue repair. However, recent studies suggested that excessive
inflammation-related processes contributed to poor outcomes.
In a steady-state, leukocytes and macrophages are the most
prevalent subset in adult mouse hearts. After MI, B-, and
T-cells were recruited to myocardium, leading to their increase
of 5–10-folds. Circulating blood monocytes migrate into the
infarcted heart and differentiate into macrophages. Many
signalling pathways have been identified to be involved in
mediating inflammation in acute and chronic myocardial
injury. In this section, we mainly focused on the relationship
between mitochondria and inflammation during cardiac injury
(Figure 5).

The inflammasome is a cytoplasmic multiprotein complex
that contributes to the release of mature cytokines during the
innate immune response. Inflammasome could recognise PAMPs

or host-derived DAMPs, recruiting, and activating the pro-
inflammatory protease caspase-1. NLRP3 inflammasome consists
of NLRP3, ASC, and caspase-1 proteins, which play important
roles in the pathophysiology of MI. Mitochondrial events and
NLRP3 inflammasome activation are tightly bounded. The
NLRP3 inflammasome could induce mitochondrial damage via
mtROS (125), decreased production of mtROS could effectively
inhibit the activation of NLRP3 inflammasome (126). In addition,
the insufficiency of damaged mitochondria clearance due to
disturbed mitophagy flow would strengthen the activation of the
NLRP3 inflammasome. mtDNA is a potential pro-inflammatory
trigger for immune cells and is widely accepted as a member
of DAMPs (127). Kiichi et al. (128) indicated that mtDNA
released into cytoplasm might activate NLRP3 inflammasome,
mitophagy could clear damaged mitochondria, followed by the
inhibition of NLRP3 inflammasome. Depleting the autophagic
proteins LC3B and beclin 1 increased the activation of caspase-
1along with secretion of IL-1 β and IL-18. Calcium homeostasis
is a critical factor for maintaining mitochondrial function.
NLRP3 stimulators (such as ATP) may result in calcium inflow
and lead to mitochondrial damage, followed by an increase
of mtROS and depletion of mitochondrial membrane potential
(129). cGAS/STING is another reported cytosolic mtDNA-
sensing pathway, when mitochondria damage leads to the release
of fragmented mtDNA into the cytosol, cGAS activates STING,
followed by the activation of TBK1, resulting in the translation
of interferon genes (130). The inflammatory process initiated by
mtDNA is a critical mechanism of ischemic heart disease.

Emerging evidence suggests that macrophage function is
closely associated with its mitochondrial metabolism (131,
132). Changes in mitochondrial function have been observed
in activated macrophages. In pro-inflammatory macrophages,
impairment of TCA flux leads to the accumulation of metabolic
intermediates such as succinate and malate (133), overload
of succinate is linked to abnormal ROS production (134).
The generation of αKG from glutaminolysis is important for
alternative M2 activation of macrophages via JMJD3-dependent
epigenetic reprogramming of M2 genes (135). Shuang et al.
(136) reported a new mechanism of macrophage in the
process of myocardial repair after MI, in which efferocytosis
increased the level of cellular fatty acids, the increased fatty
acids fueled mitochondrial respiration and activated an NAD+-
dependent signal transduction cascade, and this process is
positive for wound healing. In 2015, Xu et al. (137) reported
that the NOTCH signalling pathway is involved in mitochondrial
metabolism remodelling, resulting in mtROS generation and
pro-inflammatory gene expressions, such as TNF α and IL-1β.

There are other participants reported to be related to the
mitochondria-related inflammation process. Mst1 is a stress-
activated, pro-apoptotic kinase, Jing et al. (138) reported that the
SRV2 deletion inactivated the Mst1-mROS signalling pathway
in cardiomyocytes, which could regulate the inflammation and
oxidative stress. Another regulator of inflammatory process-
S100a8/a9 caused cell death in the early stage of IR injury via
mitochondrial respiratory dysfunction (139). Mechanistically,
S100a8/a9 downregulated NDUF gene expression which will
inhibit the activity of mitochondrial complex I via Toll-like
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FIGURE 5 | Mitochondria-related inflammation in ischemic heart disease. Many factors in mitochondria could initiate mitochondria-related inflammation, ROS from

mitochondrial respiratory chain could directly activate HIFα and NLRP3, which are vital regulators in inflammation process. In addition, metabolites from mitochondria,

such as succinate, citrate, and itacoriate also cause inflammation. mtROS could lead to mtDNA damage, which trigger the inflammation response via NLRP3,

cGAS/STING, and TLR9 pathways. NAD(H) redox is another initiator of inflammation response via the regulation of oxidation flux, sirtuins function, and one carbon

metabolism.

receptor 4/Erk–mediated Pparg coactivator 1 alpha/nuclear
respiratory factor 1 signalling suppression.

MITOCHONDRIAL PROTEIN
POST-TRANSLATIONAL MODIFICATION IN
ISCHEMIC HEART DISEASE

PTMs are alterations of proteins occurring after the translational
process catalysed by numerous enzymes. Protein PTMs are
important in various physiological and cellular processes, such as
differentiation (140), protein degradation (141), gene expression
(142, 143). PTMs of proteins have been identified to affect
mitochondrial quality control, leading to the exacerbation, or
alleviation of ischemic heart disease (144–146) (Figure 2).

Protein phosphorylation plays a critical regulatory role in
cardiomyocytes via mediating protein activation or deactivation.
Phosphorylation of mitochondrial proteins is vital to maintain
mitochondrial function. Phosphorylation of mitochondrial
complex IV subunit mediated its physical function in myocardial
mitochondria. During IR injury, protein kinase A-dependent
phosphorylation of complex IV increased and resulted in a
decrease of its activity, followed by an increase in ROS production
(147, 148). The STAT3 is a key regulator of mitochondrial
metabolism via the interaction with mitochondrial proteins.
In ischemic conditions, STAT3 phosphorylation improved
mitochondrial function via preserving mitochondrial complex

I, preventing mPTP opening with the result of infarction area
reduction (149–151).

In eukaryotic cells, the UPS is a primary system of
protein degradation. The ubiquitination occurred via ubiquitin-
binding its COOH group with the target protein (152,
153). Ubiquitination has been widely accepted as one of the
major ways of protein degradation to maintain mitochondrial
quality. As we presented previously, PINK/Parkin-mediated
mitophagy is a critical pathway for mitochondrial quality
control. Parkin is an E3 ligase, which can ubiquitinate several
mitochondrial outer membrane proteins via E3 ligase activity
to recruit the p62 protein. CypD ubiquitinated by Parkin could
inhibit mPTP opening, alleviating myocardial injury (154). In
the process of heart remodelling after IR injury, exogenous
ubiquitin supplement could reduce caspase-9 expression in
the mitochondrial death pathway, increasing mitochondrial
production, reducing infarct area, and finally restoring heart
function (155). Wangxing et al. (156) demonstrated that leptin-
overexpressing hMSCs into the infarcted heart could improve
cardiac function. Further mechanical exploration indicated
that leptin restored mitochondrial respiratory function via
enhancing OPA1 expression by inhibiting the activity of OMA1,
a mitochondrial protease. In addition, phosphorylation of GSK3
is a prerequisite for ubiquitination-depended degradation of
OMA1 and attenuation of long-OPA1 cleavage.

SUMO is a member of the large family of ubiquitin-like
proteins. SUMOylation is a classic ubiquitination-like PTMs,
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linking the SUMO protein to the lysine residue of the substrate
protein (157). In heart IR injury, the binding of SUMO with
Drp1 increased to form a complex, increasing the acidification of
the complex could maintain mitochondrial quality and improve
cardiac function (158). Another deSUMOylation-related enzyme,
SENP3 could alleviate IR injury via the inhibition of Drp1
localisation in the mitochondria (159). Acetylation is one of
the major PTMs in cell biology, SIRT3 and SIRT5 are sirtuins
found in mitochondria. Angela et al. reported that SIRT3
could reduce the activity of CypD, inhibiting the opening
of mPTP. Increasing SIRT3 expression in the failing heart
could improve cardiac function (160). Studies showed that
decreased expression of SIRT3 in heart increased susceptibility
to IR injury (161, 162). In addition, SIRT1 was also found to
be involved in cardiac IR injury, study found that increased
expression of SIRT1 could restore left ventricular function
during the construction of myocardial IR models (163). Zhao
et al. invested the role of HDACs inhibition in myocardial IR
injury and found that HDACs inhibition protected the heart
against I/R injury (164). Moreover, SIRT5 (–/–) mouse hearts
are more tendentious to suffer IRI due to the increase of lysine
succinylation followed by the accumulation of mitochondrial
ROS, and mtROS scavenged by SDH inhibition could reverse
this process (165). Accordingly, the exploration of the interaction
of PTMs in ischemic heart disease by modulating mitochondrial
quality control has a bright future to investigate novel
therapeutic targets.

MiRNAs are short non-coding RNA binding to the 3’
UTR sequences and regulating targeted gene expression either
by mRNA degradation or translational repression (166).
Mitochondria contain miRNAs that are termed as mitomiRs
in several species and cell types (167). MitomiRs target
either mitochondrial or nuclear proteincoding mRNAs, thereby
influencing mitochondrial metabolism and dynamics through
regulation of the main mitochondrial pathways, such as
OXPHOS, ETC components, TCA cycle (168). Overexpression
of miRNA-34a in AMI patients’ serum enhances cardiomyocyte
apoptosis by down-regulating mitochondrial anti-apoptotic
protein aldehyde dehydrogenase 2 (169). miRNA-1 could enter
mitochondria and regulate mitochondrial ETC via targeting
proteins in ETC networks, while increased miRNA-1 expression
has been found in the remote myocardium of AMI patients (170).
Mitochondrial miRNA-762 regulates cardiomyocyte apoptosis
via impairing the core subunit of mitochondrial complex I
(171). In addition, lncRNAs are also a heterogeneous class of
transcripts involved in the epigenetic regulation of gene and
genome activity (172, 173). Recent data indicated that lncRNAs
localised to mitochondria, regulating mitochondrial function
(174–176). Circulating levels of mitochondrial lncRNA LIPCAR
were downregulated early after AMI and upregulated during
later stages and were associated with adverse cardiac remodelling
and death (175). In addition to lncRNAs, growing evidence
also reports that circRNAs are involved in the regulation of
the mitochondrial dynamics and cardiomyocyte apoptosis. Kun
et al. (177) found that MFACR regulated mitochondrial fission
and apoptosis in the heart by targeting and downregulation
of miR-652-3p. To sum up, mitochondrial non-coding RNAs

are involved in the pathogenesis of myocardial infarction via
regulating various pathways.

TARGETED THERAPIES

Early reperfusion of occluded coronary arteries is the most
effective strategy of AMI over the past decades. However, there
is no effective therapy for reperfusion injury and alleviation of
cardiac remodellin. Therefore, with a growing understanding of
the molecular mechanisms of ischemia, IR injury, and chronic
remodelling, we may develop more novel therapeutic targets to
protect the heart from IHD and improve clinical outcomes of
these patients. Considering numerous studies in this field, we
only discussed the agents involved in mitochondrial targets in
animal studies or clinical trials.

Over decades, mtROS is one of the most popular targets of
heart protection. A reduced generation or increased scavenge
of mtROS have been reported to increase outcomes. MitoQ is
the first mitochondria-targeted antioxidant, which is bioavailable
orally without toxicity detected. Rat received MitoQ for 2
weeks suffered reduced oxidative stress and resisted heart
ischemia-reperfusion injury (178). SS-31 is a kind of small
artificial peptides with therapeutic potential due to its antioxidant
properties (179–181), in rat tests, SS-31 could attenuate the strike
of ischemia and reperfusion via reducing MI size (180, 182, 183).
SODs are metal-containing antioxidant enzymes, protecting cells
from damage by converting superoxide radicals to H2O2 and
O2. Mito-specific SODmimetics exert protection under oxidative
stress (184). Clinical trials of SS-31 in patients with heart failure
and acute myocardial infarction have been tested, although the
myocardial infarct size did not show an improvement, it showed
acceptable safety and tolerability (185, 186). Cerrato’s group two
analogues of SS-31 (mtCPP-1 and mtgCPP) and reported greater
efficiency and antioxidant capacity than SS-31 (187, 188). In
an animal model of post-infarction heart failure, activation of
ALDH2 with Alda-1 improves the clinical outcomes via the
decrease of reactive aldehydes (189).

mPTP is a mitochondria voltage- and Ca2+-dependent
high-conductance channel. Piot et al. exerted a clinical trial
that included 58 patients who suffered acute ST-elevation
myocardial infarction to receive cyclosporine immediately before
undergoing PCI, it came out that cyclosporine could decrease
the infarct size to some extent (190). Currently, some larger
clinical trials are ongoing to test the effect of mPTP inhibition
on short- and long-term patients’ outcomes. Trehalose is
a small molecule from mushrooms, which could activate
mitophagy. Studies indicated that administration of trehalose
for 4 weeks could reverse cardiac remodelling and fibrosis
in MI model mice (191, 192). Spermidine is another natural
compound that activates autophagy. In the MI rat model, oral
supplementation of spermidine is inversely associated with all-
cause mortality and MI risk via enhancement of mitochondrial
respiration (193). In addition, Jing et al. reported that spermidine
supplement improved MI-induced cardiac dysfunction through
AMPK/mTOR mediated autophagic flux (194). Mdivi-1 is an
inhibitor of mitochondria-related fission protein-Drp1, which is
proved to reduce infarct size, rescue cardiac function in the IRI
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mouse model (195). In addition, mdivi-1 treatment ameliorated
IRI via the inhibition of connexin 43 loss and suppression
of MMP3 (196). UPRmt is critical to maintain mitochondrial
proteostasis under cellular stress, UPRmt induced by oligomycin
or doxycycline has been identified to reduce MI size in mice
models (197). The expression of AMPK increased in failing
heart, metformin is considered as a pharmacological activator
of AMPK, which could reduce cardiac infarct size and improve
heart contractibility in a rat MI model. Artificial compounds
targeting AMPK have been designed, Abbott lab generated an
artificial agent, named A769662, which could reduce infarct size
in rats via specific activating AMPK on β subunit (198, 199).

Although various experimental studies developed effective
cardioprotective strategies, there are few successful clinical
translations. And this has been attributed to different factors:
firstly, there are no effective delivery systems for agents to
carry out their functions. Secondly, animal models are different
from patients with ischemic heart disease, which usually
also suffered from other co-morbidities such as hypertension,
diabetes. Recently, some clinical agents such as DPP-4 and
SGLT2 have been identified to protect cardiomyocytes from
IRI damage via mitochondrial function preservation. GLP-1 is
an incretin hormone with cardioprotective capacities and was
markedly increased in acute myocardial infarction. In physical
conditions, GLP-1 could be degraded by DPP-4, Sebastian
et al. (200) found that DPP-4 inhibitor could maintain the
serum concentration of GLP-1, increasing AMPK activity and
mitochondrial respiratory capacity of non-infarcted tissues.
In addition, GLP-1 agonist, liraglutide could reduce cardiac
infarct size, protected cardiomyocytes from injury and preserved
contractile function via suppressing ROS generation, NADPH
oxidase and proinflammatory signals (201). SGLT-2 inhibitors
are a new generation of anti-diabetic agents, which have been
recommended in cardio-protection (202). Various studies proved

that SGLT-2 inhibitors could ameliorate cardiac remodelling and

increase mitochondrial function (203, 204). Another type of
anti-diabetic agent, metformin is also reported to exert cardio-
protection by restoring mitochondria function and dynamics

in cardiac I/R injury (205). Some natural agents or analogues
such as taurine, fisetin, and humanin also exert cardio-protection
against IRI by reducing mitochondrial dysfunction (206–208).
In summary, despite there is much evidence supporting the
targeting of mitochondria as a therapy strategy in IHD, more
efforts are needed to promote the basic to clinical translation.

CONCLUSIONS

Mitochondrial homeostasis is critical for the maintain of the
mitochondria network. In this review, we summarised the
advances supporting the view that mitochondrial disorder
is a major contributor to cardiac injury, IRI, as well as
chronic remodelling. Mitophagy disorder, increased mtROS,
mitochondria-related inflammation and post-translation
of mitochondrial proteins are considered contributory
factors to mitochondrial dysfunction in ischemic heart
disease. Accordingly, many targeted modulations involved
in mitochondrial quality control provide great chances for the
design of novel therapies. Although there are no drugs with
successful clinical transformation, which are directly targeted
mitochondria-related mechanisms, many regulatory proteins or
peptides and miRNAs possess significant potential.
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GLOSSARY

ALDH2, Aldehyde dehydrogenase 2; ANT, adenosine nucleotide
translocase; AMPK, Adenosine 5′-monophosphate (AMP)-
activated protein kinase; AMI, Acute Myocardial Infarction;
ARE, Antioxidant response elements; ASC, Apoptosis-associated
speck-like protein; α-KG, α-ketoglutarate; ATP, Adenosine
triphosphate; BNIP3, BCL2 Interacting Protein 3; cGAS,
GMP-AMP synthase; circRNA, covalently closed, single-
stranded RNA; CNC, Cap “n” collar; CREB, cAMP-response
element binding protein; CypD, Cyclophilin D; DAMP3,
Danger signalling molecules 3; DPP4, Dipeptidyl peptidase-4;
Drp1, Dynamin-related protein1; ECM, Extracellular matrix;
ETC, electron transport chain; ERK, Extracellular signal-
regulated kinas; FAO, Fatty acid β-oxidation; FUNDC1,
FUN14 Domain Containing 1; GLP1, Glucagon-like peptide
1; Gpx, Glutathione peroxidase; GSK3, Glycogen synthase
kinase-3; GTPase, Guanosine triphosphatases; HDAC, Histone
deacetylases; HF, Heart failure; HIF, Hypoxia-inducible factor;
hMSC, Human mesenchymal stem cells; IHD, Ischemic heart
disease; IL-1β, Interleukin-1β; IRI, Ischemia reperfusion
injury; LC3, Microtubule- associated protein1 light chain
3; lncRNA, Long noncoding RNAs; MAO, Monoamine
oxidases; MAPK, Mitogen - activated protein kinase; MCU,
Mitochondrial Calcium Uniporter; MFACR, Mitochondrial
fission and apoptosis-related circRNA; Mfn1/2, Mitofusin 1/2;
miRNA, MicroRNA; mitomiRs, Mitochondria miRNAs; MMP,

Matrix processing peptidases; MPP, Matrix metalloproteinases;
mPTP, Mitochondrial permeability transition pore; mRNA,
Messenger RNA; Mst1, Mammalian STE20-like protein
kinase 1; mTOR, Mammalian target of rapamycin; NAPDH,
Nicotinamide adenine dinucleotide phosphate; NLRP3,
Nucleotide-binding oligomerization domain-like receptor
family pyrin domain containing 3; Nox, NADPH oxidases;
NR4A1, Nuclear receptor subfamily 4 group A member 1;
OMM, Outer mitochondrial membrane; OPA, Optica atrophy
protein 1; OXPHOS, Oxidative phosphorylation; PAMP,
Pathogen-associated molecular patterns; PCI, Percutaneous
coronary intervention; PINK, PTEN-induced putative kinase
1; PTM, Post-translational modification; RIPK3, Receptor-
interacting protein 3; ROS, Reactive oxygen species; SDH,
Succinate dehydrogenase; SENP3, Sentrin-specific protease
3; SGLT2, Sodium-glucose cotransporter 2; SIRT, Sirtuin;
SIAH1, Siah E3 ubiquitin protein ligase 1; SMURF1, Smad
ubiquitination regulatory factor-1; SOD, Superoxide dismutase;
SRV, Suppressor of ras val-2; STAT3, Signal transducer and
activator of transcription 3; STING, Stimulator of interferon
genes; SUMO, Small ubiquitin-like modifier; TBK1, TANK-
binding kinase 1; TCA, Tricarboxylic acid cycle; TNF-α,
Tumour necrosis factor α; UPRmt, Mitochondrial unfolded
protein response; UPS, Ubiquitin-proteasome system;
UTR, untranslated region; VDAC1, Voltage-dependent
anion-selective channel protein 1; WDR26, WD repeat
domain 26.
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Ketone bodies have been identified as an important, alternative fuel source in heart

failure. In addition, the use of ketone bodies as a fuel source has been suggested to

be a potential ergogenic aid for endurance exercise performance. These findings have

certainly renewed interest in the use of ketogenic diets and exogenous supplementation

in an effort to improve overall health and disease. However, given the prevalence of

ischemic heart disease and myocardial infarctions, these strategies may not be ideal for

individuals with coronary artery disease. Although research studies have clearly defined

changes in fatty acid and glucose metabolism during ischemia and reperfusion, the

role of ketone body metabolism in the ischemic and reperfused myocardium is less

clear. This review will provide an overview of ketone body metabolism, including the

induction of ketosis via physiological or nutritional strategies. In addition, the contribution

of ketone body metabolism in healthy and diseased states, with a particular emphasis

on ischemia-reperfusion (I-R) injury will be discussed.

Keywords: ischemia, reperfusion, hypoxia, beta-hydroxybutyrate, ketosis

INTRODUCTION

Ketone body metabolism has become an important topic in the scientific andmedical communities
over the last several years. The identification of elevated ketone body oxidation in hypertrophied
and failing hearts (1, 2) and the potential of exogenous ketone body supplements to promote
exercise performance (3) have been a critical driver in research. Since ketone bodies are suggested
to be more energy efficient than glucose or fatty acids (4, 5), the utilization of ketone bodies as an
energy sourcemay be advantageous for failingmyocardium or exercising skeletal muscle. Certainly,
the therapeutic and ergogenic potential of nutritional or pharmacological strategies that promote
cardiac and muscular ketone body metabolism are of increased interest.

Ketogenic diets (KD) are high fat, low carbohydrates that were originally developed for the
treatment of epilepsy (6). KDs can also be an effective treatment for inherited metabolic disorders
of glucose metabolism (7). Although KDs appear to be effective strategies for weight loss, at least
in the short-term, their ability to promote exercise performance appears to be limited (8). The use
of exogenous ketone body supplementation has been of increased interest in exercise and sport
performance, but the effectiveness of supplements remains controversial (9, 10). Although the KD
or supplementation strategies appear to be recognized as plausible treatments in models of cardiac
dysfunction and failure (11), there is less discussion regarding the role of ketone body metabolism
in ischemic heart disease.

Research studies have uncovered critical changes in cardiac substrate metabolism under
conditions of stress, especially in pathological hypertrophy (12, 13), heart failure (14, 15), ischemia-
reperfusion (16–18), and obesity/diabetes (19, 20). Although the importance of ketone body
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metabolism to the hypertrophied and failing heart has been
well-discussed, the contribution of ketone body oxidation to the
myocardium following ischemia has received less attention. In
this review, ketone body metabolism in the healthy and diseased
myocardium will be discussed, with a particular focus on the
impact of ketone body metabolism in the functional recovery
from ischemic injury.

METABOLIC PATHWAYS OF KETONE
BODIES

Ketone bodies are 4-carbon molecules that are synthesized
through the process known as ketogenesis and broken down and
utilized within tissues via the ketolysis pathway (also referred to
as ketone body oxidation). Three ketone bodies exist: acetone,
acetoacetate, and beta-hydroxybutyrate (β-OHB). β-OHB is the
ketone body which is in highest concentration in the blood
and is typically measured in many commercially available assay
kits or handheld meters used in the research setting. The liver
is the primary site of ketogenesis (Figure 1), which generates
acetyl-CoA via beta-oxidation of fatty acids. The acetyl-CoA is
ultimately converted into acetoacetone or β-OHB via reactions
that require several enzymes, namely mitochondrial acetyl-CoA
acetyltransferase 1 (Acat1, commonly referred to as thiolase),
3-hydroxy-3-methylglutaryl-CoA synthase (Hmgcs2), HMGC-
CoA lyase (Hmgcl), and mitochondrial beta-hydroxybutyrate
dehydrogenase (Bdh1). Of note, acetoacetone is generated
as a result of the Hmgcl reaction and can be converted
to β-OHB via Bdh1. Once β-OHB enters peripheral tissues
via monocarboxylate transporters, MCT1 (encoded by the
Slc16a1 gene) or MCT2 (encoded by the Slc16a7 gene)
(21), the ketolytic process commences (Figure 1). Acetyl CoA
is produced through rapid oxidation of β-OHB by Bdh1,
succinyl-CoA:3-oxoacid-CoA transferase (Scot, encoded by
the Oxct1 gene), and Acat1, which then is available for
entry into the tricarboxylic acid (TCA) cycle. These ketolytic
enzymes are present in the heart and the reactions are
primarily based on the substrate availability. However, the
Scot reaction is also dependent upon the availability of
succinyl CoA.

Older texts often discussed the presence of ketone bodies as
negative consequences of abnormal metabolic processes (22, 23).
However, since serum ketone bodies are measurable in the fed
and fasted condition of healthy humans and animals, there must
be some metabolic value. In fact, the use of ketone bodies as a
metabolic fuel is suggested to be more energy efficient (4, 5).
However, the total ATP yield per carbon atom for ketone bodies is
slightly above glucose (∼5.4 vs. ∼5.2), while both substrates lag
behind fatty acids (∼6.7) (24, 25). In terms of ATP per oxygen
(i.e., P/O ratio), ketone bodies are slightly lower than glucose
(∼2.50 vs. ∼2.58), with both yielding higher ratios than fatty
acids (∼2.33) (24, 25). Based on these values, ketone bodies
would rank second on both scales in relation to glucose and
fatty acids. However, in isolated perfused heart experiments in
rodents, the presence of ketone bodies in the perfusate increased
cardiac efficiency (26, 27) and ATP production (28). Therefore,

the relationship of ketone bodies to overall cardiac metabolism
may require more intricate examination.

PHYSIOLOGICAL AND NUTRITIONAL
KETOSIS

Ketosis is defined as a physiological condition where serum
ketone body concentrations are elevated acutely. Studies
in humans and rodents commonly report serum ketone
body concentrations in the range of ∼0.1 to 0.5mM, so
ketosis is generally identified as serum concentrations above
0.5mM. Conditions that result in nutrient deprivation or low
glucose availability, such as fasting/starvation and exercise (29,
30), are commonly associated with elevated serum ketone
body concentrations, which is termed “physiological ketosis.”
Diabetics, particularly Type I diabetics, may also exhibit elevated
serum ketone body levels (31, 32). However, when in the 3.8–
25.0mM range and accompanied by low arterial pH values, the
term “ketoacidosis” is used to reflect a potentially dangerous
pathological state (33–35). More recently, the term “nutritional
ketosis” has been used to better identify a state where ketosis was
induced by nutritional or supplementation strategies (36–38).
The use of these specific terms could help differentiate between
the physiological/pathological and/or intentional/unintentional
causes of ketosis.

In our recent study, we explored physiological ketosis in
response to both fasting and endurance exercise (29). Female
mice fasted up to 8 h, demonstrated gradual increases in serum
ketone body concentrations, which peaked at ∼ 0.8mM (29).
Our unpublished data showed that male mice respond similarly,
with peak serum ketone body concentrations of ∼0.7mM. In
response to endurance exercise of up to 2.5 h, serum ketone
body levels rose to ∼1.2mM in female mice (29). Interestingly,
this “exercise-induced ketosis” was blunted in fasted female
mice (29). These values of physiological ketosis related to
fasting or exercise are fairly consistent across the literature
in both humans (39–41) and rodents (30, 42, 43). However,
whether physiological ketosis is consistent between the sexes is
relatively unexplored.

To induce nutritional ketosis, one strategy involves the
consumption of the ketogenic diet (KD), a diet that is typically
low in carbohydrates with high fat and adequate protein. The KD
was originally used as a treatment for individuals with diabetes,
epilepsy, and other neurological conditions approximately 100
years ago (6, 44, 45). This classical KD called for a fat to protein
plus carbohydrate ratio of 4:1 (46), which typically results in a
dietary intake of 80-90% of calories from fat, 10-15% calories
from protein, and < 5% of calories from carbohydrate sources
(5). Although the use of the KD in research has increased
significantly over the last several years, the dietary composition
can deviate quite substantially from the classical KD. In some
human studies, dietary regimens referred to as low-carbohydrate
KD (LCKD) or very low-carbohydrate KDs (VLCKD) are used
with carbohydrates ranges from ∼10% to 45% of total calories
(47–50). Despite the varied ranges of carbohydrate intake, all of
these diets tend to be included in the KD category. Therefore,
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FIGURE 1 | Ketone body pathways in the liver and heart. Ketogenesis occurs primarily in the liver from fatty acids obtained from the blood. Acetyl CoA is formed from

hepatic beta-oxidation and ultimately converted to beta-hydroxybutyrate (β-OHB) via multiple enzymatic reactions. Once β-OHB enters the heart, a series of reactions

(Continued)
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FIGURE 1 | forms Acetyl CoA for entry into Kreb’s Cycle. AcAc, acetoacetate; Acac CoA, acetoacetyl CoA; ACAT1, acetyl-coenzyme A acetyltransferase 1, βOHB,

beta-hydroxybutyrate; BDH1, mitochondrial beta-hydroxybutyrate dehydrogenase; HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; HMGCL, HMGC-CoA

lyase; SCOT, succinyl-CoA:3-oxoacid-CoA transferase. Created with BioRender.com.

careful attention to the details of the dietary composition is
needed to adequately interpret experimental findings.

Although the KD has been successful for weight reduction
in mice (30, 51) and humans (52, 53), the high fat and
low carbohydrate intake may be problematic for long-term
adherence. Moreover, KDs are associated with negative
consequences such as abnormal glucose homeostasis (54–56),
hyperlipidemia (29, 54, 57, 58), and liver steatosis (29, 55).
Therefore, another strategy to induce nutritional ketosis
has been developed, which involves exogenous ingestion of
ketone bodies as a nutritional supplement. These ketone body
supplements are now commercially available and have been
tested in several studies evaluating the potential ergogenic aid
on exercise performance (3, 59–63). However, special attention
must be paid to the exact formulation of these supplements as
they are available in ketone salts (KS) or ketone esters (KE).
Although more readily available and inexpensive, the use of
KS supplements can be problematic, depending on the exact
formulation, which may include β-OHB or 1,3-butandeniol
(BD). In the salt form, β-OHB is present in both the active
(D) and non-metabolizable (L) form, which may result in a
less effective increase in serum ketone bodies (64, 65). KS
supplements that contain BD may also be a less desirable
method to induce ketosis since dehydrogenase enzymes in
the liver are required to create β-OHB (64, 66). Although
several formulations of KE supplements are available, the
(R)-3-hydroxybutyl (R)-3-hydroxybutyrate ketone monoester,
which converts to D-β-OHB and BD (67) has become the most
commonly used. This KE, when combined with carbohydrates,
elicited an increase in exercise performance in trained cyclists
(3). Of note, other studies using KE supplementation have not
consistently shown an increase in exercise performance (61–63).

KETONE BODY METABOLISM IN THE
HEALTHY HEART

The term, metabolic flexibility, has become synonymous with
the cardiometabolic profile of the healthy heart. Due to the
enormous requirement for continual replenishment of energy
stores, the heart must possess an ability to utilize any carbon-
based substrate available. To this end, the heart can metabolize
the exogenous substrates fatty acids, glucose, lactate, amino acids,
and ketone bodies to produce energy. Research suggests that
the normal healthy heart generates approximately 60-80% of its
energy requirements from fatty acids, with approximately 10-
20% from glucose (68–70). Lactate can also be an important
fuel, particularly during instances of increased workload, such
as exercise (71, 72). The contribution of amino acids to cardiac
energy metabolism is reported to be low, ∼1-3% (73, 74).
However, this low contribution to oxidative metabolism should
not be interpreted as insignificant as disruption of amino acid

catabolism in genetic models can be detrimental, particularly in
stressed conditions (75).

Although previously considered to be a relatively minor
substrate, ketone body oxidation is reported to contribute ∼10-
20% to cardiac energy metabolism (28, 43). Interestingly, ketone
body oxidation may not be essential to the healthy myocardium
as cardiac-specific deletion of Bdh1 (76) or Scot (Oxct1) (77)
virtually eliminates ketone body oxidation with no myocardial
phenotype in unstressed conditions. In contrast, cardiomyocyte
overexpression of Bdh1 increases ketone body oxidation by
approximately 70% without negatively affecting cardiac function
(78). These studies in transgenic mice would suggest that low or
high ketone body oxidation is relatively inconsequential to the
heart in unchallenged situations. However, a potential concern
is the effect of changes in ketone body availability and delivery
on the usage of other fuels, particularly glucose and fatty acids,
on cardiac metabolism. Indeed, increased delivery of β-OHB
suppresses fatty acid oxidation but does not significantly affect
glucose oxidation in animal models (30, 76, 79). Increased ketone
bodies also decreased myocardial glucose uptake in humans (80).
However, increasing β-OHB concentrations in working heart
preparation in mice did not affect fatty acid oxidation and tended
to enhance glucose oxidation (28). In relation to this, increasing
glucose uptake via overexpression of glucose transporter 4
(Glut4) suppressed ketone body oxidation in isolated perfused
mouse hearts (81). These seemingly discrepant findings are likely
due to differences in the experimental logistics, particularly in
the concentrations of ketone bodies employed. However, the
influence of changes in ketone body oxidation on oxidation
of other substrates appears to be essentially meaningless, as
cardiac function remains relatively normal in these situations,
thus highlighting the metabolic flexibility of the heart under
normal, baseline conditions.

KETONE BODY METABOLISM IN THE
OBESE AND DIABETIC HEART

The discussion of ketone bodies in settings of obesity and diabetes
are traditionally thought to represent a pathophysiological state
due to the condition of diabetic ketoacidosis (DKA) that can
result in serious clinical complications (33–35). Indeed, Type 1
diabetic (T1D) patients without insulin therapy quickly develop
ketonemia within 5 h (32). Therefore, the American Diabetes
Association recommends regular monitoring of both glucose and
ketone bodies for T1D (82). However, blood levels of ketone
bodies are also increased in Type 2 diabetics (T2D) patients
(31), indicating that systemic disruptions in glucose homeostasis,
either via insulin deficiency or insulin resistance, result in
changes in systemic ketone body concentrations. Whether the
elevation in ketone body availability contributes directly to the
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cardiac dysfunction often associated with the obese and diabetic
heart is not known.

The cardiometabolic profile of the diabetic and obese heart
has been generally described as increased reliance on fatty acid
oxidation with a concomitant reduction in glucose oxidation
(83), which in is contrast to the hypertrophied and failing heart
discussed in the next section. However, studies conducted over
the last several years also demonstrate alterations in cardiac
ketone body metabolism in diabetes. In T2D patients, myocardial
uptake of the ketone bodies, β-OHB and acetoacetate were higher
than non-diabetic controls, inferring a possible increase of ketone
body oxidation in human hearts (84). However, ketone body
oxidation was shown to be reduced in isolated hearts from
diabetic (db/db) mice (20). Consistent with this, T1D, induced
by streptozotocin (STZ), or T2D, induced by 12-weeks of high
fat diet, was associated with reduced mRNA expression and
protein level of myocardial Bdh1 (81). Moreover, STZ hearts
demonstrated accumulation of cardiac β-OHB with a tendency
for reduced myocardial β-OHB oxidation (81). One potential
interpretation of these animal studies is that the reduction in
ketone body oxidation is a hallmark of the diabetic heart, which
might serve as a therapeutic target. In support of this, a recent
study demonstrated improved systolic and diastolic function as
well as increased expression of ketone body oxidation enzymes
in db/db mice fed a diet supplemented with KE (85). Future
research can help to clarify the impact of enhanced ketone body
metabolism in the obese and diabetic myocardium.

KETONE BODY METABOLISM IN
HYPERTROPHY AND FAILURE

Over the last 5 years, the importance of cardiac ketone body
metabolism in the pathological setting has gained great attention
(1). Although the metabolic derangements that occur in the
hypertrophied and failing heart, including significant decreases
in fatty acid oxidation concomitant with increased glycolysis, are
well established (14, 69, 86), the role of ketone body oxidation
previously received little focus. However, seminal studies in
humans (87) and mice (88) have underscored the contribution
of ketone body metabolism to cardiac pathologies, particularly
in heart failure. These publications have led to a host of recent
studies that have examined the role of ketone body metabolism
in cardiac disease (28, 76, 78, 85, 89, 90).

Findings from recent studies have indicated that the
hypertrophied and failing heart demonstrates elevated ketone
body oxidation (76, 87, 88), which provides an alternative
fuel source to maintain cardiac function. These studies have
provided the framework for targeting ketone body metabolism
as a potential therapeutic treatment for cardiac dysfunction.
Indeed, cardiac-specific deletion of Bdh1 in mice exacerbates
cardiac dysfunction and remodeling in a heart failure model
(76), while overexpression of Bdh1 protects against cardiac
dysfunction and adverse myocardial remodeling (78). These
provocative findings could support the use of the KD as
a nutritional strategy to treat heart failure. In support of
this idea, mice fed a KD of ∼80% fat, ∼20% protein, ∼0%

carbohydrates for 4-weeks had reduced pathological remodeling
in a combined pressure-overload/myocardial infarction heart
failure model (76). However, long term KD treatment (i.e.,
62 weeks) may worsen diabetic cardiomyopathy in rats (89).
Considering the high fat content of KDs, this may not be
a suitable long-term strategy so ketone body supplementation
might offer a better alternative. In agreement with this notion,
a diet supplemented with KEs improved cardiac function, in
part by increased mitochondrial oxygen consumption, in type
2 diabetic mice (85). However, although β-OHB infusion has
been reported to increase cardiac function in failing canine hearts
(76), provision of β-OHB in the perfusate to hypertrophied
and/or failing mouse hearts in isolated heart experiments may
not improve cardiac efficiency (28) or myocardial energetics
(90). Certainly, experimental conditions, including in-vivo vs. ex-
vivo situation and the concentration of ketone bodies used, are
a concern.

KETONE BODY METABOLISM DURING
ISCHEMIA AND REPERFUSION

Consistent with the cardiac metabolic profile in hypertrophied
and failing hearts, the research literature has clearly defined
changes that occur during ischemia-reperfusion (I-R). During
reperfusion following ischemia, excessive rates of fatty acid
oxidation (16, 18) and uncoupling of glycolysis from glucose
oxidation (17, 91) have been reported, which may contribute to
the reduced functional recovery from ischemic injury. In support,
stimulation of glucose oxidation (18, 92, 93) or inhibition of fatty
acid oxidation (94–96) improves functional recovery after cardiac
ischemia. Oxidation of ketone bodies is suggested to supplant
fatty acid oxidation (30, 76, 79), and as a result, upregulation
of ketone body metabolism may decrease reliance on fatty acid
oxidation and/or improve the coupling of glycolysis to glucose
oxidation. Therefore, investigations examining the relationship
of the ketogenic diet, ketone body metabolism, and functional
recovery from ischemia are needed.

Although the role of ketone body metabolism in heart failure
has gained significant attention in the research and medical
communities as a therapeutic intervention (2, 97), the role of
ketone body metabolism in the ischemia and post-ischemic heart
has been less discussed. However, a recent publication identified
that circulating ketone bodies were significantly elevated in
patients presenting with ST-Segment Elevation Myocardial
Infarction (STEMI) (98). Interestingly, elevations in ketone body
concentrations 24 h after percutaneous coronary intervention
(PCI) were independently associated with greater infarct size
and lower LV ejection fraction after 4-months (98). β-OHB
concentrations were higher in blood from acute MI patients and
mice following left anterior descending (LAD) ligation surgery,
which was negatively associated with left ventricular ejection
fraction in both models (99). Ketone bodies, particularly β-
OHB, was associated with higher odds ratios for myocardial
infarction and ischemic stroke (100). Increased ketone body
concentrations have also been reported in heart failure patients
(87, 101, 102), after fasting and exercise (29, 30), and diabetes
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(31, 32). Therefore, speculation could arise as to whether
elevations in serum ketone body concentrations are a hallmark
of metabolic stress.

Since ischemia represents a condition with low oxygen and
nutrient availability, the likelihood that ketone bodies contribute
to metabolic processes would be quite low. Consistent with
this, a recent report demonstrated that ketone body utilization
was suppressed by myocardial ischemia in patients presenting
with chest pain (103). However, β-OHB has been shown to
accumulate in rat hearts exposed to low-flow ischemia (104), and
since the perfusate was devoid of ketone bodies, this suggests
that ketogenesis was active in the ischemic heart. Supporting
this, inhibition of Hmgcs2 decreased β-OHB accumulation and
improved functional recovery during reperfusion (104). This
reported finding is somewhat curious, as extrahepatic tissues have
been considered incapable of ketogenesis. Interestingly, recent
studies have reported changes in gene and/or protein levels of
Hmgcs2 in the hearts of mice and human patients (81, 87, 88).
However, the role of Hmgcs2 in the normal heart or in the
pathogenesis of cardiac disease is relatively unknown. In terms of
ischemia-reperfusion injury, whether improvements in recovery
are due to changes in ketone body oxidation or changes in
oxidation of glucose or fatty acids is not clear and requires more
extensive research.

Several studies from the same laboratory evaluated the effects
of a low-carbohydrate diet (LCD) on tolerance to myocardial
ischemia (105–108). The LCD diet consisted of 60% of the total
calories from fat, 30% of total calories from protein, and 10%
of the total calories from carbohydrates. Consumption of LCD
was shown to induce a mild nutritional ketosis (108). Isolated
hearts from lean and obese rats fed the diet for 2 weeks showed
decreased recovery from low flow ischemia (105, 108). The 2-
week LCD strategy also resulted in poor function, decreased
survival, and increased arrhythmias in rats exposed to left
anterior descending (LAD) ligation (107). One potential critique
of these studies is the relatively short duration of the dietary
intervention as the adaptation to KDs is purported to require
4–6 weeks (8). Since ketosis was relatively mild (∼0.6mM),
perhaps, greater concentrations of serum ketone bodies would be
required to cause positive adaptations. However, increasing the
ketone body concentration to 1.2mM did not improve the poor
recovery in these animals (106, 108). Surprisingly, increasing
ketone body concentrations in the perfusate did not appear to
alter myocardial ketone body oxidation either in baseline or I-
R conditions; however, there was a mild positive correlation
between ketone body oxidation and recovery in all groups (106).
Overall, these studies would suggest that a short-term (i.e., 2
weeks) diet of high fat and low carbohydrates would render the
heart vulnerable to ischemic stress.

A recent study also evaluated the effectiveness of a KD on
cardiac function following MI in mice (99). In this study, mice
were fed a KD consisting of ∼94% calories from fat and ∼2%
calories from carbohydrates for 4 weeks and then were subjected
to LAD ligation. Four weeks following LAD ligation, infarct
size was significantly greater and fractional shortening (FS) was
significantly lower in mice fed the KD (99). MI hearts fed the KD
also had lower protein content of glucose transporter 1 (Glut1)

and hypoxia-inducible factor 1 alpha (HIF-1α) (99). The findings
of this study suggest that elevations in serum ketone bodies have
the potential to suppress glucose utilization in the ischemic heart,
which may enhance myocardial injury.

In contrast to the above studies, fasting-induced ketosis
(109) or long term LCKD (110) were associated with improved
responses to ischemia in rats. Extreme fasting of 72 h increased
β-OHB nearly 15-fold, which reduced infarct size and ventricular
arrhythmias in Wistar rats subjected to occlusion of the LAD
(109). Wistar rats fed a LCKD for 19-weeks demonstrated
improved recovery following global ischemia compared to a
control or high carbohydrate diet, which could be due to
maintenance of mitochondrial number (110). Infusion of β-OHB
to fed rats for 60min prior to left coronary artery occlusion
did not improve infarct size or functional recovery; however, β-
OHB in rats fasted for 84 h led to reduced infarct size and higher
functional recovery (111). Although the findings are promising,
the severity of the fasting period or duration of the dietary
intervention could be a bit impractical. Therefore, alternative
methods of elevating ketone bodies may offer a more realistic
treatment option.

Exogenous delivery of ketone bodies, especially β-OHB, may
represent a suitable cardioprotective strategy for ischemia. Rat
hearts reperfused with a glucose buffer containing a 5mM ketone
body concentration had improved LV contractility following
10min of ischemia (27). Isolated mouse hearts provided with
3mM β-OHB in the perfusate during reperfusion led to
a significant improvement in functional recovery following
30min of ischemia (112). These studies certainly highlight the
potential of acute administration of β-OHB in supraphysiologic
levels to improve recovery from ischemia. Mice implanted
with an osmotic mini-pump with continuous delivery of
β-OHB prior to reperfusion had reduced infarct size and
preserved cardiac function (113). KE supplemented to rats,
either immediately after or 2 weeks post, left coronary artery
ligation resulted in an attenuation of pathological cardiac
remodeling and improved ejection fraction compared to chow
fed rats (114). Overall, the action of β-OHB or KE in the
reperfused myocardium or ischemic myocardium may function
via improved mitochondrial energetics (27, 114), reduced
inflammation (112), and protection against oxidative stress
(113). Certainly, additional investigations are required to further
evaluate the therapeutic potential of ketone bodies from ischemic
injury. In addition, studies examining long-term treatments
would be more practical.

Recently, the use of sodium-glucose co-transporter 2 (SGLT2)
inhibitors have been of increased interest in medicine and
research due to decreased cardiovascular mortality and heart
failure in diabetic patients (115). Although a variety of
mechanisms have been proposed regarding the benefits of
SGLT2 inhibitor on the heart (116), some studies suggest
that SGLT2 inhibitors promote ketone body utilization (117,
118). In animal models, SGLT2 inhibitors are associated with
beneficial outcomes in the non-diabetic ischemic heart (117–
119). Administration of the SGLT2 inhibitor, dapagliflozin,
prior to the onset of ischemia was associated with reduced
infarct size and improved recovery in a rat model of
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in-vivo ischemia-reperfusion injury (119). Rats treated with
empagliflozin for 10 weeks after MI induced by coronary artery
ligation had improved cardiac function, an effect that was
observed if treatment occurred 2 days prior to or 2 weeks after
the surgical procedure (118). Of note, the positive functional
outcomes with empagliflozin treatment were associated with
elevated serum ketone bodies, upregulation of Bdh1 and Scot
(Oxct1), and higher cardiac ATP content, suggesting that
enhanced cardiac ketone body utilization was involved (118).
In non-diabetic pigs, 2 months of empagliflozin treatment
improved cardiac remodeling and LV function after proximal
LAD occlusion, which was also associated with increased
protein content of Bdh1 and Scot in the myocardium (117).
Although these studies in animals are promising and appear
to indicate that enhanced cardiac ketone body metabolism

is mediating the response, additional work is clearly needed
to evaluate the efficacy of SGLT2 inhibitors in ischemic
heart disease.

CONCLUSIONS AND PERSPECTIVES

Despite an increase in the number of studies focused on cardiac
ketone body metabolism in pathological hypertrophy and heart
failure, there seems to be a paucity of research elucidating the
role of ketone body metabolism in the ischemic myocardium.
Given the reported potential of ketone bodies to affect the use
of fatty acids and glucose in the healthy myocardium, their
delivery to the heart following bouts of ischemia could influence
functional recovery. A summary of the findings from various
strategies to enhance ketone body metabolism in models of

FIGURE 2 | Summary of studies investigating ketone body metabolism in the ischemic heart. Various strategies to target ketone body metabolism in models of

cardiac ischemia have been attempted including short-term ketogenic diets (KD, 2–4 weeks), long-term KD (19 weeks), infusion of beta-hydroxybutyrate (β-OHB),

ketone ester (KE) supplementation, and sodium-glucose co-transporter 2 (SGLT2) inhibitors. The observed outcomes of these various interventions are presented as

impaired, improved, or no effect. The current literature is limited on the effectiveness of these specific strategies: short-term KD (five studies), long-term KD (1 study),

β-OHB infusion (four studies), KE supplementation (1 study), SGLT2 inhibitors (three studies). Created with BioRender.com.
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ischemia are presented in Figure 2. Unfortunately, the current
literature does not allow for definitive conclusions to be drawn,
due to the relatively low number of studies in animal models.
Studies investigating the effects of nutritional ketosis on recovery
from ischemia appear to suggest that this strategy is detrimental.
However, most of these studies are limited to short-term
interventions. Physiological ketosis induced by fasting appears
to be promising, but these animal studies seem impractical
with fasting of 3 days or more. Delivery of exogenous ketone
bodies (i.e., β-OHB) in ex-vivo perfused heart preparations have
positive reports, but the concentrations used in these studies
may be unrealistic compared to the in-vivo situation. Although
the use of continuous β-OHB delivery via osmotic mini-pumps
in mice demonstrates positive effects on functional recovery,
the recent report that demonstrated an association between
poor outcomes and high ketone body concentrations in humans
following MI are equivocal. The use of SGLT2 inhibitors in non-
diabetic hearts also appear to be promising. However, additional
investigations to further evaluate all of these treatment strategies

are warranted. For studies in animal models, careful attention
should be paid to the concentrations used either in in-vivo or

ex-vivo experimental conditions to ensure that the ranges of
ketone bodies are within achievable concentrations consistent
with nutritional or physiological ketosis. In human studies, a
focus on the specific etiology of the disease (i.e., ischemic vs.
non-ischemic) could help to delineate important contributions
of ketone body metabolism to cardiac pathologies.
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Ischemic heart disease refers to myocardial degeneration, necrosis, and fibrosis

caused by coronary artery disease. It can lead to severe left ventricular dysfunction

(LVEF ≤ 35–40%) and is a major cause of heart failure (HF). In each contraction,

myocardium is subjected to a variety of mechanical forces, such as stretch, afterload,

and shear stress, and these mechanical stresses are clinically associated with myocardial

remodeling and, eventually, cardiac outcomes. Mitochondria produce 90% of ATP

in the heart and participate in metabolic pathways that regulate the balance of

glucose and fatty acid oxidative phosphorylation. However, altered energetics and

metabolic reprogramming are proved to aggravate HF development and progression by

disturbing substrate utilization. This review briefly summarizes the current insights into

the adaptations of cardiomyocytes to mechanical stimuli and underlying mechanisms in

ischemic heart disease, with focusing onmitochondrial metabolism.We also discuss how

mechanical circulatory support (MCS) alters myocardial energy metabolism and affects

the detrimental metabolic adaptations of the dysfunctional myocardium.

Keywords: ischemic heart disease, heart failure, mitochondrial metabolism, veno-arterial ECMO, mechanical

unloading, left ventricular assist device

INTRODUCTION

As estimated by World Health Organization (WHO), ischemic heart disease (IHD) is the
leading cause of death worldwide (1). IHD stands for disease syndromes caused by myocardial
ischemia due to disproportionate supply and demand of oxygenated blood perfusion in the
heart (2). The insufficient oxygen, decreased nutrient levels, as well as deficient substrates and
metabolites, are all pathophysiological contributors for IHD. Myocardial ischemia is usually
induced by diminished coronary blood flow due to atherosclerosis-induced coronary artery
occlusion, clinically manifesting as coronary heart disease or coronary artery disease.

IHD affects cardiac metabolism and function in different stages, ranging from angina to acute
myocardial infarction (AMI) and HF. In myocardium, mitochondria produce 90% of ATP, making
mitochondrial oxidative phosphorylation (OXPHOS) the primary energy source for the heart.
Besides, mitochondria also participate in metabolic pathways that regulate the balance of glucose
and fatty acid oxidative phosphorylation. Under physiological conditions, mitochondria keep a
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dynamic and homeostatic state in regulating metabolic pathways
and cellular ions, which lay foundation for normal cellular
functioning. Any deviation from this homeostatic state will lead
to mitochondrial dysfunction, including elevated mitochondrial
Ca2+, damage of mitochondria membranes and enzymes and
defects of electron transport chain (ETC), all of which are
contributing factors for cellular apoptosis and necrosis (3).

In terms of interventions, options for IHD mainly focus on
reestablishing the oxygen supply-demand imbalance, which is
pivotal for clinical prognosis for patients with IHD. Recently,
although related approaches have advanced by leaps and bounds,
there are still certain numbers of patients who are refractory
to conventional treatment, and some of them develop heart
failure (HF) after IHD interventions. As heart is a metabolically
active organ, metabolism modulation is promising in the
treatment of IHD as energy metabolism is closely related with
disease progression.

MITOCHONDRIAL METABOLISM IN
NORMAL HEART

As a circulatory pump, heart requires cardiomyocytes to generate
enormous quantities of ATP to sustain the uninterrupted and
orderly coordinated systolic and diastolic function. The main
fuels of the myocardium are fatty acids (FAs), glucose, pyruvate,
lactate, ketone, and amino acids, which are acquired from
the blood continuously for the cardiomyocytes cannot store
these energy substrates. As previously reported, the majority
of energy (60–90%) required for myocardial activity is derived
from free FAs, and the remaining 10–40% originates from
carbohydrates and amino acids (4). The myocardial energy
metabolism mainly includes substrate utilization, oxidative
phosphorylation, and ATP transfer and utilization. Firstly,
acetyl-CoA derived from β-oxidation of FAs and glycolysis is
synthesized in mitochondria and enters the tricarboxylic acid
(TCA) cycle. Under various physiological processes, the healthy
heart is metabolically flexible in shifting between substrates to
maintain energy production. Then, oxidative phosphorylation is
completed in the mitochondria through the respiratory chain
and generates the direct energy source ATP. Finally, through
the creatine phosphate energy shuttle, creatine kinase (CK) in
the mitochondria catalyzes ATP and creatine and generates
phosphocreatine (PCr) and adenosine diphosphate (ADP). The
generated PCr immediately transfers from mitochondria to
myofibrils, where it interacts with ADP and synthesizes ATP
and creatine under the catalyzation of myocardial CK so that
cardiomyocytes can use ATP for contraction and relaxation and
maintain the energy-consuming activity of the heart.

MITOCHONDRIAL METABOLISM IN IHD

The energy metabolism dysfunction caused by IHD includes
alterations of substrate utilization, dysfunction of OXPHOS,
impairment of ATP synthesis, and mitochondrial dysfunction.
Under physiological conditions, fatty acid oxidation (FAO)
generates more ATP than glucose oxidation per molecule

oxidized at the expense of greater O2 consumption. In IHD
and HF, the O2 supply to the myocardium is insufficient
due to reduced tissue perfusion. Accordingly, both FAO and
carbohydrate oxidation decline, and production of ATP is
disrupted. To compensate the reduced O2 shortage, the ATP
production in the myocardium switches from aerobic to
anaerobic mode, and glycolysis becomes a more predominant
source of energy as it yields 11–13% more ATP per unit of
consumed O2 than β-oxidation (5). Besides, under ischemic
and hypoxic conditions, large quantities of activated long-
chain FAs produced by fat mobilization accumulate in cells
and mitochondrial membranes due to decreased or stopped
β-oxidation of FAs. These long-chain FAs can result in
cardiomyocyte damage and death, and suppress the activity of
pyruvate dehydrogenase (PDH), thereby limiting the aerobic
oxidation of glucose, reducing the ATP production efficiency,
increasing the content of intracellular lactate and hydrogen ions,
and, finally, disrupting the myocardial contractility (3, 6).

Oxygen Consumption
It has been increasingly apparent that ischemia and reperfusion
(IR)-induced alterations in the kinetics of O2 supply-to-demand
equilibrium depend seriously on the duration and severity of
IR. The effects of ischemia exist from short, beneficial ischemia
(<10min) to moderate, reversible ischemia (10–20min) to
severe, irreversible ischemia (>20min). In reversible ischemia,
recovery of overall oxidative metabolism recovers much slower
to a preischemic level and couples to contractile function
(7). However, in irreversible ischemia, the recovery of oxygen
consumption and metabolism is fast, and the mechanical
function is severely damaged (8). The IR-induced increases
in Ca2+ partially explain the rapid recovery of metabolism at
early reperfusion in irreversible ischemia, whereas the increased
glycolytic rate from exogenous glucose induced by IR results in
slower recovery of O2 consumption-to-demand balance at late
reperfusion (9). The concentration of free Ca2+ is implicated
in regulating several intramitochondrial enzymes, including
the PDH, the isocitrate dehydrogenase, and the oxoglutarate
dehydrogenase, thus leading to elevated carbohydrate oxidation
during early reperfusion (10). This supports the notion that the
mitochondrion is the first organelle to display signs of injury
under irreversible ischemia, and that regulating mitochondrial
energetics within the cell is an early protective strategy of
reversible ischemia (9). Moreover, the rapid metabolic recovery
uncoupled from mechanical function is a surrogate for poor
prognosis of IR injury. Therefore, interventions aiming at
attenuating reperfusion blood flow or inhibiting mitochondrial
function are considered beneficial (11, 12). In the reperfusion
stage following ischemia, FAO generates ATP as a primary energy
source at the cost of glucose oxidation negatively impacts the
cardiac function in the isolated hearts and in patients with
coronary artery disease (6, 13).

Glucose Metabolism
Glucose metabolism mainly includes anaerobic glycolysis,
aerobic oxidation, pentose phosphate pathway (PPP),
uronic acid pathway, glycogen synthesis and decomposition,
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gluconeogenesis, and hexose metabolism, etc. As mentioned
above, under hypoxia and ischemia, the aerobic oxidation of
FAs is diminished and glycolysis increases and glucose becomes
the main energy substrate for myocardial energy metabolism.
The uptake of glucose depends on glucose transporters (GLUTs)
on sarcolemma of cardiomyocytes, and GLUT1 and GLUT4
are two major isoforms in cardiomyocytes. GLUT1 dominates
during fetal and early postnatal life, whereas GLUT4 is the main
isoform in adult cardiomyocytes. GLUT4 has a higher affinity
for glucose than GLUT1, which makes GLUT4 functioning
as the major glucose transporter in adult heart (14). Upon
ischemia and hypoxia, GLUT4 translocates to cell membrane
from the intracellular vesicles and then augments glucose intake
(Figure 1A), exhibiting a protective role during cardiac ischemia
in neonatal or adult mouse (15–17). Besides, GLUT4 depletion
represses glucose use during ischemia and facilitates progression
of irreversible cardiac dysfunction associated with blunted ATP
generation during IR injury (18). After being transported into
cytosol, glucose is phosphorylated by hexokinase, generating
glucose 6-phosphate (G6P). Then, G6P is converted into pyruvate
by glycolytic enzymes, including phosphofructokinase 1 (PFK1),
PFK2, and pyruvate kinase (PK), and the pyruvate can either be
metabolized to lactate or be transported into the mitochondrial
matrix through the mitochondrial pyruvate carrier (MPC) for
oxidation. Under ischemia, the accumulation of 5’-AMP leads
to activation of AMP-activated protein kinase (AMPK), which
phosphorylates and activates phosphofructokinase-2 (PFK-2) to
promote glycolysis (19, 20). Recently, elevated MPC1 and MPC2
have been found in the surviving tissue of the heart subjected to
IR injury, indicating a compensatory mechanism that enhances
mitochondrial pyruvate uptake to limit intracellular acidosis
(21). Upon transportation into mitochondria, pyruvate is
converted to acetyl-CoA by pyruvate dehydrogenase (PDH) and
further metabolized in the TCA cycle. During ischemia, glucose
oxidation is completely shuttled down (Figure 1A), and the
recovery of it is regulated by FA oxidation as FA competes with
glucose for oxidation.

During myocardial reperfusion, the level of O2 and substrates
are restored, whereas glycolysis still remains high, because lactate
and inorganic phosphoric acid are washed away which diminish
the inhibition of glycolysis, and dysfunctional mitochondria
cannot use O2 effectively. However, glucose oxidation is inhibited
during the early stage of reperfusion. As mentioned above,
AMPK is activated during ischemia and the accumulated
AMPK inactivates ACC at the early stage of reperfusion (8).
The decreased ACC activity, in combination with malonyl-
CoA degradation leads to decreased malonyl-CoA levels during
reperfusion, relieving inhibition of CPT1 and, finally, resulting
in upregulated FA oxidation (22, 23). Increased FA oxidation
generates high levels of acetyl-CoA and NADH/NAD+, which
inhibits the enzyme activity of PDH through activating PDK4
and therefore inhibits pyruvate oxidation (8). The excessive fatty
acids β-oxidation facilitates the accumulation of intermediates
from the TCA cycle and efflux of citrate to cytosol via the
mitochondrial citrate carrier (CIC)/SLC25A1, and high levels
of cytosolic citrate can suppress PFK-1/2 and pyruvate kinase
(PK) activities, and thus diminish glycolysis, pyruvate generation,

and oxidation (24, 25). However, as demonstrated before, the
Ca2+ overload during reperfusion may conquer this inhibition
by activating PDH and then increasing glucose oxidation (10,
26). Above all, glucose oxidation is inhibited at an early stage
of reperfusion after moderate ischemia, while may increase
following more severe or prolonged ischemia (27, 28).

Data from in vivo and ex vivo studies suggested that
promoting glucose oxidation during perfusion is closely
correlated with reduced IR injury and improved cardiac function.
In ex vivo studies, interventions increasing glucose oxidation
target the PDH flux, including boosting PDH activity with
dichloroacetate, supplementing pyruvate or facilitating glucose
uptake by applying high glucose/insulin or overexpressing
GLUT1 transporter (29–31). Simultaneously, repressing FAs
uptake or FAO also relieves inhibition of glucose oxidation (32,
33). As the improved function observed in the short reperfusion
period mostly indicates the accelerated recovery of mechanical
function and enhanced re-energization, the long-term post-
ischemic myocardial salvage is to be assessed. Therefore, in vivo
studies administrating glucose oxidation-stimulating substances,
such as dichloroacetate, phosphonate compounds, or high-
density lipoproteins (HDL) prior to reperfusion reduced infarct
size several days after reperfusion (34–36).

Although increased glycolysis only marginally increases
ATP production, it promotes flux into the metabolic pathways
branching from glycolysis, such as polyol and hexosamine
biosynthetic pathways that could independently activate
signaling pathways responsible for myocardial remodeling
(37, 38). Besides, it has been suggested that glycolysis is
intrinsically linked to the redox state of cell (39). Glucose
metabolized through glycolysis and the branching PPP in
the cytosol feeds the TCA cycle in the mitochondria and
produces major reductant e.g., NADH, NADPH for thiol-
dependent antioxidant defense. Activation of PPP results in
upregulated NADPH/NADP+ and GSH/GSSG couples and an
improved redox state, which relieved acute IR injury in cultured
cardiomyocytes and mouse hearts (40).

Fatty Acid Oxidation
After uptake into cardiomyocytes, FAs are esterified to fatty
acyl-CoA in cytosol and then transferred to carnitines by
carnitine palmitoyl transferase 1 (CPT1), which localizes in
the inner surface of mitochondrial outer membrane (41). The
acylcarnitines are transferred into mitochondrial matrix by
carnitine acylcarnitine translocase (CAT) and then converted
back into fatty acyl-CoA by CPT2. The fatty acyl-CoA is catalyzed
to acetyl-CoA for β-oxidation in mitochondria.

Fatty acidsmetabolism dysfunction includes FAs and carnitine
transport disorder, CoA dehydrogenase deficiency, impairment
of enzymes, ketones production disorder, etc. CPT-1 is the rate-
limiting enzyme for β-oxidation and is inhibited by Malonyl-
CoA, which is synthesized by acetyl-CoA carboxylase (ACC)
from acetyl-CoA using biotin and ATP as cofactors. The
level of malonyl-CoA in the heart is regulated both by its
synthesis and degradation, and AMPK, ACC, and malonyl-
CoA decarboxylase (MCD) are extremely important. AMPK
phosphorylates and inhibits ACC, which reduces the production
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FIGURE 1 | The scheme depicts ketone oxidation, glycolysis, glucose oxidation, fatty acid oxidation, BCAA oxidation, and succinate metabolism under ischemia (A)

and reperfusion (B). (A) Under ischemia, GLUT4-mediated glucose uptake and glycolysis are increased by AMPK-induced PFK-2 activation, whereas glucose

(Continued)
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FIGURE 1 | oxidation is shuttled down. The CD36 on sarcolemma, FAs uptake, and FAO are inhibited. Besides, BCAAs and ketones oxidation are also inhibited

during ischemia. The TCA cycle and Complex I are inhibited, while the succinate is accumulated from existing metabolites of TCA with mitochondrial Complex II

reversal and aminotransferase anaplerosis. (B) During reperfusion, CD36 remains low, while FAO returns to the pre-ischemic level. High levels of NADH, acetyl-CoA,

and ATP in mitochondria generated from increased FAO inhibit activated PDH via activating PDK4 and, therefore, inhibit glycolysis and pyruvate oxidation. The

glycolysis still remains high, while glucose oxidation is inhibited. Ketones utilization is increased, while the level of BCAAs oxidation remains to be clarified in the future.

Two-thirds of succinate enters into perfusate, and the remaining one-third of succinate is oxidized via SDH, driving ROS burst. SLC16A1, Solute carrier (SLC)

16A1/monocarboxylate transporter 1 (MCT1); β-OHB, β-hydroxybutyrate; AcAc, acetoacetate; BDH1, β-hydroxybutyrate dehydrogenase 1; SCOT, succinyl-CoA:3

oxoacid-CoA transferase; AcAc-CoA, catalyze acetoacetyl-CoA; ACAT1, acetyl-CoA acetyltransferase 1; CPT1, carnitine palmitoyl transferase 1; FAO, fatty acids

oxidation; GLUT1/4, glucose transporter 1/4; PEP, phosphoenolpyruvate; PK, pyruvate kinase; MPC, mitochondrial pyruvate carrier; PDH, pyruvate dehydrogenase;

BCAAs, branched chain amino acids; LIVCS, Leu, Ile, Val: cation symporter; BCKAs, α-keto-acids; BCATm, mitochondrial branched chain aminotransaminase;

BCKDH, branched chain α-keto acid dehydrogenase; α-KG, α-ketoglutarate; Fum, fumarate; Mal, malate; Succ, succinate; Succ-CoA, succinyl-CoA; SDH, succinate

dehydrogenase; Asp, aspartate; Glut, glutamine. The arrow facing up represents an increase, and down indicates a decrease. Blue lines with a T shape represent

inhibition.

of malonyl-CoA and phosphorylates as well as activates MCD,
promoting the reverse reaction and converting malonyl-CoA
into acetyl-CoA (42). As demonstrated before, AMPK was
rapidly activated as an energy sensor to regulate FFAs uptake
and oxidation under pathophysiological conditions of hypoxia
and ischemia. In cardiomyocytes, AMPK promotes long-chain-
FAs uptake through FA translocase (CD36) (43). AMPK
activation and relative increase of MCD decrease myocardial
malonyl CoA content, which then alleviates inhibition of CPT1
and subsequently facilitates FAO as increased fatty acyl CoA
moieties enters into the mitochondrial matrix (44). During
mild ischemia, this facilitates fatty acid β-oxidation to be
the primary and continuous contributor for oxidative ATP
generation, which leads to a decreased level of glucose oxidation,
despite increased glycolysis (45). Besides, lactate production
by LDH from pyruvate and an increased level of NAD+

from NADH are also promoted in order to sustain anaerobic
glycolysis. The uncoupling of glycolysis and glucose oxidation
leads to an accumulation of lactate and H+, aggravating the
ionic disturbance induced by ischemia. However, it should be
noted that the accumulated lactate and H+ are immediately
eliminated from the cardiomyocyte under conditions of hypoxia
and mild ischemia.

With total ischemia, the FAO is inhibited due to the
accumulated reducing equivalents and disturbance of acyl CoA
dehydrogenase and 3-hydroxyacyl CoA dehydrogenase enzyme
reactions (Figure 1A). CD36 on sarcolemma is downregulated
by 32%, and the FAO rate decreases by 95% (46). The inhibition
of fatty acid β-oxidation inevitably leads to accumulation of
metabolic intermediates in various cell compartments. Fatty
acyl carnitines accumulate in cytosol and the mitochondrial
matrix, while fatty acyl-CoA mainly deposits in mitochondrial
matrix because the CoA pool does not exchange with the
small cytoplasmic CoA pool (47). The excessive amounts
of acylcarnitine accelerate ROS production and increase the
probability of mitochondrial permeability transition pore
(mPTP) opening, and excessive cytosolic acyl-CoA causes
loss of 1Ψm from outside of mitochondria (47, 48). This
inhibits the formation of amorphous intramitochondrial
densities and disrupts mitochondrial cristae, both of which may
eventually induce mitochondrial dysfunction (49). Therefore,
the approaches aiming at regulating FA metabolism for
cardioprotection in IR injury should first evaluate the potential

impact on overall energy homeostasis and possible cardiotoxicity
carefully. Recently, studies have shown that inhibition of FAO
reduces damage induced by IR using inhibitors, which limit FA
transport and metabolism pathways (32, 50–54).

In the stage of perfusion, the activation of AMPK and
increasedMCD activity still persist, leading tomarked decrease of
malonyl CoA content. Therefore, the rates of FAO rapidly return
to its pre-ischemic level during reperfusion at the expense of
glucose oxidation with the CD36 level remained low (Figure 1B)
(46), whereas the myocardial contraction is still depressed.
However, this causes the uncoupling of glucose metabolism and
thus deteriorates intracellular acidosis, which increases the risk
of cardiac arrhythmias and decreases the contractility because
the response between contractile proteins and Ca2+ is repressed
(55). Therefore, the myocardial recovery is hindered despite the
restoration of coronary perfusion.

Ketone Body Oxidation
Ketone bodies [acetoacetate, acetone, and β-hydroxybutyrate
(β-OHB)] are synthesized in the liver using acetyl CoA that
predominately derived from FAO. They are increasingly being
recognized as an important energy substrate of the myocardium,
especially in HF (38, 56). After entering mitochondria,
they rapidly form acetyl-CoA via β-OHB dehydrogenase
(BDH1), succinyl-CoA:3-oxoacid-CoA transferase (SCOT) and
mitochondrial acetyl-CoA acetyltransferase 1 (ACAT1) (38). The
predominant ketone body oxidized in heart is β-OHB. In terms
of O2 consumption for ATP generation, ketones are much more
efficient than FAs but less efficient than glucose (4).

Increasing ketone oxidation rates in failing hearts increases
overall energy production without compromising glucose or fatty
acidmetabolism, albeit without increasing cardiac efficiency (57).
Previous studies showed that short-term fasting reduces infarct
size and limits the duration of ventricular tachycardia occurring
at early reperfusion, and this is correlated with increased
concentration of β-OHB and β-OHB/acetoacetate ratio (58).
However, whether ketonemia induced by fasting in mice after
IR injury protect or deteriorates myocardial injury is conflicting
(59, 60). Furthermore, in vivo studies suggested that the effect
of ketonemia may be boosted by exogenous ketone therapy:
fasting with ketone infusion led to the least myocardial damage
compared with fasting without ketone infusion or a fed state
with ketone infusion in rat hearts after coronary occlusion (61).
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As β-OHB conferred substantial protection against oxidative
stress in multiple organs (62, 63), further mechanism study
also confirmed that reduced mitochondrial ROS, enhanced
ATP generation, attenuated mitochondrial swelling, and partly
restored mPTP in myocardium account for the cardio protection
against IR injury (64). To determine ketones utilization under
ischemic condition in humans, the concentrations of coronary
and systemic serum lactate and β-OHB were measured in
171 consecutive patients with angina (65). The results showed
that increased lactate production was associated with decreased
myocardial β-OHB consumption, demonstrating suppressed
utilization of ketone bodies under ischemia in the coronary
circulation (Figure 1A) (65).

HF is the next stage of myocardial infarction. A mouse model
of progressive HF induced by transverse aortic constriction
(TAC)/myocardial infarction exhibited upregulated BDH1 along
with upregulated genes encoding ketone body transporters
(MCT1 and MCT2) and increased 13C-BHB use on the basis of
nuclear magnetic resonance studies (66). Cardiac-specific BDH1
knockout mice exhibit more severe ventricular remodeling
and dysfunction after TAC/myocardial infarction (66), whereas
BDH1 overexpression attenuates cardiac remodeling and DNA
damage in a pressure-overloaded model (67). Increased
availability of 3-OHB significantly reduced ventricular
remodeling and improved mitochondrial energetics caused
by TAC/myocardial infarction in wild-type mice compared with
mice-fed normal chow (68). Except for pathway manipulation
and ketone supplementation, the cardioprotective effects of
SGLT2 inhibitors on infarcted hearts can also be attributed to
increased myocardial ketone utilization (69, 70).

BCAA Metabolism
Branched chain amino acids oxidation is also an origin of
ATP generation by the heart (71). In mitochondria, leucine,
isoleucine, and valine are firstly transaminated to branched
chain α-keto-acids (BCKAs) by the mitochondrial branched
chain aminotransaminase (BCATm), and then decarboxylated
to form CoA compounds by the mitochondrial branched
chain α-keto acid dehydrogenase (BCKDH). The products of
BCKDH will then generate acetyl-CoA, which fuels for the
TCA cycle.

High levels of circulating BCAA and its derivative BCKAs
are correlated with increased incidence of cardiovascular disease
(72, 73). Previous studies revealed that plasma and cardiac
levels of BCAA and BCKAs increase in the rodent model of
myocardial IR injury (74, 75). Impaired cardiac BCAA oxidation
exacerbates cardiac insulin resistance and directly contributes
to cardiac dysfunction and remodeling post AMI (74, 76),
while BCAA supplementation aggravates cardiac dysfunction
and increases infarct size following coronary artery ligation-
induced myocardial infarction (74). As BCAA oxidation rates
in heart only supply 1–2% of the total cardiac ATP (75), it
is impossible that interventions increasing BCAA catabolism
itself have substantial impact on cardiac ATP generation.
Recently, BCAA and their intermediates have been recognized
to affect glucose and FA metabolism (76–78). In the heart,
chronic accumulation of BCAA inhibits PDH activity through

suppressing protein O-linked-N-acetylglucosamine (O-GlcNAc)
modification, leading to significantly reduced glucose oxidation,
and, therefore, rendering the heart vulnerable to IR injury
(76). Dietary or genetic factors-induced BCAA accumulation
enhances cardiac FAO levels via upregulating PPAR-α expression
transcriptionally, thereby triggering lipid peroxidation toxicity
and rendering the heart vulnerable to IR injury (78). As
BCKAs have been shown to trigger ROS formation (79),
promoting oxidative decarboxylation of BCKAs through PPC2m
overexpression reduces the oxidative stress and eventually
alleviates myocardial IR injury (80). However, in contrast
with this, another study found that BCKAs attenuate acute
IR injury in hearts by inhibiting oxidative stress-induced cell
death and protecting mitochondria and energy production (81).
The discrepancy may be attributed to the manner of BCKAs
exposure and the severity of injury/stress. Moreover, it has been
proved that blockade ofmitochondria ETC at different complexes
inhibits cardiac IR injury (23, 82). BCKAs repress activity of
complex I in cardiac mitochondria (83), which capacitate its
function as mitochondrial targets for cardioprotection.

Succinate Metabolism
When exposed to ischemia, succinate, a metabolite of the TCA
cycle, accumulates and is oxidized by succinate dehydrogenase
(SDH)which drives enormous ROS production bymitochondrial
complex I (84). Previous study by Zhang and colleagues found
that succinate mainly originates from TCA cycle using existing
metabolites, such as fumarate, malate, oxaloacetate, citrate, and
aconitate, with only trivial contributions from mitochondrial
complex II reversal and aminotransferase anaplerosis during
heart ischemia (Figure 1A) (85). Glucose derived from glycogen
also seems to play a part in ischemia induced-succinate
accumulation without the requirement of mitochondrial
pyruvate entry, suggesting that glucose is not the main source
of carbohydrates (85). The α-ketoglutarate (α-KG)-derived
succinate is protective at the first few minutes of ischemia as it
contains GTP generation through phosphorylating succinyl-CoA
synthetase at the substrate level, which defers ischemia-induced
ATP exhaustion in cardiomyocytes (86).

Not all succinate that accumulates during ischemia is oxidized
by SDH, with approximately two-thirds of them release into
the perfusate via MCT1 under low pH conditions during early
reperfusion (87). The remaining one-third succinate are quickly
oxidized within a few minutes of reperfusion, which diminishes
the CoQ pool and also hyperpolarizes the inner membrane
of mitochondria (84). Together, these alterations drive reverse
electron transport (RET) at complex I, which produces ROS
dramatically (Figure 1B) (84, 88). Besides, succinate oxidation
induces generation and secretion of pro-inflammatory factors,
such as IL-1β, and simultaneously inhibits production of anti-
inflammatory factors (89).

Clinically, the succinate concentration in arterial, coronary
sinus, and peripheral venous blood of patients with STEMI
is higher than that in patients with non-STEMI or stable
angina, and the release of cardiac succinate in STEMI is
correlated with the severity of acute myocardial injury (90).
The emerging therapeutic and cardioprotective strategy targeting
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succinate metabolism via SDH inhibition includes preventing
its accumulation during ischemia (less oxidizable succinate
during reperfusion) and directly depressing its oxidation during
reperfusion (91). The TCA cycle intermediate malate and the
succinate competitor malonate are known SDH inhibitors (86).
SDH inhibition with malonate before ischemia or at the onset
of reperfusion reduces infarct size in isolated mice hearts
through inhibiting ROS generation and mPTP opening (84,
92). The discovery that one third of accumulated succinate
during ischemia is oxidized within the first 5min of reperfusion
(and 59% of which is within the 1st min) suggests that
early reperfusion is a critical time window for therapeutic
targeting of complex II (85). Furthermore, SDH inhibition by
malonate administration at 1-week post-MI facilitates adult
cardiomyocyte proliferation, revascularization of the infarct
zone, and myocardial regeneration following infarction (93).
Above all, succinate represents a promising biomarker for
evaluating severity of AMI, and inhibition of SDH proposes a key
metabolic target to render protection following infarction.

Epigenetic Aspects of Metabolic Signaling
Most of the previously described substrate utilization and the
metabolic process are a result of gene transcription. During
the last decades, epigenetics, including DNA modification
and posttranslational modification of proteins, are increasingly
studied to delineate how metabolites regulate gene expression.
Lysine acetylation, one of the posttranslational modifications,
can regulate many non-histone proteins, which are involved
in gene transcription, mRNA splicing, signal transduction, cell
metabolism and survival (94). Sirtuins (SIRT1-7) are Class III
histone deacetylases (HDACs), which participate in IR injury via
regulating mitochondrial metabolism. In the heart mitochondria
of SIRT5 knockout mice, mass spectrometry suggests that
lysine succinylation is increased and the substrate of SIRT5
includes proteins that participate in FA metabolism, TCA
cycle and OXPHOS (95). Compared with wild-type littermates,
SIRT5 knockout exacerbates infarction, and this is reversed by
pretreatment of malonate, implicating SIRT5 modulates protein
succinylation in IR injury. SIRT3 is the primary mitochondrial
lysine deacetylase; its knockdown significantly aggravates the
extent of IR injury compared to wild-type hearts (96). The
enhanced mitochondrial protein acetylation, which is closely
correlated with the inhibited activity of complex I and MnSOD,
is the underlying mechanism. In the sepsis model, depletion of
SIRT3 also induces excessive acetylation of enzymes in the TCA
cycle and production of lactate and NADH, which accordingly
deteriorate sepsis-induced cardiac dysfunction (97). However,
recently, a dual knockout mouse model targeting carnitine
acetyltransferase and SIRT3 resulted in a dramatically proteome-
wide upregulation of lysine acetylation in heart mitochondria,
which exhibited a∼86% overlap with characteristics of HF, while
this has no or minimal impact on mitochondrial function, such
as dehydrogenase activity, respiration, redox state and OXPHOS
(98). Therefore, clinical and mechanistic studies are to be done to
determine protein acetylation in mitochondrial metabolism and
its actual contribution to IR injury.

Except for acetylation and succinylation, new acylation
mediated by metabolites themselves is founded to participate
in epigenetic regulation of gene expression and enzymatic
activity. In an HFpEF (HF with preserved ejection fraction) mice
model, by partly activating citrate synthase through lysine β-
hydroxybutyrylation and inhibiting FA uptake, β-OHB limits
the acetyl-CoA pool and thus inhibits mitochondrial acetylation
(99). Besides, the crotonylation of histone also regulates gene
transcription and metabolism. In hypertrophic cardiomyopathy,
Enoyl Coenzyme A Hydratase1 (ECHS1), the enzyme in the
second step of fatty acids β-oxidation, reduces the intracellular
crotonyl-CoA level and inhibits cardiomyocytes hypertrophy
via repressing H3K18cr and H2BK12cr and NFATc3 expression
(100). Recently, Zhang et al. have discovered that lactate, the
product of glycolysis, can stimulate histone lactylation, which
participates in M1 macrophage polarization by inducing Arg1
expression (101). The histone lactylation is later found to
regulate tissue repair and cancer progression (101–103). As
macrophage phenotype and inflammation are closely correlated
with prognosis of IHD and HF (104, 105), the role of this “lactate
clock” in cardiovascular system is to be clarified to develop
novel therapeutics.

MECHANICAL CIRCULATORY SUPPORT
ON MYOCARDIAL MITOCHONDRIAL
METABOLISM

In spite of timely perfusion, over 1/4 of patients suffering the first-
time AMI develop HF within 1 year (106). For every 5% increase
in the myocardial infarct size, the 1-year HF hospitalization
and 1-year mortality will increase by 20% (107). The reason
for the poor prognosis of patients with AMI is that reperfusion
paradoxically worsens myocardial injury. Upon reperfusion, the
ischemic myocardium is subjected to abrupt biochemical and
metabolic alterations, including mitochondrial re-energization,
ROS burst, intracellular and mitochondrial Ca2+ overload,
rapid pH correction and inflammation (108). These alterations
can lead necrosis of endothelial cells and cardiomyocytes via
opening of mPTP and hypercontraction. The mPTP is a non-
selective channel on inner membrane of mitochondria, and
its opening disrupts the mitochondrial membrane potential,
which uncouples OXPHOS, exhausts ATP, and induces cell
death. During ischemia, mPTP is closed, while the reperfusion-
induced ROS burst, Ca2+ overload, and rapid pH fluctuation
cause mPTP opening (109). Therefore, mitochondria, acting as
a signaling hub, are an important target for cardioprotection.
Improved and more efficient strategies are in urgent demand to
limit myocardial injury by inhibiting deleterious response and
inducing a cardioprotective mechanism prior to reperfusion of
the infarct-related arteries so as to prevent the development
of patients with HF after MI. Recently, increasing numbers of
mechanical circulatory support (MCS) devices have been applied
in clinical practice as they can enhance systemic mean arterial
pressure and concurrently reduce left ventricular (LV) wall stress
and stroke work, which may be beneficial for myocardial oxygen
supply-demand equilibrium (110–112).
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Mechanical Loading on Mitochondrial
Metabolism of Myocardium
Normally, cardiomyocytes are subjected to three types of
mechanical loading, including cyclic stretch imposed by every
heartbeat, shear stress generated by flowing blood, and static
stretching due to blood pressure. Cardiomyocytes are sensitive to
mechanical stress, which are transduced to molecular signaling
by biomechanical sensors. The sensors and transduction
pathways have been studied for several years in the hope
of preventing development and progression of cardiovascular
diseases by shutting down mechanotransduction.

Emerging evidence has shown that excessive mechanical
loading can disturb mitochondrial homeostasis, including
dynamics, metabolism, Ca2+ homeostasis and redox state (113,
114). Ca2+ leak is the earliest alteration observed under
mechanical loading, and during myocardial systole, the duration
and amount of Ca2+ leak determine the contractile force of
myocardium (115). Ca2+ is a versatile signaling molecule, which
regulates numerous cellular processes, including cell metabolism,
and the mitochondrial Ca2+ homeostasis is determine by
equilibrium between Ca2+ influx and efflux, which are regulated
by Ca2+ channels, transporters, exchangers and subcellular
organelles (116, 117). Ca2+ affectsmetabolic processes such as the
TCA cycle through allosteric regulation of enzymes or indirectly
via regulating phosphatases and kinases (118, 119). In addition,
Ca2+ channels, transporters and exchangers are also reported
to be responsible for metabolism (120–122). The Ca2+ release-
activated Ca2+ (CRAC) channel, which imports Ca2+ from
endoplasmic reticulum and extracellular space, is involved in FA
metabolism (119). Piezo1, which is discovered in 2010 by Coste
et al. and forms cationic non-specific channels, also participates
in mechanotransduction by transducing ionic current and Ca2+

influx (123). In cardiovascular system, Piezo1 expresses in
endothelial cells, smooth muscle cells, cardiomyocytes, and
cardiac fibroblasts and can be activated by cyclic stretch and
shear stress. In endothelial cells, Piezo1 couples shear stress-
provoked Ca2+ entry and endothelial cell organization and
alignment via Ca2+-activated proteolytic enzyme calpain (124).
However, data on the presence and function of Piezo1 in
cardiomyocytes are limited. Liang et al. found that the mRNA
and the protein level of Piezo1 were upregulated in HF after
myocardial infarction (125). In another in vitro model, Piezo1
was reported to participate in sensing cyclic stretch and can
activate the mechanical low-density lipoprotein (LDL) receptor-
related protein 6 (LRP6)/β-catenin signaling pathway (126).
Clinically, the increased Piezo1 mRNA level was observed on
monocytes of patients with aortic valve stenosis, which increases
shear stress on circulating blood cells, and transcatheter aortic
valve implantation (TAVI) significantly decreased the mRNA
level on monocytes (127). Further in vitro mechanistic study
suggests that Piezo1-mediated Ca2+ influx from intracellular
stores, as well as the extracellular environment, was involved
in monocyte activation. Apart from Ca2+ homeostasis, Piezo1
constitutes a regulator of the Hippo-Yes-associated protein
(YAP)/PDZ-binding motif (TAZ) pathway (128, 129), which is
involved in converting mechanical stress into biochemical signal
and has been well-studied (130). With regular mechanical stress,

the activated Hippo proteins phosphorylate YAP/TAZ and thus
confine them to cytoplasm. Upon excessive mechanical loading,
Hippo is inhibited and YAP/TAZ enters into nucleus where it
interacts with the TEAD1 family to induce gene transcription.
YAP and TAZ can regulate metabolism of various substrates
and mitochondrial function, which has been reviewed in detail
previously (131). However, the direct evidence that Piezo1
regulates mitochondrial metabolism is lacking.

LV Unloading by LV-To-Aorta Circulatory
Support
Over the past decades, preclinical studies have demonstrated
that, compared with reperfusion alone, mechanical unloading of
the left ventricle prior to coronary reperfusion can reduce IR
injury and myocardial infarct size in AMI (132, 133). Latterly,
preclinical studies also indicated that LV unloading and delayed
reperfusion by 30min can initiate cardioprotective changes,
including upregulated SDF-1a/CXCR4 expression, increased
cardioprotective signaling, and reduced apoptosis (133, 134).
Compared with reperfusion alone, 30min of LV mechanical
unloading before reperfusion was adequate to diminish LV
infarct size, improve cardiac function, and downregulate
biomarkers related to undesirable remodeling and HF 28 days
post AMI, thus promoting recovery of myocardial function
30 days after AMI (135). Furthermore, mechanical unloading
increased collateral coronary flow and myocardial microvascular
perfusion by reducing the LV-end diastolic wall stress (136,
137). In order to determine the safety and feasibility of LV
unloading and delayed reperfusion of patients with STEMI,
the DTU-STEMI pilot trial (Door-To-Unload in STEMI Pilot
Trial) randomly assigns 50 patients with anterior STEMI to LV
unloading with immediate reperfusion or LV unloading followed
by 30-min delay before reperfusion (138). The results of the
trial suggested that, despite delayed reperfusion, LV unloading
does not increase the infarct size, which lays a good foundation
for a future pivotal trial. In addition, in patients with large
anterior STEMIs, which is defined as a sum of precordial ST-
segment elevation STE ≥ 6mm, LV unloading reduces infarct
size normalized to the area at risk compared with reperfusion
alone (138). In patients with LAD occlusion and STE≥ 7mm, LV
unloading also diminishes the infarct size quantified by cardiac
magnetic resonance at 3- to 5-day post-MI compared with that
in the perfusion-alone group (139).

LV Unloading on Myocardial Mitochondrial
Metabolism
Recently, studies focusing on mitochondrial integrity and
function under LV unloading have been increasing. The
improvement of mitochondrial dysfunction is firstly reported
in patients with HF supported with long-term left ventricular
assist device (LVAD) therapy (140). To elucidate the mechanisms
of the clinical benefit brought by LVAD, tissue specimens
were harvested from the explanted hearts at the time of
transplantation or LVAD implantation. Mechanical unloading
supported by LVAD increased the respiratory rate and efficiency
of mitochondrial respiration on TCA cycle-derived substrates
in isolated mitochondria, suggesting that mitochondrial
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metabolism is involved in the cardioprotective effect of LVAD
(140). In failing human myocardium, decreased oxidation and
increased accumulation of long-chain FAs in the hypertrophic
heart are accompanied by increased acyl-derived intermediates,
including lipotoxic ceramides that curtail cardiac function.
Mechanical unloading via LVAD implantation increased
the content of acyl CoA, facilitating the lipid trafficking
and amelioration of the lipotoxicity (141–143). Besides, by
decreasing LV afterload, LVAD reduces acyl chains required for
energy production of the myocardium, which, therefore, restores
the upstream acyl CoA pool (143). In the IR injury model,
compared with pure reperfusion, LV unloading for 30min prior
to reperfusion upregulates genes associated with mitochondrial
function and respiration, and maintains the integrity of
mitochondria in the infarct zone (135). And tissue samples
from the infarct zone with or without LV unloading following
perfusion were analyzed using untargeted metabolomics.
Compared with the sham control group, IR significantly reduces
the levels of key metabolites related to glycolysis, glucose
oxidation, fatty acid transport and oxidation, and amino acid
use, while LV unloading preserves the levels of these metabolites
(139). Pathway analysis also showed that, compared with
reperfusion alone, LV unloading remarkably altered various
pathways involved in glycolysis, the TCA cycle, and ETC
function, suggesting that LV unloading preserves substrate levels
for OXPHOS (139). Further functional studies showed that,
compared with IR, LV unloading retains intact mitochondrial
structure, including cardiolipin content and activity of ETC,
including mitochondrial Complex I, and reduces oxidative stress
in mitochondria isolated from the infarct zone. In conclusion,
by reestablishing the oxygen supply-consumption balance, the
primary clinical prognosis determinant of patients with IHD,
LV mechanical unloading preserves myocardial energetics and
mitochondrial function, and, therefore, limits the infarct size and
improves cardiac function after AMI (Figure 2). Nevertheless,
more preclinical and human studies concerning LV mechanical
unloading require to be done since the panorama of substrate
utilization and mitochondrial metabolism is incomplete.

Metabolic Biomarkers of Myocardial
Recovery Under LV Unloading
Recently, the effects of mechanical unloading on mitochondrial
metabolism in patients with progressive HF, including
ischemic and non-ischemic cardiomyopathy, have increasingly
investigated to identify whether progression and improvement
of HF are correlated with altered myocardial energetics and
the metabolic process induced by mechanical unloading.
In the ischemic myocardium, altered distribution of CK
isoenzyme may disrupt energy transfer between mitochondria
and the contractile apparatus. Cardiolipin is the characteristic
phospholipid of the mitochondrial inner membrane whose
functional status is a determinant for efficient mitochondrial
coupling. Previous studies have shown that LVAD support can
improve mitochondrial coupling in ischemic cardiomyopathy
(ICM) hearts, and the improvement is associated with the
normalization of cardiolipin composition (140, 144).

FIGURE 2 | The cardioprotective mechanisms of left ventricular unloading.

The arrow facing up represents an increase, and down indicates a decrease.

In normal hearts, lactate can be converted to pyruvate
by lactate dehydrogenase (LDH) to enter the TCA cycle and
generate ATP, and concurrent lactate production balances the
lactate consumption (145). During HF, this balance is disturbed,
with an increased glycolytic pyruvate-derived lactate and a
simultaneous decrease in lactate utilization (146). Diakos et al.
demonstrated that glycolytic metabolites are increased in patients
with post-LVAD HF without a corresponding increase of early
TCA cycle intermediates, which may be attributed to poor
recovery of mitochondrial oxidative capacity and volume density
post-LVAD (146). Besides, the subsequent intermediates after
succinyl CoA anaplerotic access and amino acids levels are
increased post LVAD unloading, representing a complementary
energy source that could fuel the TCA cycle and building
blocks for protein synthesis (146). Especially, they revealed
that patients with better myocardial recovery post LVAD seem
to have improved mitochondrial function and structure with
LVAD unloading. This is verified in subsequent study showing
that MPC1 was lower in myocardial tissue samples of patients
with HF than those of non-failing donors (147). The MPC
transports pyruvate into the mitochondria for the TCA cycle and
is an important modulating point, which determines whether
pyruvate is oxidized or converted to lactate (148). In these
patients with chronic HF, increased MPC1 abundance post-
LVAD is observed in responders (patients with significantly
improved myocardial function after LVAD unloading) but not
non-responders, suggesting defective mitochondrial pyruvate
metabolism may be a primary factor contributing to their HF.
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Further animal models and in vitro cardiomyocyte models
proved that inhibited mitochondrial pyruvate oxidation is closely
correlated with cardiomyocyte hypertrophy.

Except for glucose oxidation, the metabolites of glycolysis
may be channeled to accessory pathways of glycolysis. Clinically,
LVAD implantation enhances levels of glucose and glucose-
6-phosphate in patients with ICM (149). Compared with
post-LVAD non-responders, rate-limiting enzymes of PPP
and one-carbon metabolism, which protect myocardium
through producing NADPH to promote biosynthesis and
antagonizing oxidative stress, are significantly increased
in post-LVAD responders (150). The responders also have
improved mitochondrial density and increased expression
of α-dystroglycan that maintains the extracellular matrix
and cytoskeletal integrity (150).Therefore, the deleterious
mitochondrial or related metabolism pathway may be
underlying etiology for the cardiac response to LVAD, and
specific metabolites may be utilized as cardiac prognostic
biomarkers of LVAD implantation. However, concerning
LVAD study on HF that includes patients with ischemic and
non-ischemic cardiomyopathy, caution should be made when
interpreting these results as studies have shown that metabolic
processes can be used to distinguish non-ischemic dilated
cardiomyopathy from ICM (151).

Hemodynamics of VA-ECMO
Cardiac arrest or cardiogenic shock (CS) occurs in ∼3–
10% of patients with AMI and is associated with about 30–
50% in-hospital mortality (152, 153). Therefore, percutaneous
circulatory support, particularly venoarterial extracorporeal
membrane oxygenation (VA-ECMO), which belongs to RA-
To-Aterial circulatory support, is increasingly used to provide
hemodynamic support for the management of AMI. Since VA-
ECMO transfers blood from venous reservoir to the arterial
system, the afterload is increased due to the retrograde flow.
Thus, the volume status and native ventricular function of the
patients will affect LV volume. In patients with low volume in
the venous system, VA-ECMO initiation reduces the total cardiac
preload and therefore LV volume (154). However, as VA-ECMO
is usually applied to CS patients with venous congestion, the
pressurized arterial system will increase systemic blood pressure.
When the original LV function is retained, the increase in
LV systolic pressure will overcome the LV afterload to enable
blood ejection via aortic valve, and the increased flow and LV
systolic blood pressure will not come at the cost of LV diastolic
blood pressure when the LV contractility is preserved (154). In
patients with LV dysfunction compromised by extensive anterior
wall MI, the diminished stroke volume results in increased LV
systolic and diastolic pressures because the dysfunctional LV
cannot pump blood effectively to resist increased afterload and
the pressurized arterial tree (110). The elevated LV afterload
increases wall stress of LV and left atrial and therefore increases
oxygen demand, which finally hindersmyocardial recovery (155).
The extra LV afterload and insufficient LV mechanical unloading
under VA-ECMOmay lead to severe complications, including LV
stasis, thrombosis, pulmonary edema, and ventricular dilatation-
induced ischemia, all of which increase mortality (156, 157).

Particularly, ECMO can reduce both LV end diastolic volume and
LV systolic wall stress of the normal hearts but increase LV wall
stress in ischemic hearts (158).

To decompress the LV and attenuate increased afterload via
elevating forward flow, the VA-ECMO is combined with other
mechanical devices in clinical practices (159). In a retrospective
cohort from America, almost 60% of AMI admissions had a
second temporary MCS device besides ECMO, and 30.3% of
them were placed concomitantly (160). Previous meta-analysis
suggests that ECMO + IABP strategy achieves lower mortality
compared with ECMO alone in CS of AMI (161). Compared
with that of patients with VA-ECMO alone, the mortality was
lower in patients with combined Impella and VA-ECMO (162,
163). Besides, LV unloading done early (within 12 h) seems
to be correlated with an increased rate of successful weaning
and decreased short-term mortality (164). Recent studies have
suggested that combined utilization of Impella to decompress
the LV with ECMO reduced the mortality rate of CS (154).
However, as VA-ECMO support systemic perfusion at the risk
of increasing LV load, available data on VA-ECMO utilization in
AMI are limited, and most of them are retrospective. There is
an urgent need to conduct randomized controlled trials (RCT) to
investigate the application of VA-ECMO in AMI and its effects
on infarct size as well as long-term prognosis.

VA-ECMO on Mitochondrial Metabolism of
Normal Hearts
As recovery of myocardial function is the primary prerequisite
for weaning from the ECMO circuit, it is necessary to fully
clarify the effects of changing energy equilibrium and substrate
utilization of the heart under ECMO support. Of all these factors,
hemodynamics of the heart during ECMO cause changes in
substrate metabolism. Even if no direct myocardial damage has
occurred before, ECMO can cause cardiac arrest. Therefore,
the previously uninjured and unenlarged heart is used to
define the effect of ECMO on substrate use and myocardial
energetics to exclude the interferences of hypoxia, ischemia,
or reperfusion. In infants, systemic studies have shown that
ECMO promotes the leucine oxidation and, at the same time,
increases the protein degradation rate, leading to negative
protein balance and related skeletal muscle atrophy (165). The
BCAA undergoes catabolism instead of being incorporated into
protein synthesis, providing a carbon substrate for oxidation
in the TCA cycle (166). However, evidence concerning heart-
specific adaptions in the metabolic process is rare. In an
immature swine model, ECMO shifts myocardial metabolic
processes toward positive protein balance by preserving BCAA
for protein synthesis instead of promoting their oxidation
(167). Because ECMO significantly reduces myocardial oxygen
consumption, the overall LV leucine oxidation rate is reduced
compared with the increase observed in the whole-body-
infant study. Besides, pyruvate utilization seems to prevent
insulin resistance, further preserving BCAA from oxidation.
Simultaneously, ECMO promotes the oxidation of long chain
FAs oxidation and inhibits lactate oxidation (168). This
metabolic shift during ECMO appears to be explained by rapid
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upregulation of PDH kinase-4 (PDK4) protein. As demonstrated
by Randle et al. (169), PDH is phosphorylated and inhibited
by PDK4, thereby reciprocally increasing FAO via acyl-CoA
dehydrogenases. ECMO also increased the relative flux from
lactate to alanine, further supporting the inhibitory effect of
PDK4 on PDH (168). In a VA-ECMO immature piglet model,
weaning from ECMO circuits induces a sudden increase in
cardiac work and myocardial oxygen consumption, which is
associated with shifts in substrate utilization and pathways
contribution. The exogenous pyruvate is favored vs. those
derived from glycolysis, and acetyl-CoA is generated from
endogenous substrate, presumably fatty acids and ketones rather
than pyruvate decarboxylation (170). In conclusion, in normal
hearts, ECMO preserved positive protein balance via promoting
the FAO and pyruvate oxidation, and successful weaning will not
increase the oxidation of amino acids, nor will it adversely affect
the rate of protein synthesis.

VA-ECMO on Mitochondrial Metabolism of
Ischemic Hearts
To determine whether VA-ECMO protects the ischemic heart
through ameliorating metabolic abnormalities induced by IR,
metabolites of neonatal piglets that undergo coronary occlusion
for 30min, followed by ECMO support, have been analyzed
(170). The ratio of phosphocreatine to adenosine triphosphate
(PCr/ATP) is analyzed as a surrogate for mitochondrial oxidative
capacity (171), and it falls when ATP demand nears or exceeds
the maximal ATP production rate. Files demonstrated that,
compared with the preischemic level, IR significantly decreased
the PCr/ATP by > 50%, and ECMO after injury returns
the PCr/ATP to near preischemic levels, yet this effect is
lost during weaning (172). This suggests that mitochondrial
ATP synthesis operates near maximal capacity, as weaning
ECMO elevates the energy requirement and disrupts the
PCr/ATP. Along with the impaired mitochondrial respiration,
IR significantly expanded the intracellular pyruvate pool, and
shifted pyruvate from oxidation toward anaerobic glycolysis,
indicting by reducing pyruvate decarboxylation (PDC) relative
to citric acid cycle (CAC) flux (172). ECMO significantly
increased the pyruvate fractional contribution, while weaning
followed a similar pattern (172). Besides, the CAC flux is also
impaired after ischemia and during reloading. IR did not alter
the level of citrate and α-KG but did substantially expand
the pools of distal CAC intermediates succinate, fumarate,
and malate. The accumulation of succinate is induced by
forward flux from α-KG with partial inhibition of SDH
within mitochondrial complex II. The high concentrations of
succinate might readjust activity of dehydrogenase and produce
fumarate and malate at a higher concentration. Alternatively,
metabolic analysis suggests that the expansion of oxaloacetate
and malate was partially through the anaplerotic entry of
pyruvate. As demonstrated previously, IR can promote the
carboxylation of anaplerotic pyruvate, which is converted to
oxaloacetate by its carboxylase or converted to malate by malic
enzyme (173, 174). The metabolic impairments, including the

reduced PDC rate and accumulated succinate, also recurred
with ECMO weaning, implying that limited OXPHOS due
to insufficient acetyl-CoA and disrupted cycling of CAC
impaired weaning.

In another adult swinemodel subjected to LAD occlusion, VA-
ECMO was activated followed with 180-min LAD reperfusion,
and the hemodynamic parameters were detected. Compared
with the group of IR injury, ECMO initiation reduces right
atrial RA pressure and LV stroke work but increases the
infarct area normalized to the risk area and the infarct area
normalized to the total LV area (139). Metabolic data based on
unbiased and blinded analysis show that LV unloading by ECMO
before reperfusion does not improve the use of myocardial
energy substrates, nor can it preserve mitochondrial structure,
including cardiolipin content induced by IR injury. Further
functional analysis of the mitochondria of infarct zone showed
that reperfusion that followed ECMO support also has impaired
ETC, including mitochondrial Complexes I, II, and III, and
increased oxidative stress with IR. Therefore, despite the fact
that ECMO does reduce LV stroke work, it increases the infarct
area and fails to protect myocardial mitochondrial and energy
metabolism. It should be noted that, except for the hemodynamic
effects, the large surface areas of extracorporeal circuits can
activate neutrophils, which has already been demonstrated in
patients with CS, and the increased circulating neutrophils
can mediate reperfusion injury (175). In addition, the data
that bypass the left atrium to the femoral artery without an
oxygenator can reduce LV stroke work and infarct size also proves
this point (133).

In addition to immune alterations, the discrepancies of
the two preclinical studies may be attributed to differences
between experimental models, such as animal maturity, duration
and severity of ischemia, timing of ECMO initiation, flow of
ECMO, timing of sampling, etc. Besides, the native cardiac
volume and hemodynamic parameters are to be continuously
monitored, since they are also correlated with tissue perfusion.
As successful weaning of ECMO is based on end-organ function
and myocardial recovery, which includes myocardial energetics
and substrate utilization, metabolic pathways may be promising
therapeutic targets in future clinical practices. Moreover,
combined with profound hemodynamic monitoring, metabolites
may be used as biomarkers to develop more comprehensive
and superior algorithms or models for evaluating myocardial
functional recovery.

CONCLUSION

This study summarizes substrate use and metabolic alterations
during the process of IHD, with an emphasis on IR injury
and HF. Although numerous metabolic processes outlined
here are ideal drug targets for IR injury, further pieces of
research are still needed to gain full insights into the underlying
mechanism. Particularly, by unloading the ischemic heart
and establishing the oxygen supply-demand balance, MCS is
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promising in reducing IR injury and improving cardiac function.
However, their effects on mitochondrial metabolism and cardiac
improvement, especially VA-ECMO, still vary under different
conditions. Therefore, more studies are needed to elucidate
whether MCS has a beneficial impact on cardiac function and
long-term prognosis.

AUTHOR CONTRIBUTIONS

MJ wrote the draft of the manuscript and prepared the
figures. XX reviewed the manuscript. FC and YW proposed
the original idea and reviewed the manuscript. All the

authors read and approved the final submitted version of
the manuscript.

FUNDING

This work was supported by Beijing Municipal Natural Science
Foundation (7202189), Project of National Clinical Research
Center for Geriatric Disease (NCRCG-PLAGH-2019024), The
National Key Research Program of China (2018YFC0116305),
The National Natural Science Foundation of China (grant nos.
91939303 and 81820108019), and Major Program of Central
Health Committee (2020ZD05).

REFERENCES

1. Nowbar AN, Gitto M, Howard JP, Francis DP, Al-Lamee R.

Mortality from ischemic heart disease. Circulation. (2019)

12:5375. doi: 10.1161/CIRCOUTCOMES.118.005375

2. Kaski J, Crea F, Gersh BJ, Camici PG. Reappraisal of

ischemic heart disease. Circulation. (2018) 138:1463–

80. doi: 10.1161/CIRCULATIONAHA.118.031373

3. Lee L. Metabolic manipulation in ischaemic heart disease, a novel approach

to treatment. Eur Heart J. (2004) 25:634–41. doi: 10.1016/j.ehj.2004.02.018

4. Lopaschuk GD, Karwi QG, Tian R, Wende AR, Abel ED.

Cardiac energy metabolism in heart failure. Circ Res. (2021)

128:1487–513. doi: 10.1161/CIRCRESAHA.121.318241

5. Faadielessop M, Opie L. Metabolic therapy for heart failure. Eur Heart J.

(2004) 25:1765–8. doi: 10.1016/j.ehj.2004.08.019

6. Lopaschuk GD, Ussher JR, Folmes CDL, Jaswal JS, Stanley WC. Myocardial

fatty acid metabolism in health and disease. Physiol Rev. (2010) 90:207–

58. doi: 10.1152/physrev.00015.2009

7. Gorge G, Chatelain P, Schaper J, Lerch R. Effect of increasing

degrees of ischemic injury on myocardial oxidative metabolism

early after reperfusion in isolated rat hearts. Circ Res. (1991)

68:1681–92. doi: 10.1161/01.RES.68.6.1681

8. Zuurbier CJ, Bertrand L, Beauloye CR, Andreadou I, Ruiz-Meana M,

Jespersen NR, et al. Cardiac metabolism as a driver and therapeutic

target of myocardial infarction. J Cell Mol Med. (2020) 24:5937–

54. doi: 10.1111/jcmm.15180

9. Zuurbier CJ, Ince C. Post-ischaemic changes in the response time

of oxygen consumption to demand in the isolated rat heart are

mediated partly by calcium and glycolysis. Pflugers Arch. (2002) 443:908–

16. doi: 10.1007/s00424-001-0744-2

10. Benzi RH, Lerch R. Dissociation between contractile function and

oxidative metabolism in postischemic myocardium. Attenuation by

ruthenium red administered during reperfusion. Circ Res. (1992) 71:567–

76. doi: 10.1161/01.RES.71.3.567

11. Stanley WC, Lopaschuk GD, Hall JL, Mccormack JG. Regulation

of myocardial carbohydrate metabolism under normal and ischaemic

conditions. Potential for pharmacological interventions. Cardiovasc Res.

(1997) 33:243–57. doi: 10.1016/S0008-6363(96)00245-3

12. Tanaka-Esposito C, Chen Q, Lesnefsky EJ. Blockade of electron transport

before ischemia protects mitochondria and decreases myocardial injury

during reperfusion in aged rat hearts. Transl Res. (2012) 160:207–

16. doi: 10.1016/j.trsl.2012.01.024

13. Turer AT, Stevens RD, Bain JR, Muehlbauer MJ, van der Westhuizen

J, Mathew JP, et al. Metabolomic profiling reveals distinct patterns

of myocardial substrate use in humans with coronary artery disease

or left ventricular dysfunction during surgical Ischemia/Reperfusion.

Circulation. (2009) 119:1736–46. doi: 10.1161/CIRCULATIONAHA.108.81

6116

14. Montessuit C, Lerch R. Regulation and dysregulation of glucose

transport in cardiomyocytes. Biochimica Biophysica Acta. (2013)

1833:848–56. doi: 10.1016/j.bbamcr.2012.08.009

15. Shi T, Papay RS, Perez DM. Alpha1A-Adrenergic receptor

prevents cardiac ischemic damage through PKCdelta/GLUT1/4-

mediated glucose uptake. J Recept Signal Transduct Res. (2016)

36:261–70. doi: 10.3109/10799893.2015.1091475

16. Li X, Liu Y, Ma H, Guan Y, Cao Y, Tian Y, et al. Enhancement of

glucose metabolism via PGC-1α participates in the cardioprotection

of chronic intermittent hypobaric hypoxia. Front Physiol. (2016)

7:219. doi: 10.3389/fphys.2016.00219

17. Liu X, Zeng J, Yang Y, Qi C, Xiong T, Wu G, et al. DRD4

mitigates myocardial Ischemia/Reperfusion injury in association with

PI3K/AKT mediated glucose metabolism. Front Pharmacol. (2021)

11:619426. doi: 10.3389/fphar.2020.619426

18. Tian R, Abel ED. Responses of GLUT4-deficient hearts to ischemia

underscore the importance of glycolysis. Circulation. (2001) 103:2961–

6. doi: 10.1161/01.CIR.103.24.2961

19. Omar MA, Verma S, Clanachan AS. Adenosine-mediated inhibition

of 5
′

-AMP-activated protein kinase and p38 mitogen-activated

protein kinase during reperfusion enhances recovery of left

ventricular mechanical function. J Mol Cell Cardiol. (2012)

52:1308–18. doi: 10.1016/j.yjmcc.2012.03.014

20. Heidrich F, Schotola H, Popov AF, Sohns C, Schuenemann J,

Friedrich M, et al. AMPK - activated protein kinase and its role

in energy metabolism of the heart. Curr Cardiol Rev. (2010)

6:337–42. doi: 10.2174/157340310793566073

21. Fernández-Caggiano M, Prysyazhna O, Barallobre-Barreiro J,

Calviñosantos R, Aldama López G, Generosa Crespo-Leiro M, et al.

Analysis of mitochondrial proteins in the surviving myocardium

after ischemia identifies mitochondrial pyruvate carrier expression

as possible mediator of tissue viability. Mol Cell Proteomics. (2016)

15:246–55. doi: 10.1074/mcp.M115.051862

22. Kudo N, Barr AJ, Barr RL, Desai S, Lopaschuk GD. High rates of fatty

acid oxidation during reperfusion of ischemic hearts are associated with

a decrease in malonyl-CoA levels due to an increase in 5’-AMP-activated

protein kinase inhibition of acetyl-CoA carboxylase. J Biol Chem. (1995)

270:17513–20. doi: 10.1074/jbc.270.29.17513

23. Chouchani ET, Methner C, Nadtochiy SM, Logan A, Pell VR, Ding S, et al.

Cardioprotection by S-nitrosation of a cysteine switch on mitochondrial

complex I. Nat Med. (2013) 19:753–9. doi: 10.1038/nm.3212

24. Garland PB, Randle PJ, Newsholme EA. Citrate as an intermediary in

the inhibition of phosphofructokinase in rat heart muscle by fatty acids,

ketone bodies, pyruvate, diabetes, and starvation. Nature. (1963) 200:169–

70. doi: 10.1038/200169a0

25. Heather LC, Clarke K. Metabolism, hypoxia and the diabetic heart.

J Mol Cell Cardiol. (2011) 50:598–605. doi: 10.1016/j.yjmcc.2011.0

1.007

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 December 2021 | Volume 8 | Article 789267110

https://doi.org/10.1161/CIRCOUTCOMES.118.005375
https://doi.org/10.1161/CIRCULATIONAHA.118.031373
https://doi.org/10.1016/j.ehj.2004.02.018
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1016/j.ehj.2004.08.019
https://doi.org/10.1152/physrev.00015.2009
https://doi.org/10.1161/01.RES.68.6.1681
https://doi.org/10.1111/jcmm.15180
https://doi.org/10.1007/s00424-001-0744-2
https://doi.org/10.1161/01.RES.71.3.567
https://doi.org/10.1016/S0008-6363(96)00245-3
https://doi.org/10.1016/j.trsl.2012.01.024
https://doi.org/10.1161/CIRCULATIONAHA.108.816116
https://doi.org/10.1016/j.bbamcr.2012.08.009
https://doi.org/10.3109/10799893.2015.1091475
https://doi.org/10.3389/fphys.2016.00219
https://doi.org/10.3389/fphar.2020.619426
https://doi.org/10.1161/01.CIR.103.24.2961
https://doi.org/10.1016/j.yjmcc.2012.03.014
https://doi.org/10.2174/157340310793566073
https://doi.org/10.1074/mcp.M115.051862
https://doi.org/10.1074/jbc.270.29.17513
https://doi.org/10.1038/nm.3212
https://doi.org/10.1038/200169a0
https://doi.org/10.1016/j.yjmcc.2011.01.007
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Jiang et al. Mitochondria and Ischemic Heart Disease

26. Lopaschuk GD, Spafford MA, Davies NJ, Wall SR. Glucose and palmitate

oxidation in isolated working rat hearts reperfused after a period of transient

global ischemia. Circ Res. (1990) 66:546–53. doi: 10.1161/01.RES.66.2.546

27. Terrand J, Papageorgiou I, Rosenblatt-Velin N, Lerch R. Calcium-mediated

activation of pyruvate dehydrogenase in severely injured postischemic

myocardium. Am J Physiol Heart Circ Physiol. (2001) 281:H722–

30. doi: 10.1152/ajpheart.2001.281.2.H722

28. Lerch R, TammC, Papageorgiou I, Benzi RH.Myocardial fatty acid oxidation

during ischemia and reperfusion. Mol Cell Biochem. (1992) 116:103–

9. doi: 10.1007/BF01270576

29. Lewandowski ED, White LT. Pyruvate dehydrogenase influences

postischemic heart function. Circulation. (1995) 91:2071–

9. doi: 10.1161/01.CIR.91.7.2071

30. Wang P, Lloyd SG, Chatham JC. Impact of high glucose/high

insulin and dichloroacetate treatment on carbohydrate oxidation

and functional recovery after low-flow ischemia and reperfusion

in the isolated perfused rat heart. Circulation. (2005) 111:2066–

72. doi: 10.1161/01.CIR.0000162466.06150.D4

31. Luptak I, Yan J, Cui L, Jain M, Liao R, Tian R. Long-term

effects of increased glucose entry on mouse hearts during

normal aging and ischemic stress. Circulation. (2007) 116:901–

9. doi: 10.1161/CIRCULATIONAHA.107.691253

32. Mansor LS, Sousa FM, Yea G, Coumans WA, West JA, Kerr M,

et al. Inhibition of sarcolemmal FAT/CD36 by sulfo-N-succinimidyl

oleate rapidly corrects metabolism and restores function in the diabetic

heart following hypoxia/reoxygenation. Cardiovasc Res. (2017) 113:737–

48. doi: 10.1093/cvr/cvx045

33. Mccormack JG, Barr RL, Wolff AA, Lopaschuk GD. Ranolazine stimulates

glucose oxidation in normoxic, ischemic, and reperfused ischemic rat hearts.

Circulation. (1996) 93:135–42. doi: 10.1161/01.CIR.93.1.135

34. Ussher JR, Wang W, Gandhi M, Keung W, Samokhvalov V, Oka

T, et al. Stimulation of glucose oxidation protects against acute

myocardial infarction and reperfusion injury. Cardiovasc Res. (2012)

94:359–69. doi: 10.1093/cvr/cvs129

35. Pham V, Zhang W, Chen V, Whitney T, Yao J, Froese D, et al. Design

and synthesis of novel pyridoxine 5’-phosphonates as potential antiischemic

agents. J Med Chem. (2003) 46:3680–7. doi: 10.1021/jm0300678

36. Heywood SE, Richart AL, Henstridge DC, Alt K, Kiriazis H, Zammit

C, et al. High-density lipoprotein delivered after myocardial infarction

increases cardiac glucose uptake and function inmice. Sci Transl Med. (2017)

9:aam6084. doi: 10.1126/scitranslmed.aam6084

37. Doenst T, Nguyen TD, Abel ED. Cardiac metabolism in heart failure. Circ

Res. (2013) 113:709–24. doi: 10.1161/CIRCRESAHA.113.300376

38. Ritterhoff J, Tian R. Metabolism in cardiomyopathy: every substrate matters.

Cardiovasc Res. (2017) 113:411–21. doi: 10.1093/cvr/cvx017

39. Griffiths HR, Gao D, Pararasa C. Redox regulation in metabolic

programming and inflammation. Redox Biol. (2017) 12:50–

7. doi: 10.1016/j.redox.2017.01.023

40. Ou W, Liang Y, Qing Y, Wu W, Xie M, Zhang Y, et al. Hypoxic acclimation

improves cardiac redox homeostasis and protects heart against ischemia-

reperfusion injury through upregulation of O-GlcNAcylation. Redox Biol.

(2021) 43:101994. doi: 10.1016/j.redox.2021.101994

41. Ellis JM, Frahm JL Li LO, Coleman RA. Acyl-coenzyme

a synthetases in metabolic control. CurrOpinLipidol. (2010)

21:212–7. doi: 10.1097/MOL.0b013e32833884bb

42. Hopkins TA, Dyck JRB, Lopaschuk GD. AMP-activated protein kinase

regulation of fatty acid oxidation in the ischaemic heart. Biochem Soc T.

(2003) 31:207. doi: 10.1042/bst0310207

43. Shu H, Peng Y, Hang W, Nie J, Zhou N, Wang DW. The

role of CD36 in cardiovascular disease. Cardiovasc Res. (2020)

2020:cvaa319. doi: 10.1093/cvr/cvaa319

44. Ussher JR, Lopaschuk GD. The malonyl CoA axis as a potential target

for treating ischaemic heart disease. Cardiovasc Res. (2008) 79:259–

68. doi: 10.1093/cvr/cvn130

45. Folmes CDL, Sowah D, Clanachan AS, Lopaschuk GD. High

rates of residual fatty acid oxidation during mild ischemia

decrease cardiac work and efficiency. J Mol Cell Cardiol. (2009)

47:142–8. doi: 10.1016/j.yjmcc.2009.03.005

46. Heather LC, Pates KM, Atherton HJ, Cole MA, Ball DR, Evans RD, et al.

Differential translocation of the fatty acid transporter, FAT/CD36, and

the glucose transporter, GLUT4, coordinates changes in cardiac substrate

metabolism during ischemia and reperfusion. Circulation. (2013) 6:1058–

66. doi: 10.1161/CIRCHEARTFAILURE.112.000342

47. Tominaga H, Katoh H, Odagiri K, Takeuchi Y, Kawashima H, Saotome

M, et al. Different effects of palmitoyl-l-carnitine and palmitoyl-CoA on

mitochondrial function in rat ventricular myocytes. Am J Physiol-Heart C.

(2008) 295:H105–12. doi: 10.1152/ajpheart.01307.2007

48. Liepinsh E, Makrecka-Kuka M, Volska K, Kuka J, Makarova E, Antone

U, et al. Long-chain acylcarnitines determine ischaemia/reperfusion-

induced damage in heart mitochondria. Biochem J. (2016) 473:1191–

202. doi: 10.1042/BCJ20160164

49. Tomanek RJ. Myocardial ischemia and infarction. In: Tomanek

RJ, editor, Coronary Vasculature: Development, Structure-Function,

and Adaptations. Boston, MA: Springer US (2013). p. 189–

220. doi: 10.1007/978-1-4614-4887-7_10

50. Wang W, Zhang L, Battiprolu PK, Fukushima A, Nguyen K,

Milner K, et al. Malonyl CoA decarboxylase inhibition improves

cardiac function Post-Myocardial infarction. JACC. (2019)

4:385–400. doi: 10.1016/j.jacbts.2019.02.003

51. Dyck JRB, Cheng J, Stanley WC, Barr R, Chandler MP, Brown

S, et al. Malonyl coenzyme a decarboxylase inhibition protects the

ischemic heart by inhibiting fatty acid oxidation and stimulating glucose

oxidation. Circ Res. (2004) 94:19569. doi: 10.1161/01.RES.0000129255.195

69.8f

52. Liepinsh E, Makrecka-Kuka M, Kuka J, Vilskersts R, Makarova E, Cirule

H, et al. Inhibition of L-carnitine biosynthesis and transport by methyl-γ-

butyrobetaine decreases fatty acid oxidation and protects against myocardial

infarction. Brit J Pharmacol. (2015) 172:1319–32. doi: 10.1111/bph.1

3004

53. Liu Z, Chen J, Huang H, Kuznicki M, Zheng S, Sun W, et al. The protective

effect of trimetazidine on myocardial ischemia/reperfusion injury through

activating AMPK and ERK signaling pathway. Metabolism. (2016) 65:122–

30. doi: 10.1016/j.metabol.2015.10.022

54. Hu H, Li X, Ren D, Tan Y, Chen J, Yang L, et al. The

cardioprotective effects of carvedilol on ischemia and reperfusion

injury by AMPK signaling pathway. Biomed Pharmacother. (2019)

117:109106. doi: 10.1016/j.biopha.2019.109106

55. Liu Q, Docherty JC, Rendell JCT, Clanachan AS, Lopaschuk GD. High levels

of fatty acids delay the recovery of intracellular pH and cardiac efficiency

in post-ischemic hearts by inhibiting glucose oxidation. J Am Coll Cardiol.

(2002) 39:718–25. doi: 10.1016/S0735-1097(01)01803-4

56. Cotter DG, Schugar RC, Crawford PA. Ketone body metabolism

and cardiovascular disease. Am J Physiol-Heart C. (2013)

304:H1060–76. doi: 10.1152/ajpheart.00646.2012

57. Ho KL, Zhang L, Wagg C, Al Batran R, Gopal K, Levasseur J, et al.

Increased ketone body oxidation provides additional energy for the failing

heart without improving cardiac efficiency.Cardiovasc Res. (2019) 115:1606–

16. doi: 10.1093/cvr/cvz045

58. Anorek M, Hodyc D, Aedivý V, Durišová J, Skoumalová A, Wilhelm J,

et al. Short-term fasting reduces the extent of myocardial infarction and

incidence of reperfusion arrhythmias in rats. Physiol Res. (2012) 2012:567–

74. doi: 10.33549/physiolres.932338

59. Al-Zaid NS, Dashti HM, Mathew TC, Juggi JS. Low carbohydrate ketogenic

diet enhances cardiac tolerance to global ischaemia. Acta Cardiol. (2007)

62:381–9. doi: 10.2143/AC.62.4.2022282

60. Wang P, Tate JM, Lloyd SG. Low carbohydrate diet decreases myocardial

insulin signaling and increases susceptibility to myocardial ischemia. Life Sci.

(2008) 83:836–44. doi: 10.1016/j.lfs.2008.09.024

61. Zou Z, Sasaguri S, Rajesh KG, Suzuki R. Dl-3-Hydroxybutyrate

administration prevents myocardial damage after coronary

occlusion in rat hearts. Am J Physiol-Heart C. (2002) 283:H1968–

74. doi: 10.1152/ajpheart.00250.2002

62. Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le

Moan N, et al. Suppression of oxidative stress by -Hydroxybutyrate,

an endogenous histone deacetylase inhibitor. Science. (2013)

339:211–4. doi: 10.1126/science.1227166

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 December 2021 | Volume 8 | Article 789267111

https://doi.org/10.1161/01.RES.66.2.546
https://doi.org/10.1152/ajpheart.2001.281.2.H722
https://doi.org/10.1007/BF01270576
https://doi.org/10.1161/01.CIR.91.7.2071
https://doi.org/10.1161/01.CIR.0000162466.06150.D4
https://doi.org/10.1161/CIRCULATIONAHA.107.691253
https://doi.org/10.1093/cvr/cvx045
https://doi.org/10.1161/01.CIR.93.1.135
https://doi.org/10.1093/cvr/cvs129
https://doi.org/10.1021/jm0300678
https://doi.org/10.1126/scitranslmed.aam6084
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1093/cvr/cvx017
https://doi.org/10.1016/j.redox.2017.01.023
https://doi.org/10.1016/j.redox.2021.101994
https://doi.org/10.1097/MOL.0b013e32833884bb
https://doi.org/10.1042/bst0310207
https://doi.org/10.1093/cvr/cvaa319
https://doi.org/10.1093/cvr/cvn130
https://doi.org/10.1016/j.yjmcc.2009.03.005
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000342
https://doi.org/10.1152/ajpheart.01307.2007
https://doi.org/10.1042/BCJ20160164
https://doi.org/10.1007/978-1-4614-4887-7_10
https://doi.org/10.1016/j.jacbts.2019.02.003
https://doi.org/10.1161/01.RES.0000129255.19569.8f
https://doi.org/10.1111/bph.13004
https://doi.org/10.1016/j.metabol.2015.10.022
https://doi.org/10.1016/j.biopha.2019.109106
https://doi.org/10.1016/S0735-1097(01)01803-4
https://doi.org/10.1152/ajpheart.00646.2012
https://doi.org/10.1093/cvr/cvz045
https://doi.org/10.33549/physiolres.932338
https://doi.org/10.2143/AC.62.4.2022282
https://doi.org/10.1016/j.lfs.2008.09.024
https://doi.org/10.1152/ajpheart.00250.2002
https://doi.org/10.1126/science.1227166
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Jiang et al. Mitochondria and Ischemic Heart Disease

63. Puchalska P, Crawford PA. Multi-dimensional roles of ketone bodies in

fuel metabolism, signaling, and therapeutics. Cell Metab. (2017) 25:262–

84. doi: 10.1016/j.cmet.2016.12.022

64. Yu Y, Yu Y, Zhang Y, Zhang Z, An W, Zhao X. Treatment with D-β-

hydroxybutyrate protects heart from ischemia/reperfusion injury in mice.

Eur J Pharmacol. (2018) 829:121–8. doi: 10.1016/j.ejphar.2018.04.019

65. Arima Y, Izumiya Y, Ishida T, Takashio S, Ishii M, Sueta D, et al. Myocardial

ischemia suppresses ketone body utilization. J Am Coll Cardiol. (2019)

73:246–7. doi: 10.1016/j.jacc.2018.10.040

66. Aubert G, Martin OJ, Horton JL, Lai L, Vega RB, Leone TC, et al.

The failing heart relies on ketone bodies as a fuel. Circulation.

(2016) 133:698–705. doi: 10.1161/CIRCULATIONAHA.115.0

17355

67. Uchihashi M, Hoshino A, Okawa Y, Ariyoshi M, Kaimoto S, Tateishi S,

et al. Cardiac-Specific bdh1 overexpression ameliorates oxidative stress and

cardiac remodeling in pressure overload–induced heart failure. Circulation.

(2017) 10:4417. doi: 10.1161/CIRCHEARTFAILURE.117.004417

68. Horton JL, Davidson MT, Kurishima C, Vega RB, Powers JC, Matsuura

TR, et al. The failing heart utilizes 3-hydroxybutyrate as a metabolic stress

defense. JCI Insight. (2019) 4:124079. doi: 10.1172/jci.insight.124079

69. Yurista SR, Silljé HHW, Oberdorf Maass SU, Schouten EM, Pavez Giani

MG, Hillebrands JL, et al. Sodium–glucose co-transporter 2 inhibition

with empagliflozin improves cardiac function in non-diabetic rats with left

ventricular dysfunction after myocardial infarction. Eur J Heart Fail. (2019)

21:862–73. doi: 10.1002/ejhf.1473

70. Selvaraj S, Kelly DP,Margulies KB. Implications of altered ketonemetabolism

and therapeutic ketosis in heart failure. Circulation. (2020) 141:1800–

12. doi: 10.1161/CIRCULATIONAHA.119.045033

71. Huang Y, Zhou M, Sun H, Wang Y. Branched-chain amino acid metabolism

in heart disease: an epiphenomenon or a real culprit? Cardiovasc Res. (2011)

90:220–3. doi: 10.1093/cvr/cvr070

72. Bhattacharya S, Granger CB, Craig D, Haynes C, Bain J, Stevens RD,

et al. Validation of the association between a branched chain amino

acid metabolite profile and extremes of coronary artery disease in

patients referred for cardiac catheterization. Atherosclerosis. (2014) 232:191–

6. doi: 10.1016/j.atherosclerosis.2013.10.036

73. Santos-Gallego CG, Requena-Ibanez JA, San Antonio R, Ishikawa

K, Watanabe S, Picatoste B, et al. Empagliflozin ameliorates

adverse left ventricular remodeling in nondiabetic heart failure

by enhancing myocardial energetics. J Am Coll Cardiol. (2019)

73:1931–44. doi: 10.1016/j.jacc.2019.01.056

74. Wang W, Zhang F, Xia Y, Zhao S, Yan W, Wang H, et al. Defective

branched chain amino acid catabolism contributes to cardiac dysfunction

and remodeling following myocardial infarction. Am J Physiol-Heart C.

(2016) 311:H1160–9. doi: 10.1152/ajpheart.00114.2016

75. Karwi QG, Zhang L, Wagg CS, Wang W, Ghandi M, Thai D, et al. Targeting

the glucagon receptor improves cardiac function and enhances insulin

sensitivity following a myocardial infarction. Cardiovasc Diabetol. (2019)

18:4. doi: 10.1186/s12933-019-0806-4

76. Li T, Zhang Z, Kolwicz SC, Abell L, Roe ND, Kim M, et al. Defective

Branched-Chain amino acid catabolism disrupts glucose metabolism and

sensitizes the heart to Ischemia-Reperfusion injury. Cell Metab. (2017)

25:374–85. doi: 10.1016/j.cmet.2016.11.005

77. Jang C, Oh SF, Wada S, Rowe GC, Liu L, Chan MC, et al. A branched-chain

amino acid metabolite drives vascular fatty acid transport and causes insulin

resistance. Nat Med. (2016) 22:421–6. doi: 10.1038/nm.4057

78. Li Y, Xiong Z, Yan W, Gao E, Cheng H, Wu G, et al. Branched chain

amino acids exacerbate myocardial ischemia/reperfusion vulnerability via

enhancing GCN2/ATF6/PPAR-α pathway-dependent fatty acid oxidation.

Theranostics. (2020) 10:5623–40. doi: 10.7150/thno.44836

79. Lu G, Sun H, She P, Youn J, Warburton S, Ping P, et al. Protein phosphatase

2Cm is a critical regulator of branched-chain amino acid catabolism in mice

and cultured cells. J Clin Invest. (2009) 119:1678–87. doi: 10.1172/JCI38151

80. Lian K, Guo X, Wang Q, Liu Y, Wang RT, Gao C, et al. PP2Cm

overexpression alleviates MI/R injury mediated by a BCAA catabolism

defect and oxidative stress in diabetic mice. Eur J Pharmacol. (2020)

866:172796. doi: 10.1016/j.ejphar.2019.172796

81. Dong W, Zhou M, Dong M, Pan B, Liu Y, Shao J, et al. Keto acid metabolites

of branched-chain amino acids inhibit oxidative stress-induced necrosis and

attenuate myocardial ischemia-reperfusion injury. J Mol Cell Cardiol. (2016)

101:90–8. doi: 10.1016/j.yjmcc.2016.11.002

82. Lesnefsky EJ, Chen Q, Moghaddas S, Hassan MO, Tandler B,

Hoppel CL. Blockade of electron transport during ischemia

protects cardiac mitochondria. J Biol Chem. (2004) 279:47961–

7. doi: 10.1074/jbc.M409720200

83. Sun H, Olson KC, Gao C, Prosdocimo DA, ZhouM,Wang Z, et al. Catabolic

defect of Branched-Chain amino acids promotes heart failure. Circulation.

(2016) 133:2038–49. doi: 10.1161/CIRCULATIONAHA.115.020226

84. Chouchani ET, Pell VR, Gaude E, Aksentijević D, Sundier SY, Robb
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Background: Pressure overload can result in dilated cardiomyopathy. The beneficial

effects of n-3 polyunsaturated fatty acids (n-3 PUFAs) on heart disorders have been

widely recognized. However, the molecular mechanisms underlying their protective

effects against cardiomyopathy remain unclear.

Methods: Pressure overload in mice induced by 8 weeks of transverse aortic

constriction was used to induce dilated cardiomyopathy. A transgenic fat-1 mouse model

carrying the n-3 fatty acid desaturase gene fat-1 gene from Caenorhabditis elegans

was used to evaluate the mechanism of n-3 PUFAs in this disease. Echocardiography,

transmission electron microscopy, and histopathological analyses were used to evaluate

the structural integrity and function in pressure overloaded fat-1 hearts. mRNA

sequencing, label-free phosphoprotein quantification, lipidomics, Western blotting,

RT-qPCR, and ATP detection were performed to examine the effects of n-3 PUFAs in

the heart.

Results: Compared with wild-type hearts, left ventricular ejection fraction was

significantly improved (C57BL/6J [32%] vs. fat-1 [53%]), while the internal diameters

of the left ventricle at systole and diastole were reduced in the fat-1 pressure overload

hearts. mRNA expression, protein phosphorylation and lipid metabolism were remodeled

by pressure overload in wild-type and fat-1 hearts. Specifically, elevation of endogenous

n-3 PUFAs maintained the phosphorylation states of proteins in the subcellular

compartments of sarcomeres, cytoplasm, membranes, sarcoplasmic reticulum, and

mitochondria. Moreover, transcriptomic analysis predicted that endogenous n-3 PUFAs

restored mitochondrial respiratory chain function that was lost in the dilated hearts, and
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this was supported by reductions in detrimental oxylipins and protection of mitochondrial

structure, oxidative phosphorylation, and ATP production.

Conclusions: Endogenous n-3 PUFAs prevents dilated cardiomyopathy via

orchestrating gene expression, protein phosphorylation, and lipid metabolism. This is the

first study provides mechanistic insights into the cardioprotective effects of n-3 PUFAs in

dilated cardiomyopathy through integrated multi-omics data analysis.

Keywords: n-3 PUFA, pressure overload, dilated cardiomyopathy cardioprotection, mitochondrial function, multi-

omics analysis

INTRODUCTION

Pressure overload can be induced by hypertension or aortic
valve stenosis. It has been estimated that 31.1% of adults have
hypertension globally (1), whereas the prevalence of severe aortic
stenosis in those aged 75 years and older is 3.4% in European
countries and North America (2). Long-standing pressure
overload leads to hypertrophic remodeling of the heart and
can progress to dilated cardiomyopathy (DCM). This advanced
stage of heart disease is characterized by dilation of the atria
and ventricles as well as reduced systolic and diastolic function
(3). Mutations in genes encoding myofilaments [e.g., titin (4),
myosin heavy chain (5), and myosin binding protein C (6)], as
well as mitochondrial proteins (7) have been frequently reported
in studies of inherent DCM. Systematic changes, including
activation of the renin angiotensin-aldosterone system (8),
metabolic disorder (9), microvascular injury (10), fibrosis and
inflammation (11, 12), and activation of intracellular signaling
(13, 14) were detected in pressure overload-induced dilated
myocardia. Our pervious study demonstrated that myofilament
phosphorylation is a crucial regulatory event in failing hearts
(15, 16). Treatment strategies involving angiotensin-converting
enzyme inhibitors, device therapy, and etiology-based therapies
are used to control blood pressure, restore normal heart rhythm,
lower inflammation, and prevent blood clot formation in
hypertension-associated cardiomyopathy (3). However, effective
treatments for cardiomyopathy involving dilated chambers
are lacking.

N-3 polyunsaturated fatty acids (n-3 PUFAs) are important
components of cellular membranes. The beneficial effects of
n-3 PUFAs on cardiovascular disease have been demonstrated
in epidemiological and clinical studies (17, 18). However, the
human body cannot synthesize n-3 PUFAs with odd numbers
of carbon atoms. Supplementation with n-3 PUFAs including
eicosatetraenoic acid (EPA) and docosahexaenoic acid (DHA)
has long been performed as a simple alternative approach

Abbreviations: ALA, alpha lipoic acid; DHET, dihydroxyeicosatrienoic; DiHETE,

dihydroxyeicosatetraenoic acid; DiHOME, Dihydroxy octadecenoic acid; DPA,

docosapentaenoic acid; EET, epoxyeicosatrienoic acid; GLA, gamma linolenic

acid; HDoHE, hydroxydocosahexaenoic acid; HETE, hydroxyeicosatetraenoic

acid; HETrE, hydroxy eicosatrienoic acid; HEPE, hydroxyeicosapentaenoic acid;

HHT, hydroxyheptadecatrenoic acid; HODE, hydroxy octadecadienoic acid;

HOTrE, hydroxyoctadecatrienoic acid; HpODE, hydroperoxylinoleic acids; KETE,

ketoeicosatetraenoic acid; KODE, ketooctadecadienoic acid; LA, linoleic acid; LTX,

leukotriene X; PGX, prostaglandin X.

for blood pressure management. N-3 PUFAs can suppress
aldosterone secretion, lower systemic vascular resistance, and
reduce blood pressure (19). Metabolism of EPA and DHA
share the same pathways with arachidonic acid (AA) including
cyclooxygenase (COX), 5-lipoxygenase (LOX), and cytochrome
P450 monooxygenase (CYP) enzymes (20). Endogenous n-
3 PUFA-derived oxygenated metabolites of EPA and DHA
exert beneficial roles. Moreover, n-3 PUFAs show potential
for improving cardiac function attributed to pressure overload;
however, as the treatment of patients with hypertension is often
combined with other medications or device intervention, the
molecular mechanisms associated with the beneficial effects of
these unsaturated fatty acids in cardiomyopathy remain unclear.
Here, we investigated molecular signatures including mRNA
expression, protein phosphorylation, and lipid metabolism in a
murine pressure overload model to aid to our understanding of
the effects elicited by n-3 PUFAs against dilated cardiomyopathy.
We further explored whether n-3 PUFAs regulate mitochondrial
function that were potentially involved in cardioprotection.

MATERIALS AND METHODS

Animals and Experimental Design
Fat-1 mice were developed by the Kang Laboratory (21).
These mice expressed the n-3 fatty acid desaturase gene fat-
1 from Caenorhabditis elegans, which converts n-6 PUFAs
into n-3 PUFAs, resulting in high levels of endogenous n-
3 PUFAs in the heart. Wild-type (WT) and transgenic fat-
1 littermates (fat-1) aged 3 months were subjected to a
transverse aortic constriction (TAC; the surgical procedure is
described below) to develop pressure overload. The four groups
of animals were named as WT-Sham, Fat1-Sham, WT-TAC,
and Fat1-TAC. After the experiments, the cardiac function of
the animals was evaluated using echocardiography. The heart
tissues were collected for histological examination, transmission
electron microscopy (TEM), mRNA sequencing, label-free
protein quantification, lipidomics, and western blotting were
conducted to explore effects and underlying mechanisms of the
elevation of endogenous n-3 PUFAs in dilated cardiomyopathy.

All animal experiments were conducted in accordance with
the guidelines of the Institutional Animal Care and Use
Committee of the Guangdong Laboratory Animals Monitoring
Institute (No. IACUC2017015). The mice were housed in a
specific pathogen-free mouse facility. The ambient temperature
and humidity of the facility were 24 ± 2◦C and 40–60%,
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respectively, with a 12-h light-dark cycle. The animals were given
ad libitum access to water and a regular rodent diet (Keao Xieli
Feed Co., Beijing, China). The animal facility was accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care.

Transverse Aortic Constriction
To introduce pressure overload stress to the heart, TAC was
performed inWT and fat-1 mice. After anesthesia, the mice were
intubated and connected to a ventilator. Isoflurane (1–2%) was
administered to maintain anesthesia. A 1-cm incision was made
on the chest midline around the second rib to open the thoracic
cavity. After identifying the aortic thoracic segment, a 7-0 suture
was installed under the aorta in the brachiocephalic trunk and the
left common carotid artery, and a 26G blunt needle was inserted
parallel to the aorta. The needle was removed after the surgical
knot was tied. The sham groups of WT and fat-1 mice were
subjected to the open chest procedure but not aortic constriction.

Echocardiography
An ultrasound system equipped with a high-frequency probe
MS-440 (Vevo 2100; VisualSonics, Toronto, ON, Canada) was
used to evaluate the structure and function of WT and fat-1
mice with ventricular pressure overload. Horizontal parasternal
short axis B-mode and M-mode images of the heart were
recorded for each mouse group (WT-Sham, WT-TAC, Fat1-
Sham, and Fat1-TAC). B-mode images of the parasternal short
axis in the papillary muscle plane were obtained by placing
the probe on the chest midline. M-mode images were acquired
at the same position as those of the B-mode recording.
The echocardiographic indices included interventricular septum
thickness at end-systole and diastole (IVS;s and IVS;d), left
ventricular posterior wall thickness at end-systole and diastole
(LVPW;s and LVPW;d), left ventricular internal dimension at
end-systole and diastole (LVID;s and LVID;d), left ventricular
ejection fraction (EF), and short axis fractional shortening (FS).

Histological Examination
Pathological examinations were conducted to determine
the cardiac structure, fibrosis, vessel morphology, and
cardiomyocyte size as previously described (15, 22). Masson’s
trichrome staining was performed to identify collagen fibers
and muscle tissue, whereas wheat germ agglutinin was used
to visualize cardiomyocyte plasma membranes and calculate
the cardiomyocyte size. Mice from all four groups (WT-Sham,
WT-TAC, Fat1-Sham, and Fat1-TAC) were euthanized, after
which their hearts were excised, fixed for 12–16 h in 4% (v/v)
paraformaldehyde, embedded in paraffin, and sectioned into
3-µm-thick slices. The following chemicals were used for
histological examination: 4’,6-diamidino-2-phenylindole (No.
P36962; Invitrogen, Carlsbad, CA, USA), Bouin’s solution
(No. HT10132; Millipore, Billerica, MA, USA) and Weigert’s
hematoxylin (No. HT10132; Millipore), Biebrich scarlet-acid
fuchsin solution (No. HT151; Millipore), and Aniline blue
(No. B8653; Millipore). Pathological changes in pressure
overload hearts were identified microscopically (DM2500;
Leica Microsystems, Wetzlar, Germany). Cardiomyocytes

were analyzed using ImageJ 1.52a software (NIH, Bethesda,
MD, USA).

Transmission Electron Microscopy
TEM was conducted to examine subcellular changes associated
with n-3 PUFA expression. Left ventricular tissues were cut into
small blocks (∼1 mm3), fixed with 2.5% glutaraldehyde and 1%
OsO4, dehydrated in ethanol, and embedded in Araldite. The
tissue blocks were cut into slices with a thickness of 60 nm using
a Leica cryostat system (EM UC7/FC7) and collected on copper
grids. The ultrathin sections were double-stained with 3% uranyl
acetate and lead citrate. The subcellular structure was observed
using a Tecnai G2 Spirit transmission electron microscope (FEI
Company, Hillsboro, OR, USA).

mRNA Sequencing
Total RNAwas extracted from the whole hearts of the four groups
(WT-Sham, WT-TAC, Fat1-Sham, Fat1-TAC) using TRIzol R©

Reagent (Thermo Fisher Scientific). The RNA concentration and
its integrity was assessed using an RNA Nano 6000 Assay Kit
(Agilent Technologies, Santa Clara, CA, USA). A NEBNext R©

UltraTM RNA Library Prep Kit for Illumina R© (New England
Biolabs, Ipswich, MA, USA) was used to generate sequencing
libraries. Index codes were added, and the samples were clustered
with a cBot Cluster Generation System using a TruSeq PE Cluster
Kit v3-cBot-HS (Illumina, San Diego, CA, USA). An Illumina
HiSeq platform (Illumina) was used to sequence the libraries.

Raw data was preprocessed for quality control, after which the
clean reads were mapped to the reference transcriptome. Next,
the four groups of processed data were compared in pairs, and
the fold-changes between comparisons were log2-transformed.
An adjusted P-value <0.1 was set as the cutoff for identifying
differentially expressed genes (DEGs). DEGs with fold-changes
>1.5 were considered as upregulated, whereas those with values
<1/1.5 were considered downregulated.

Phosphoproteomic Analysis
Filter-Aid Sample Preparation
The levels of phosphoprotein in the animal hearts (WT-
Sham, WT-TAC, Fat1-Sham, and Fat1-TAC) were quantified
using label-free quantitative proteomics technology. A filter-
aid sample preparation protocol from Mann Laboratory was
used to digest proteins and elute the peptides (23, 24). Briefly,
total protein was extracted from the heart tissues using lysis
buffer containing 4% sodium dodecyl sulfate (SDS), 100mM
Tris-HCl (pH 7.6), and 1mM dithiothreitol, and the protein
concentration was determined using a Pierce BCA Protein assay
kit (No. 23225, Thermo Fisher Scientific, Waltham, MA, USA).
The samples were desalted using an Empore SPE Cartridge C18
column (No. 98-0604-0198-5, Sigma, St. Louis, MO, USA; bed
internal diameter, 7mm; volume, 3mL). The proteins were then
concentrated and reconstituted in 40 µL of 0.1% formic acid
(No. F0507, Sigma). The protein concentration was measured
with a UV light a Spectrometer at 280 nm. Sample quality was
verified by performing 12.5% SDS-PAGE protein separation and
Coomassie Blue staining.
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Liquid Chromatography-Tandem Mass Spectrometry
Phosphopeptides were enriched using a High-SelectTM
Fe-NTA Phosphopeptides Enrichment Kit according to the
manufacturer’s instructions (No. A32992, Thermo Fisher
Scientific). After lyophilizatoin, the phosphopeptides peptides
were resuspended in 20 µL loading buffer (0.1% formic acid).
For liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis, phosphopeptide samples were injected into a
C18-reversed phase analytical column (Thermo Fisher Scientific
Easy-Spray Column, No. ES900) and separated with a linear
gradient over 120min at a flow rate of 300 nL/min controlled by
IntelliFlow technology. Spectra were acquired on a Q-Exactive
orbitrap mass spectrometer (Thermo Fisher Scientific) coupled
to an Easy-nLC 1200 system (Thermo Fisher Scientific). MS data
were acquired from a survey scan (300–1800 m/z) for higher-
energy C-trap dissociation fragmentation. The parameters were:
automatic gain control 3e6, maximum inject time of 10ms, and
dynamic exclusion duration 40.0 s. Survey scans were acquired
at a resolution of 70,000 at m/z 200, and the resolution for
higher-energy C-trap dissociation spectra was set to 17,500 at
m/z 200 and isolation width was 2 m/z. The normalized collision
energy was 30 eV and the underfill ratio, which specifies the
minimum percentage of the target value likely to be reached at
maximum fill time, was defined as 0.1%. MS/MS spectra were
searched using the MaxQuant 1.5.3.17 software for identification
and quantitation analysis.

The label-free quantitative data for phosphoproteins from the
four groups (WT-Sham, WT-TAC, Fat1-Sham, Fat1-TAC) were
compared in pairs, and the fold-changes between comparisons
were log2-transformed. A 0.05 cutoff was set for the P-value to
identify differentially expressed phosphoproteins (DEPs). DEPs
with fold-change values >1.5 and <1/1.5 were considered as
upregulated and downregulated, respectively.

Bioinformatic Analysis for mRNA and
Phosphoprotein Expression
Biological Process Enrichment Analysis and

Protein-Protein Interaction Network Construction
The web-accessible tool Metascape (https://metascape.org) was
used to enrich biological processes for the datasets of DEGs and
DEPs. Significant enrichment was considered as a P-value cutoff
of 0.01, minimum overlap of 3, minimum enrichment of 1.5,
and limiting-network interactome consisting of 3–500 candidate
proteins. A high P-value (–log10) of the term in a biological
process reflected its relatively higher degree of enrichment. Each
DEG or DEP in the interaction network was displayed in the
modules according to its biological processes.

Metascape was used to construct protein-protein interaction
networks for the enrichment biological processes (25). Biological
processes with similar functions were clustered, and then these
enrichment clusters were connected according to the algorithm
MCODE. Diagrams of the protein interaction network were
visualized in Cytoscape v. 3.8.1 (http://www.cytoscape.org).

Venn Diagram Analysis for Differentially Expressed

Phosphoproteins
To determine the roles of endogenous n-3 PUFAs in pressure
overload hearts, each comparison pair was input into the TBtools

program (https://omictools.com/tbtools-tool) to generate Venn
diagrams (http://jvenn.toulouse.inra.fr). Here, two intersections
were obtained: (1) the intersection of upregulated DEPs in the
WT-TAC vs. WT-Sham comparison group and downregulated
DEPs in the Fat1-TAC vs. WT-TAC comparison group, and (2)
the intersection of downregulated DEPs in the WT-TAC vs. WT-
Sham comparison group and upregulated DEPs in the Fat1-TAC
vs. WT-Sham comparison group. Next, these two intersections
further excluded the up-/downregulated DEPs from the Fat1-
Sham vs. WT-Sham comparison. Finally, two new sets of DEPs
were obtained: (1) upregulated by pressure overload in the WT
hearts but downregulated by fat-1 transgene in the pressure
overload condition, and (2) downregulated by pressure overload
in the WT hearts but upregulated by fat-1 transgene under
pressure overload.

Mitochondrial Function Prediction
Venn diagram analysis was also used to identify genes
associated with the mitochondrial respiratory chain complexes
that were upregulated by pressure overload in WT hearts,
but downregulated by fat-1 transgene in the pressure overload
condition. Here, a P-value <0.05 was set as the cutoff for
screening DEGs associated with the mitochondrial respiratory
chain function.

Lipidomic Analysis of n-3 and n-6 PUFAs
Reagents
Chemical used in this study included methanol (No.106009;
Merck, Darmstadt, Germany), formic acid (No. 5438040;
Merck), ethanoic acid (No. US-FLSA-001; Thermo Fisher
Scientific), and ethyl acetate (No. E196SK-4, Thermo Fisher
Scientific). The isotope internal standards (IS) for quantification
of lipid oxylipins were obtained from Cayman Chemical (Ann
Arbor, MI, USA), which are listed as follows: prostaglandin
(PG) E2-d4 (No. 314010), PGD2-d4 (No. 312010), PGF2α-d4
(No. 10007275), 6-keto-PGF1α-d4 (No. 315210), leukotriene
(LT) C4-d5 (No. 10006198), tetranor-PGEM-d6 (No. 314840),
LTB4-d4 (No. 320110), 15-hydroxy-eicosatetraenoic acid
(HETE)-d8 (No. 31746), 5-HETE-d8 (No. 334230), thromboxane
(TX) B2-d4 (No. 319030),12-HETE-d8 (No. 31745), platelet-
activating factor (PAF)-d4 (No. 360900), oleoylethanolamide
(OEA)-d4 (No. 9000552), eicosapentaenoic acid (EPA)-d5 (No.
10005056), docosahexaenoic acid (DHA)-d5 (No. 10005057),
and arachidonic acid (AA)-d8 (No. 390010). These standards
were mixed with methanol to obtain a final concentration of
100 ng/mL.

Extraction of n-3 and n-6 Polyunsaturated Fatty

Acids and Oxylipins
The hearts from each group of mice (WT-Sham, WT-TAC, Fat1-
Sham, and Fat1-TAC, N = 4) were collected and snap-frozen
in liquid nitrogen. Total lipids were extracted from the heart
tissues using a liquid-liquid extraction protocol as described
previously with modifications (26), and 100mg of heart tissue
was homogenized by adding 1 L of methanol (2% formic acid
and 0.01 mol/L BHT) and IS mixture (10 µL) and processing
in an Omni tissue homogenizer (TH02, Kennesaw, GA, USA).
The mixtures were centrifuged at 12,000 ×g at 4◦C for 10min
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to collect the supernatants, which were mixed with 700mL of
ultra-pure water and 1mL of ethyl acetate. The mixtures were
centrifuged again at 4000 ×g at 4◦C for 10min, and the upper
organic phase was collected. The organic phase was dried using a
nitrogen blower.

Ultra-Performance Liquid Chromatography-Tandem

Mass Spectrometry
The dried extracts were dissolved in 10% acetonitrile (No.
900686, Sigma), filtered through a 0.45-µmmembrane filter (No.
HAWP04700; Millipore), and subjected to ultra-performance
liquid chromatography-MS/MS analysis. A Shimadzu LCMS-
8050 (Kyoto, Japan) equipped with a Phenomenex C18 column
(2.1mm × 150mm × 2.6µm; Torrance, CA, USA) was used
to determine the n-3 and n-6 PUFAs and their oxylipins in the
heart tissue extracts. The column temperature was set at 40◦C,
and the injection volume was 5 µL. The mobile phase flow rate
was 0.6 mL/min. Gradient elution was performed with 0.1% (v/v)
formic acid (solvent A) and acetonitrile (solvent B). The gradient
of mobile phase B was set as follows: 10% (0min), 25% (5min),
35% (10min), 75% (20min), 95% (20.1min), 95% (25min), 10%
(25.1min), and 10% (30 min).

Quantitative Analysis of Oxylipins
MS/MS analyses were conducted in both positive and negative
ion modes using nitrogen as the nebulizer gas, and PUFAs
and oxylipins were identified according to multiple reaction
monitoring and relative retention time of the species in the same
class. The mass spectrometer was operated with MS operating
software (lipid mediator version 2 software package, Shimadzu).

The identified lipid oxylipins were quantified by measuring
the peak areas of the detected species as previously described
(26). Briefly, the peak areas of each individual lipid oxylipin
were corrected by those corresponding to the ISs of the same
lipid metabolite class, which compensated for the fluctuations
in MS intensities observed during different runs. The corrected
peak areas of all identified lipid oxylipins were used for in-
depth analysis.

Lipidomic analysis was performed as described previously
(16). To process the raw data, MetaboAnalyst V5.0 (Montreal,
Canada) was used to generate the clustering diagram and
SIMCA 14.1 (Umetrics, Umeå, Sweden) was used for principal
component analysis, providing an overview of the dataset
structure and relationships. A P-value <0.05 was set as the cutoff
for identification of the significant changes of oxylipins between
groups. Fold-change values>1.5 were considered as upregulated,
whereas values <1/1.5 were considered as downregulated.

Multi-Omics Data Analysis
To integrate multi-omics data and understand the insights of n-3
PUFA regulation in fat1-TAC hearts, comparison datasets (Fat1-
TAC vs. WT-TAC) from RNA-sequencing, phosphoproteomics,
or lipidomics were uploaded to MetaboAnalyst V5.0. The top 10
most enriched pathways were selected for further analysis.

Real Time Quantitative Polymerase Chain
Reaction
RT-qPCR was used to verify the expression of genes identified
by multi-omics data analysis. Briefly, after total RNA extraction,
TB Green Premix Ex Taq II (No. RR820; Takara Bio Inc., Shiga,
Japan) was used according to manufacturer’s instruction. The
reaction steps included 95◦C for 30 s, 40 cycles of 95◦C for 5 s,
60◦C for 34 s, and a final extension at 72◦C for 10min. Transcript
levels were normalized to the expression of β-actin. The primers
in this experiment listed in Supplementary Table S1.

Western Blotting
Expression of fission (dynamin-related protein 1, DRP1)
and fusion (optic atrophy-1, OPA1) proteins and oxidative
phosphorylation markers (electron transport chain complexes)
of the mitochondria was determined to evaluate mitochondrial
function (27). The hearts were homogenized in cell lysis
buffer (#9803, Cell Signaling Technology, Danvers, MA, USA)
containing protease inhibitors and 1%Triton X-100. The samples
were centrifuged at 12000 ×g at 4◦C for 15min, and the
supernatants were retained for further use. Cytosolic (40 µg)
proteins were separated using 10% SDS-PAGE and transferred
to polyvinylidene fluoride blotting membranes (Millipore). After
blocking with 5% skimmilk, the membranes were incubated with
primary antibodies (as listed above) overnight at 4◦Cbefore being
incubated with species-appropriate secondary antibodies (Cell
Signaling Technology). The bands were detected with Immobilon
Western Chemiluminescent HRP Substrate (Millipore). Primary
antibodies against DRP1 (No. 8570S, Cell Signaling Technology)
and OPA1 (No. 67589S, Cell Signaling Technology) were used,
along with a total oxidative phosphorylation rodent western
blotting antibody cocktail (No. ab110413, Abcam, Cambridge,
UK). Band density was analyzed using ImageJ software (NIH).

Adenosine Triphosphate Assay
The whole heart was homogenized and adenosine triphosphate
(ATP) was quantitatively determined using an ATP colorimetric
assay kit (#A095-1-1, Nanjing Jiancheng Co., Nanjing,
China) following the manufacturer’s instructions. Briefly, the
homogenates of heart tissues (200mg in 1.8mL of milli-Q H2O)
were heated to 100◦C for 10min and centrifuged at 1150 ×g for
10min. The amount of phosphorylating glycerol generated from
the supernatants was read at 630 nm using a spectrophotometer
(Ultrospec 2100, Biochrom, Cambridge, UK).

Statistical Analysis
For echocardiographic and pathological examinations, the data
are presented as the mean ± SEM. Raw data for the WT-Sham,
WT-TAC, Fat1-Sham, and Fat1-TAC groups were uploaded
to GraphPad Prism 8.0 software (GraphPad, Inc., La Jolla,
CA, USA). Significant differences among multiple data groups
were analyzed by two-way analysis of variance followed by
Tukey’s multiple comparisons test (GraphPad Prism 8.0). Graphs
showing individual data points were plotted. For mRNA
sequencing, phosphoproteomics, and lipidomics analyses, t-tests
were used to identify significant differences between pairs of
means. Statistical significance was set at P < 0.05.
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RESULTS

Elevation of Endogenous n-3 PUFAs
Reduces Cardiac Remodeling and
Improves Cardiac Function
We found that the levels of EPA were significantly increased in
the hearts of fat-1 mice. After TAC, both the EPA and DHA levels
were significantly higher in the myocardium (Figure 1A). The
total levels of n-3 PUFAs were significantly higher in the fat-1
TAC hearts than in the WT-TAC hearts, whereas the levels of
n-6 PUFAs and ratio of n-6/n-3 PUFA were significantly lower
in the fat1-TAC hearts than in the WT-TAC hearts (Figure 1A).
These measurements suggest that the fat-1 transgene increased
endogenous n-3 PUFAs and in the normal and pressure overload
hearts, as well as lowered the ratio of n-6 to n-3 in pressure
overload hearts.

The heart rate did not differ between groups based on
echocardiographic recording (Figure 1B; Table 1). TAC-induced
pressure overload significantly increased LVID;s (P < 0.0001)
and LVID;d (P < 0.0001) in WT mice, whereas these
two indices were significantly lower in fat-1 mice than in
WT mice (Figures 1B–D). Correspondingly, pressure overload
significantly increased the LV volume at systole (P < 0.0001)
and diastole (P < 0.0001) in WT mice. The corrected LV mass
was significantly increased in WT mice but not in Fat-1 mice
(Table 1). Cardiac contractile function indices, including EF and
FS, showed that the function was preserved in the Fat-1 TAC
group but not in the WT-TAC group (Figures 1B,E,F).

In addition, we found that pressure overload significantly
increased the size of cardiomyocytes and fibrosis (Figures 1G,H).
Fibrosis was significantly reduced in the myocardium, and
cardiomyocyte hypertrophy was reduced in the Fat1-TAC group
(Figures 1G,H).

Endogenous PUFAs Target
Phosphorylation Signaling and Restore
Protein Phosphorylation States Under
Pressure Overload Conditions
Transcriptomic and phosphoproteomic data analysis
(Figure 2A) revealed the overall expression profiles of
mRNAs and phosphoproteins, respectively (Figures 2B–E).
Fat-1 transgene caused alterations (up- or downregulation)
in the expression of mRNA under normal and pressure
overload conditions (Figure 2C). Furthermore, analysis of
the DEPs revealed that fat-1 transgene regulated expression
of phosphoproteins during pressure overload. Specifically,
compared with the WT hearts, the fat-1 hearts exhibited
upregulation of 18 phosphoproteins and downregulation of
57 phosphoproteins. Meanwhile, under pressure overload
conditions, fat-1 transgene up- and downregulated 34 and 49
phosphoproteins, respectively (Figure 2E).

Gene set enrichment analysis of biological processes revealed
that pressure overload significantly upregulated 49 genes
(Figures 3A,B). Under pressure overload conditions, at the
transcriptional level, elevated endogenous PUFAs downregulated
these 49 genes enriched in cardiac remodeling (negative

regulation of cell adhesion and positive regulation of growth),
inflammation (humoral immune response and regulation of
inflammatory response), and alterations in ion and cellular
homeostasis (multicellular organismal water homeostasis and
cellular response to metal ion) (Figures 3A,C).

We further analyzed protein post-translational modification
using quantitative phosphoproteomics. Through Venn diagram
analysis, we identified 21 phosphoproteins that were potentially
affected by elevation of endogenous n-3 PUFAs (Figures 4A,B).
Among them, five proteins were downregulated by pressure
overload, but were upregulated by fat-1 transgene under
pressure overload conditions, whereas another 16 proteins were
upregulated by pressure overload, however, were downregulated
by fat-1 transgene under pressure-overload (Table 2). Biological
process enrichment for these 21 phosphoproteins revealed
fat-1 transgene primarily suppressed expressions levels
of phosphoproteins associated with cardiac remodeling
(muscle cell differentiation, actin cytoskeleton organization,
cell junction organization, angiogenesis) and maintained
ion and cellular homeostasis (positive regulation of cation
channel activity and response to mechanical stimulus)
(Figure 4C). Moreover, these 21 phosphoproteins were
localized within cardiomyocytes, nerves, and vessels in the
myocardium, as well as in various subcellular compartments,
including the plasma membrane, cytoplasm, sarcoplasmic
reticulum, sarcomere, and mitochondria (Figure 4D; Table 2).
Furthermore, phosphorylation of myofilaments was altered
in dilated WT hearts (Figure 4D). Under pressure overload
conditions, compared with WT mice, fat-1 mice showed higher
phosphorylation levels of cTnI S6 and lower levels of titin S3784,
β-actin capping protein S263, and α-actinin 2 T822 (Table 2;
Supplementary Table S2). In addition, phosphorylation levels of
two other Z-line proteins (PDZ and LIM domain protein 5, as
well as sorbin and SH3 domain containing protein 2) were also
restored by fat-1 transgene in pressure overload hearts. These
results demonstrate that the contractile machinery represents
one target of endogenous n-3 PUFAs in pressure overload hearts.

Cardioprotection of Endogenous n-3
PUFAs Is Attributed to Suppression of
Their Oxylipin Production in Pressure
Overload Hearts
We further explored the protective mechanisms of endogenous
n-3 PUFAs based on lipidomic analysis. Shifts in the oxylipin
profiles were observed in the myocardium with elevated n-
3 PUFAs under pressure overload conditions (Figures 5A–C).
Forty-seven oxylipins were detected, among which 16 belonged
to n-3 and 31 belonged to n-6 metabolic pathways (Figure 5A).
The number of oxylipins altered by pressure overload or fat-1
transgene is displayed in Figure 5C.

Analysis of the metabolic pathways (Figures 5D–G) showed
that in the n-3 metabolic pathway, pressure overload reduced
DHA levels but increased oxylipins 8- and 11-HDoHE levels in
the hearts of WT mice (Figure 5D). Compared with WT hearts,
the n-3 PUFA-protected hearts showed higher concentrations of
EPA, DHA, and their oxylipins 17,18-DiHETE and 8-HDoHE,
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FIGURE 1 | Endogenous n-3 PUFAs and echocardiographic measurements in WT and fat-1 mice with or without pressure overload. Fat-1 transgene increased

endogenous n-3 PUFAs in normal and pressure overload hearts and lowered the ratio of n-6 to n-3 PUFAs in pressure overload hearts (A). N = 4 for each group. EPA,

eicosapentaenoic acid; DHA, docosahexaenoic acid; PUFA, poly unsaturated fatty acid. The M-mode recordings of the four groups are shown in (B). Transverse

aortic constriction (TAC)-induced pressure overload significantly increased the internal diameters at diastole (C) and systole (D) in WT mice, whereas these two indices

were lower in fat-1 mice than in WT mice. Cardiac contractile function indices, including EF (E) and FS (F), showed that the function was preserved in the fat-1 TAC

group. Pressure overload significantly increased the size of cardiomyocytes and fibrosis, which was significantly reduced in the Fat1-TAC group (G,H). N = 8 for each

group, subjected to echocardiographic analysis, and N = 4 for each group subjected to histological observation. LV, left ventricle. All data are presented as the means

± SEM. *P < 0.05 between groups.

whereas lower concentrations of n-3 PUFA oxylipins (12-HEPE,
and 7-, 10-, 11-, 13-, and 17-HDoHE) were observed under
pressure overload conditions (Figure 5F). In the n-6 PUFA
metabolic pathway, pressure overload increased the levels of n-6
PUFA oxylipins, including 15-HETrE, 12-keto-LTB4, 9-HETE,
12-HHT, and 6-keto-PGE1α and decreased the levels of the

oxylipin 11-beta-PGF2α (Figure 5E). Compared to WT hearts,
fat-1 hearts exhibited increased levels of n-6 PUFA oxylipins,
including 9-HpODE and 15-deoxy-delta-12,14-PGJ2 and
decreased levels of oxylipins in the LA-LOX pathway (9-HODE,
9-KODE, and 13-HODE), dihomo-γ-linolenic acid (DGLA)-
LOX pathways (15-HETrE), AA-LOX pathways (12-keto-LTB4,
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TABLE 1 | Echocardiographic measurements.

Parameters WT-Sham WT-TAC Fat1-Sham Fat1-TAC

Heart rate (beats/min) 455 ± 6 440 ± 7 467 ± 10 450 ± 11

LV Mass (corrected), mg 102.43 ± 4.11 179.68 ± 16.43* 102.35 ± 4.44# 118.71 ± 5.42#

Interventricular ventricular septum thickness, end-systolic, IVS;s (mm) 1.36 ± 0.01 1.23 ± 0.02 1.34 ± 0.03 1.24 ± 0.03

Interventricular ventricular septum thickness, end-diastolic, IVS;d (mm) 0.89 ± 0.01 0.87 ± 0.02 0.87 ± 0.03 0.89 ± 0.04

Left ventricular posterior wall thickness, end-systolic, LVPW;s (mm) 1.12 ± 0.03 1.05 ± 0.02 1.18 ± 0.02# 1.17 ± 0.02&

Left ventricular posterior wall thickness, end-diastolic, LVPW;d (mm) 0.77 ± 0.02 0.88 ± 0.04* 0.77 ± 0.01# 0.86 ± 0.02

Left ventricular internal dimension, end-systolic, LVID;s (mm) 2.22 ± 0.07 4.08 ± 0.21* 2.24 ± 0.05# 2.74 ± 0.10#

Left ventricular internal dimension, end-diastolic, LVID;d (mm) 3.55 ± 0.08 4.78 ± 0.20* 3.58 ± 0.07# 3.71 ± 0.09#

Ventricular volume at systole (µL) 16.85 ± 1.28 74.91 ± 0.48* 17.53 ± 0.94# 27.99 ± 2.37#

Ventricular volume at diastole (µL) 53.36 ± 3.19 109.26.23 ± 10.37* 54.26.31 ± 0.20# 58.74 ± 3.53#

Ejection fraction, EF (%) 68.58 ± 1.04 32.35 ± 1.66* 67.71 ± 0.76# 52.73 ± 1.67*#&

Short axis fractional shortening, FS (%) 37.57 ± 0.82 15.33 ± 0.83* 36.89 ± 0.59# 26.58 ± 1.01*#&

All data are presented as the means± SEM. N= 8. *P< 0.05 vs. WT-Sham, #P< 0.05 vs. WT-TAC, and&P< 0.05 vs. Fat1-Sham (two-way ANOVA, Tukey’s multiple comparisons test).

FIGURE 2 | mRNA and phosphoprotein profiles. RNA-sequencing analysis of (A) overall mRNA expression profiles (B) and differentially expressed genes (DEGs) in

pressure overload hearts (C). Quantitative phosphoproteomic analysis (A) showed the overall expression profiles of phosphoproteins (D) and differentially expressed

phosphoproteins (DEPs) in pressure overload hearts (E). N = 2 and 3 for RNA-sequencing and phosphoproteomic analysis, respectively.

5-HETE, 5-KETE, 12-HETE, 12-KETE, 8-,9-,11-,15-HETE),
AA-CYP pathway (16-HETE), and AA-COX pathway (12-

HHT, 6-keto-PGE1α, PGF2α, and 8-iso-15-keto-PGF2α)

(Figure 5G).
Furthermore, after analyzing differences in oxylipin

production within the myocardia (Figure 6A), we found
that four oxylipins, namely, 12-HHT, 9-HETE, 12-keto-LTB4,

and 6-keto-PGF1α were significantly reduced in the pressure

overload myocardium protected by n-3 PUFAs (Figures 6B–E).
The oxylipin profiles in the Fat1-TAC hearts revealed that

protective effects of endogenous n-3 PUFAs in pressure overload
hearts were attributed to their oxylipins.

Endogenous n-3 PUFAs Protect
Mitochondrial Structure and Function
Under Pressure Overload Conditions
The results of RNA-sequencing, phosphoprotein quantification,
and oxylipin profiling were integrated and analyzed (Figure 7A).
The top 10 enriched pathways were involved in metabolism
(arachidonic acid metabolism, apelin signaling pathway,
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FIGURE 3 | Effects of endogenous N-3 PUFAs on the expression of genes

under pressure overload. Gene set enrichment analysis revealed that pressure

overload significantly up-/down regulated the biological processes enriched in

DEGs, which can be suppressed/restored by fat-1 transgene (A,B). Under

pressure overload conditions, elevated endogenous PUFAs downregulated

these 49 genes enriched in six biological processes (C). Fat1-Sham vs.

WT-Sham all, genes upregulated and downregulated by fat-1 transgene;

WT-TAC vs. WT-Sham up, genes upregulated by TAC-induced pressure

overload; WT-TAC vs. WT-Sham down, genes downregulated by TAC-induced

pressure overload; Fat1-TAC vs. WT-TAC up, genes downregulated by fat-1

transgene under pressure overload conditions; Fat1-TAC vs. WT-TAC down,

genes downregulated by fat-1 transgene under pressure overload conditions.

N = 2 for RNA-sequencing.

peroxisome proliferator-activated receptors (PPAR) signaling
pathway, and cGMP-PKG signaling pathway), contractile
function (cardiac muscle contraction, adrenergic signaling in
cardiomyocytes, cAMP signaling pathway, and calcium signaling
pathway), cardiac remodeling (dilated cardiomyopathy and
hypertrophic cardiomyopathy). Furthermore, we found that fat-
1 transgene altered PPAR signaling pathway, ametabolic pathway
links the genes-phosphoproteins-metabolite regulatory network.
We compared the profiles of genes, proteins and metalates with
PPAR signaling pathway–Mus musculus (mmu03320) of the
KEGG database (https://www.genome.jp/kegg-bin), and found
that three genes (Fabp3, Pck1, and Angptl4), one phosphoprotein
(Plin5 encoding PDZ and LIM domain protein 5), and two
oxylipins (8-HETE, and 13-HODE) matched the pathway
(Figure 7B). Gene expression verification showed that Fabp3 was

upregulated, but Pck1 and Angptl4 were downregulated by fat-1
transgene under pressure overload conditions (Figures 7C–E).
The KEGG pathway analysis further supported that endogenous
n-3 PUFAs protect hearts through regulating gene expression,
protein phosphorylation and lipid metabolism.

Mitochondrial function associated RNA-sequencing datasets
was examined. Expression of 47 genes encoding oxidative
phosphorylation markers, specifically mitochondrial respiratory
chain complexes, were significantly downregulated by pressure
overload (fold-change > 1.5 and P < 0.05). Among them,
23, 1, 7, 8, and 8 genes belonged to complexes I, -II, -III,
-IV, and -V, respectively. However, elevation of endogenous n-
3 PUFAs restored their expression (Figure 8A). Under TEM,
the mitochondria were reduced in size and more abundant
per square µm in WT-TAC hearts, whereas the mitochondria
of Fat1-TAC hearts were normal in terms of shape and size
(Figures 8B–D). Western blotting analysis further revealed that
expression of the fission marker Drp1 was significantly reduced
in fat-1 TAC hearts but not in the dilated WT-TAC heart
(Figures 8E,F). These results confirm that endogenous n-3
PUFAs protected hearts from mitochondrial injury under the
pressure overload condition.

Consistent with the protection of mitochondrial structure
in fat-1 TAC hearts, the ATP generation was also restored
by endogenous n-3 PUFAs under pressure overload conditions
(Figure 8G). Furthermore, by examining the protein expression
of complexes I, -II, -III, and -V, we found that all complexes
were downregulated in the dilated WT-TAC hearts. Compared
to in the sham hearts, TAC did not suppress the expression
of mitochondrial complexes. In contrast, the expression of
complex V was significantly upregulated in fat-1 TAC hearts
(Figures 8H,I). These results demonstrate that endogenous
n-3 PUFAs regulate mitochondrial oxidative phosphorylation
and ameliorate mitochondrial dysfunction under pressure
overload conditions.

DISCUSSION

In the present study, we explored the protective mechanisms
of n-3 PUFAs in DCM. This is the first study to employ
quantitative phosphoproteomics and multi-omics data
analysis to reveal the protective mechanisms provided by
endogenous n-3 PUFAs in DCM. Our results reveal that
elevated endogenous n-3 PUFAs reduce cardiac remodeling
and improve cardiac function. Under pressure overload
conditions, n-3 PUFAs target phosphorylation signaling and
restore the phosphorylation states of intracellular proteins
in the subcellular compartments of sarcomeres, cytoplasm,
membranes, sarcoplasmic reticulum, and mitochondria. Further
mechanistic studies revealed that endogenous n-3 PUFAs
suppress the production of detrimental n-3/n-6 oxylipins
and regulate a metabolic associated gene-protein-metabolite
pathway. Specifically, the mitochondrial structure, dynamics,
oxidative phosphorylation, and function were protected by
endogenous n-3 PUFAs in pressure overload hearts. Collectively
the results provide insights into the protective mechanisms
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FIGURE 4 | Protein phosphorylation affected by fat-1 transgene in pressure overload hearts. (A) Venn diagram analysis; (B) DEPs affected by fat-1 transgene under

pressure overload conditions. (C) Elevated endogenous N-3 PUFAs suppressed phosphorylation signaling pathways that induce cardiac remodeling and alterations of

ion hemostasis. (D) The location of each phosphoprotein is identified in the schematic illustration of the cardiomyocyte and its surrounding tissues, showing that

endogenous n-3 PUFAs can function to plasma membrane, sarcomere reticulum (SR), cytoplasm, sarcomeres, and mitochondria of the cardiomyocytes, as well as

the nerves and vessels. N = 3 per group.

of n-3 PUFAs in DCM, which involve multiple cellular
processes (transcription, post-translational modification, cellular
metabolism, mitochondrial oxidative phosphorylation, and
mitochondrial dynamics and function) in various cellular
compartments. Specifically, our findings demonstrate that
mitochondria play a critical role in n-3 PUFA-dependent
cardioprotection in DCM.

N-3 PUFAs Maintain Phosphorylation
States of Proteins and Prevent Cardiac
Remodeling
We employed a transgenic mouse model expressing the C.
elegans gene fat-1 to explore the protective mechanisms of n-3
PUFAs. Previous studies have employed this transgenic model
to reveal that n-3 PUFAs exert anti-inflammatory and anti-
apoptotic roles under various conditions (28–30). In addition,
n-3 PUFAs reportedly increase phospholipids under hypertensive
conditions in postnatal rats (31). Although supplementation

with n-3 PUFAs is widely performed by individuals, evidence
of the effects of n-3 PUFA treatment from clinical trials is
inconsistent, and the molecular mechanisms underlying their
effects remain unclear (32). Consistent with the evidence
reported by Endo et al. (28), we found that elevated endogenous
n-3 PUFAs prevents cardiac remodeling induced by pressure

overload. In addition, the structural protection, genes and
phosphoproteins enriched in cardiac remodeling were reduced

by elevation of endogenous n-3 PUFAs. Activation of multiple

phosphorylation signaling pathway is associated with cardiac
hypertrophy or dilation. Several kinases such as AMP-activated

protein kinase and protein kinase C have been recognized

as valuable targets for drug discovery (33, 34). Here, we
observed that endogenous n-3 PUFAs induced phosphorylation
of proteins in the cardiomyocytes, nerves, and vessels of the heart.
Modification of these proteins was centered in the regulation
of contractile function. Among the 16 differentially abundant
phosphoproteins in the cardiomyocytes, nine interacts with
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TABLE 2 | Expression of phosphoproteins regulated by endogenous n-3 PUFAs.

Location Gene ID Phosphoprotein PO Fat-1

Cardiomyocyte

Mitochondrion Eci1 Enoyl-CoA delta isomerase 1, mitochondrial ↑ ↓

Sarcomere Tnni3 Cardiac troponin I ↓ ↑

Myom2 Myomesin 2 ↓ ↑

Ttn Titin ↑ ↓

Capzb Actin capping protein, beta ↑ ↓

Actn2 Alpha actinin 2 ↑ ↓

Pdlim5 PDZ and LIM domain protein 5 ↑ ↓

Sorbs2 Sorbin and SH3 domain containing protein 2 ↑ ↓

Cytoplasm Ppp1r14c Protein phosphatase 1, regulatory inhibitor subunit 14C ↑ ↓

Ppp1r7 Protein phosphatase 1, regulatory subunit 7 ↑ ↓

Mapk14 Mitogen-activated protein kinase, p38 ↑ ↓

Inpp1 Inositol polyphosphate 1-phosphatase ↑ ↓

Uhrf1bp1l UHRF1 binding protein 1-like ↑ ↓

Intercalated disk Xirp2 Xin actin-binding repeat containing protein 2 ↑ ↓

Sarcoplasmic reticulum Stim1 Stromal interaction molecule 1 ↑ ↓

Plasma membrane Tmem245 Transmembrane protein 245 ↓ ↑

Nerve

Palm Paralemmin ↓ ↑

Map1a Microtubule-associated protein 1A ↓ ↑

Shank3 SH3 and multiple ankyrin repeat domains 3 ↑ ↓

Vessel

Rasip1 Ras interacting protein 1 ↑ ↓

Tagln2 Transgelin 2 ↑ ↓

The phosphoproteins, which had been upregulated (downregulated) by pressure overload, were downregulated (upregulated) by endogenous n-3 PUFAs in pressure overload hearts.

N = 3. ↑, upregulated; ↓, downregulated. PO, pressure overload, indicating protein expression affected by pressure overload; Fat-1, fat-1 transgene, indicating protein expression

affected by fat-1 transgene under pressure overload condition.

the myofilaments, phospholamban complex, and sarcomeric
proteins at the intercalated disks (22, 35, 36), while four cytosolic
proteins target either sarcomere or excitation-contraction
coupling (37). Previous phosphoproteomic studies have provided
insights regarding the roles of myofilament phosphorylation in
cardiac contractile function. For instance, cTnI phosphorylated
at Ser23/Ser24 regulates the myofilament response to Ca2+

(38) and is significantly increased in heart failure. Herein, we
found that fat-1 transgene suppresses cTnI S23 phosphorylation
in pressure overload hearts (Supplementary Table S1). Another
phosphorylation site of cTnI, involving the serine 6 (S6)
residue may also play a key role in mediating the beneficial
effects of n-3 PUFA in fat-1 hearts during DCM. The
phosphorylation level of cTnI S6 was downregulated in dilated
hearts, and upregulated in fat-1 hearts under pressure overload
conditions. Zhang et al. (39) further demonstrated that pseudo-
phosphorylation (S6D) in myofilaments depresses the maximum
tension of skinned muscle fibers (39). Taken together, elevation
of myocardial n-3 PUFA can be a valuable strategy to
maintain phosphorylation-dependent regulation of contractile
function under pressure overload conditions. However, further
studies are needed to clarify the roles of phosphorylation of
sarcomeric or cytosolic proteins that are regulated by n-3 PUFAs
in DCM.

Post-translational modification of cytosolic proteins involving
p38, protein phosphatase type 1, and phosphatidylinositol
signaling pathways, contribute to the protective myocardial effect
provided by endogenous n-3 PUFAs. These protein kinases
and phosphatases influence multiple cardiac activities and are
essential for maintaining the hemostasis of cardiomyocytes.
For instance, phosphorylation of p38 a key regulator in
cardiac development and regeneration (40, 41), while its
phosphorylation is decreased in failing human cardiomyocytes
(42). Here, we observed an increase in the phosphorylation
p38 T185 by pressure overload in WT hearts, and upregulated
phosphorylation of p38 T185 in the dilated hearts was restored
in fat-1 hearts, suggesting that this residue of p38 can be crucial
to functional adaptation for the stressed hearts. In summary,
alterations in post-translational modifications of the signaling
or structural proteins in the myocardium contribute to the
cardioprotective effect of n-3 PUFAs in DCM.

N-3 PUFAs Protect Mitochondrial
Structure, Dynamics, and Function
The protection of mitochondria in pressure overload-induced
DCM has been observed to involve several processes,
including restoration of the expression of mRNAs encoding
mitochondrial proteins, preservation of mitochondrial oxidative
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FIGURE 5 | Signature of myocardial n-3/n-6 PUFA oxylipins in WT and fat-1 transgenic hearts under pressure overload conditions. Profile shifts of n-3 and n-6

oxylipins (A) were observed in the myocardium. The principal component analysis plot (B) showed that the altered profiles were distinct between groups, and the

counts of altered oxylipins are shown in (C). In the n-3 metabolic pathway, pressure overload reduced DHA levels but increased the levels of its oxylipins 8- and

11-HDoHE in the hearts of WT mice (D). In the n-6 PUFA metabolic pathway, pressure overload increased the levels of 5 oxylipins, and decreased 1 oxylipin in the n-6

PUFA pathway (E). Compared with WT hearts, the n-3 PUFA-protected hearts showed higher concentrations of EPA, DHA, and two oxylipins, whereas lower

concentrations of 6 oxylipins were observed under pressure overload conditions (F). Compared to WT hearts, fat-1 hearts increased the levels of 2 of oxylipins but

decreased 18 oxylipins in the n-6 PUFA pathway (G). N = 4 for each group.

phosphorylation, maintenance of the mitochondrial structure,
control of the phosphorylation levels of mitochondrial proteins,
and regulation of mitochondrial dynamics and function. N-3
PUFAs are involved in both enzymatic and non-enzymatic n-3
oxidation pathways (32). In the enzymatic oxidation pathway,
phospholipase A2 activates PLA2 and releases EPA or DHA.
Next, they are catalyzed by COX, LOX, and CYP enzymes to

form a series of oxylipins, including PGs and TXAs. In the non-
enzymatic oxidation pathway, reactive oxygen species oxidize
EPA and DHA and form lipid peroxides of EPA and DHA, which
further metabolize into isoprostanes, isoflurane, alkenes, etc. In
this study, we identified several n-3 and n-6 oxylipins that were
upregulated in dilated WT hearts. Some of these metabolites
are associated with cardiovascular dysfunction. For example,
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FIGURE 6 | Fat-1 Oxylipin production in pressure overload hearts. (A) Venn diagram displaying the oxylipins that were decreased (increased) by pressure overload,

were increased (decreased) by fat-1 transgene under pressure overload conditions. Four oxylipins including 12-HHT (B), 9-HETE (C), 12-keto-LTB4 (D), and

6-keto-PGF1a (E) were identified via Venn diagram analysis. 12-HHT, 12(S)-hydroxyheptadeca-5Z,8E,10E-trienoic acid; 9-HETE,

9S-hydroxy-5Z,7E,11Z,14Z-eicosatetraenoic acid; 12-keto-LTB4, 12-keto-leukotriene B4; 6-keto-PGF1a, 6-keto-prostaglandin F1alpha. N = 4 for each group. * P <

0.05 between groups.

plasma HDoHEs, which are oxidative stress indicators, are
elevated in hypertensive patients (43). Moreover, plasma HETEs,
including 5-, 8-,9-, 11-, 12-, 15-, are upregulated in patients with
acute coronary syndrome (44). Meanwhile, mechanistic studies
have revealed that 8-HETE and 15-HETE induce hypertrophy
in a cardiomyocyte cell line and pulmonary hypertension in
rats, respectively (45, 46). Consistent with these findings, we
found that the myocardia protected by endogenous n-3 PUFAs
exhibited reduced levels of most n-3 (6 in 8 oxylipins) and n-6
oxylipins (18 in 20 oxylipins). Thus, shifts in the metabolic
profiles of oxylipins may protect cardiac function by assisting the
fat-1 myocardia to resist pressure overload stress.

Furthermore, our integrated multi-omics data revealed that
endogenous n-3 PUFAs regulated the expression of various
genes and phosphoproteins, as well as the metabolism of
oxylipins through the PPAR pathway in pressure overload
myocardia. The effectors of oxylipins included PPAR-regulated
genes Fabp3 (upregulated), Angptl4 (downregulated), and Pck1
(downregulated) and phosphoprotein perilipin 5. In healthy
hearts, PPAR isoforms are activated by fatty acids and act
as a master switch in controlling cardiomyocyte metabolism
(47). Meanwhile, PPAR agonists are used for treating diabetes
and hyperlipidemia, which are risk factors for incident heart
failure (48). In this study, we found that fat-1 transgene
targeted 8-HETE and 13-HODE and in turn suppressed Angptl4
and Pck1 to fine tune lipid and glucose metabolism in the
pressure overload hearts. Angptl4 encodes angiopoietin-like 4
protein, which is a key regulator of lipoprotein lipase, and
Pck1 encodes phosphoenolpyruvate carboxykinase 1, which
catalyzes gluconeogenesis. However, the roles of these molecular
signals in the stressed heart remain unclear. For example,
upregulation of Angptl4 has been reported in patients with,

and an experimental model of, metabolic syndrome (49, 50),
whereas activation of cardiac Angptl4 via PPARβ/δ is associated
with cardioprotection under lipid overload conditions (51).
In addition, We found that phosphorylation of perilipin 5
is associated with the cardiac protective effect in pressure
overload fat-1 hearts. Super-resolution microscopy has shown
that perilipin 5 is localized at lipid droplet-mitochondria
tethering sites (52), suggesting that perilipin 5 is crucial to
mitochondrial function. Moreover, activation of perilipin 5
has been shown to protect hearts against oxidative stress and
ischemia (53, 54). However, the regulation and function of
this gene-metabolite-phosphoprotein signaling network requires
further investigation.

Myocardium ATP contents were restored by fat-1 transgene
in pressure overload hearts, confirming that n-3 PUFAs protect
cardiac metabolic and contractile machinery. Furthermore,
we found that mitochondrial oxidative phosphorylation was
maintained by fat-1 transgene in pressure overload myocardia.
More than 95% of the energy used by cardiomyocytes is produced
by oxidative phosphorylation (55) with ∼60–70% of the total
ATP produced used to fuel cardiomyocyte contraction, while the
remainder is used for various ion pumps including CaATPase
in the sarcoplasmic reticulum (56). Reportedly, in heart failure,
oxidative phosphorylation levels are reduced (57). Consistent
with this finding, we found that pressure overload-induced
dilation significantly reduced expression of respiratory chain
complexes I–V, whereas myocardia with elevated endogenous
n-3 PUFAs resisted the pressure overload and retained the
expression of respiratory chain complex I, -II, and -IV. However,
in contrast to the above findings, the mRNA profiling of the
respiratory chain complex was preserved in the pressure overload
fat-1 hearts.
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FIGURE 7 | Multi-omics data analysis. The results of RNA-sequencing, phosphoprotein quantification, and oxylipin profiling were integrated and analyzed (A). Top 10

pathways affected by endogenous n-3 PUFAs were selected for analysis, and KEGG pathway analysis was applied to illustrate protective mechanism of n-3 PUFAs in

pressure overload hearts (B). Expression of genes identified from multi-omics data analysis has been determined by RT-qPCR (C–E). * P < 0.05 between groups.

In conclusion, endogenous n-3 PUFAs prevent dilated
cardiomyopathy via orchestrating gene expression, protein
phosphorylation, and metabolism. The functional protection
of n-3 PUFAs in pressure overload hearts was attributed to
preservation of mitochondrial structure, dynamics, and function.

Limitations of the Study
Illustration of the molecular signatures allows us to explore the
mechanisms and evaluate therapeutic effects in an unbiased way.

However, due to the limitations of research tools, molecular
changes detected in unbiased screening of small populations may
be difficult to verify in large-scale populations. For example, no

commercially available antibodies exist for cTnI T6. In addition,

quantitative proteomics indicated that 21 phosphoproteins were

mediated by n-3 PUFAs in pressure overload hearts; However,

whether these molecules represent specific determinants has not

yet been verified, and warrants further investigation to fully
elucidate the associated molecular mechanisms.
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FIGURE 8 | Preservation of mitochondria function by fat-1 transgene in pressure overload hearts. In the RNA-sequencing datasets of experimental groups, 47 genes

encoding oxidative phosphorylation markers, mitochondrial respiratory chain complexes were showed (A). Under transmission electron microscopy, the mitochondria

display a reduction in size and increase in counts per square µm in WT-TAC hearts, whereas those of Fat1-TAC hearts were not altered by pressure overload (B–D), N

= 300 mitochondria in the measurement area. The fission marker Drp1 was significantly reduced in Fat-1 TAC hearts but not in the dilated WT-TAC heart (E,F). ATP

generation was restored by endogenous n-3 PUFAs under pressure overload conditions (G). The protein expression of respiratory chain complexes was

downregulated in the dilated WT-TAC hearts. Compared to the sham hearts, pressure overload did not suppress the expression levels of mitochondrial complexes I, II,

V in fat-1 transgenic hearts (H,I). N = 4 for each group. *P < 0.05.
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Mitochondrial dynamics, including continuous biogenesis, fusion, fission, and autophagy,

are crucial to maintain mitochondrial integrity, distribution, size, and function, and play

an important role in cardiovascular homeostasis. Cardiovascular health improves with

aerobic exercise, a well-recognized non-pharmaceutical intervention for both healthy

and ill individuals that reduces overall cardiovascular disease (CVD) mortality. Increasing

evidence shows that aerobic exercise can effectively regulate the coordinated circulation

of mitochondrial dynamics, thus inhibiting CVD development. This review aims to illustrate

the benefits of aerobic exercise in prevention and treatment of cardiovascular disease by

modulating mitochondrial function.

Keywords: aerobic exercise, mitochondrial dynamics, myocardial mitochondria, cardiovascular disease,

mitochondrial fusion, mitochondrial fission

INTRODUCTION

Cardiovascular diseases (CVDs) are the leading cause of global mortality and a major contributor
to disability worldwide (1). CVD pathogenesis is a complex biological process, but few feasible
targets exist to prevent or reverse CVD (2). The American College of Cardiology recently reported
significant progress in drug treatment for CVD; however, these drugs always have negative long-
term effects, causing a reduction of 10–20% in the left ventricular mass (3). Therefore, it is
essential to find effective non-pharmaceutical therapies. Aerobic exercise has many benefits to the
cardiovascular system, such as improving the mechanical properties of the heart and enhancing its
contractility to reduce the incidence of many CVDs. Some of these improvements may arise from
effects on mitochondria.

Mitochondria are the energy factories of cells, producing adenosine triphosphate (ATP), and
are the main source of cellular reactive oxygen species (ROS). Dysfunctional mitochondria
limit energy production, increase ROS production, and transmit apoptotic signals, leading
to tissue damage and organ dysfunction (4). Mitochondrial dynamics, which include
mitochondrial biogenesis, fusion, fission, and autophagy, play an important role in maintaining
mitochondrial homeostasis and ensuring mitochondrial function (5). Mitochondrial dynamics
are particularly important for cells with high energy requirements, such as cardiomyocytes,
which continuously require ATP to support heart function (6). Therefore, regulating
mitochondrial dynamics through effective interventions is crucial for preventing and treating
CVDs (7). In animal models of heart failure, Campos et al. found that aerobic exercise
improved the mitochondrial fusion/fission balance and restored cardiac autophagy flux,
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thereby improving cardiac function (8). Here, we will address
the biological mechanisms of mitochondrial dynamics in CVDs
and discuss the mechanism of aerobic exercise in improving
cardiovascular diseases, thereby providing valuable clues for
CVD prevention and treatment.

MITOCHONDRIAL DYNAMICS AND CVDs

Mitochondria are highly dynamic organelles, constantly
undergoing a coordinated cycle of biogenesis, fusion, fission,
and degradation (Figure 1) (9), and forming a complex network
to respond to dynamic changes in energy requirements (10).
Maintaining healthy and functional mitochondrial networks
is critical for physiological adaptation and coping with stress
during development and throughout life (11). Mitochondrial
dynamics consist mainly of mitochondrial fusion and fission.
Mitochondria are easily damaged by various external stimuli.
Damaged mitochondria are cleared by autophagy to maintain
the stability of mitochondrial dynamics, which is important
to ensuring a healthy mitochondrial network. Defects in
this machinery cause a range of diseases especially affecting
the cardiovascular system (12). Notably, mounting evidence
demonstrates that some of the benefits of aerobic exercise against
CVD occur through its effects on three underlying mitochondrial
aspects: mitochondrial biogenesis, mitochondrial fusion and
fission, and mitochondrial autophagy.

MITOCHONDRIAL BIOGENESIS AND CVDs

Mitochondrial biogenesis requires coordination of nuclear and
mitochondrial DNA (12). It is critical to healthy mitochondrial
dynamics and further affects myocardial function. Mitochondrial
biosynthesis is regulated by the peroxisome proliferator–
activated receptor gamma coactivator-1 (PGC-1) family. This
includes PGC-1α, PGC-1β, and peroxisome proliferator-
activated receptor gamma (PPARγ). PGC-1α plays a vital
role in regulating cardiac metabolism. Activation of PGC-
1 family transcription factors under conditions of cellular
energy requirements, such as cell growth, hypoxia, glucose
deprivation, or exercise, enhances mitochondrial remodeling
or biosynthesis and restores intracellular energy balance (13).
PGC-1 knockdown in mice induces cardiomyopathy via
fragmentation and elongation of cardiac mitochondria, which
is related to changes in mitofusin 1 (MFN1), optic atrophy 1
(OPA1), and dynamin-related protein 1 (DRP1) expression (14).

Multiple transcription factors are found downstream of
PGC-1α, and peroxisome proliferator–activated receptors
(PPARs), nuclear respiratory factor 1 (NRF1), and mitochondrial
transcription factor A (TFAM) are all involved in mitochondrial
biogenesis (15). PPARα is a member of the nuclear receptor
superfamily of PPARs. PPARs participate in decomposition and
metabolism of fatty acids and play a key role in maintaining
myocardial energy metabolism (16). Specific knockout of PPARα

results in cardiac hypertrophy and fat accumulation in rats,
and ultimately heart failure leads to animal death (17, 18).
In addition, PPARα can ameliorate cardiac hypertrophy caused

by hypertension. The PPARα/NRF2 signaling pathway protects
the heart from remodeling induced by stress overload, and
up-regulation of PPARα protein expression can improve cardiac
hypertrophy (19). NRF1/2 is a key component in regulating
nuclear coding of mitochondrial proteins and is closely involved
in mitochondrial biogenesis. In models of cardiac hypertrophy
and heart failure, gene expression and protein levels of NRF1 and
TFAM and protein levels of NRF2 are decreased in the cardiac
tissue (20).

AEROBIC EXERCISE IMPROVES CVDs BY
REGULATING MITOCHONDRIAL
BIOGENESIS

Mitochondrial biogenesis is inhibited in CVDs (21). The
number and ATP production of myocardial mitochondria and
mitochondrial synthesis regulatory factors increased in rats
after an 8-week treadmill test, indicating that aerobic exercise
could improve myocardial energy supply and cardiac function
by promoting biosynthesis of myocardial mitochondria (22).
Treadmill exercise helps improve CVDs; thus, aerobic exercise
may exert direct benefit on mitochondrial biogenesis.

In line with this, aerobic exercise can activate the silencing
regulatory protein 3 (SIRT3)/PGC-1α/phosphatidylinositol 3
kinase (PI3K)/Akt signaling pathway, resulting in improved
mitochondrial biogenesis (23). Such physical activity can also
activate the AMPK/PGC-1α pathway in myocardial tissue. PGC-
1α can upregulate expression of mitofusin2 (MFN2) protein,
which promotes mitochondrial biogenesis and mitochondrial
fusion (13). Further, aerobic exercise enhances protein levels
of PGC-1α and NRF2, which increases the mRNA levels of
TFAM and NRF1 and increases mitochondrial DNA replication.
NRF2 promotes expression of various antioxidant enzymes, thus
reducing the oxidative stress level of myocardial tissue (24). Thus,
aerobic exercise can promote expression of PGC-1α, NRF1, and
NRF2, and expression of regulatory factors and induction of
mitochondrial biogenesis improve CVDs.

MYOCARDIAL MITOCHONDRIAL
FUSION/FISSION AND CVDs

Mitochondria constantly undergo fission and fusion. After
mitochondrial fission, offspring mitochondria with higher
membrane potential enter the next round of fusion to maintain
mitochondrial number and function. These processes are
regulated by mitochondrial fusion and fission proteins, and are
particularly important for maintaining normal mitochondrial
function (25). Mitochondrial fusion proteins include MFN1,
MFN2, and OPA1. MFN1 and MFN2 mediate fusion of the outer
mitochondrial membrane (OMM), while OPA1 mediates fusion
of the inner mitochondrial membrane. DRP1 serves as a critical
effector of mitochondrial fission (26).

In CVDs, mitochondrial morphology and fusion-related
proteins exhibit alterations. For example, severe mitochondrial
fragmentation occurs in myocardial ischemia–reperfusion injury
(I/R) models, which significantly inhibits OPA1 expression
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FIGURE 1 | Diagram of mitochondrial dynamics. Mitochondrial biogenesis is the process by which new mitochondria are formed in the cell after mitochondrial fusion.

Mitochondrial biogenesis is activated by numerous different signals which can lead to mitochondrial fission and damaged mitochondria are degraded by autophagy.

(27). Further, there is an abnormal increase in myocardial
mitochondria, downregulation of mitochondrial biogenesis-
related genes, and aggravation of cardiomyopathy after specific
deletion of Mfn1 and Mfn2 in the mouse myocardium
(28). Mitochondrial fission was caused by translocation of
phosphorylated DRP1 from the cytoplasm to the mitochondria
(26). The use of DRP1 inhibitor reduced DRP1 translocation
to the mitochondria, improved the structure and function of
the mitochondria, and alleviated myocardial hypertrophy and
myocardial fibrosis (29, 30). Besides the positive changes in
mitochondrial dynamics in cardiovascular diseases, inhibiting
mitochondrial fission may also lead to heart impairment (31, 32).
Therefore, both mitochondrial fusion and fission are essential
for CVD development. A balanced state of mitochondrial
fission and fusion are conducive to disease prevention and
improved prognosis.

AEROBIC EXERCISE IMPROVES CVDs BY
REGULATING MITOCHONDRIAL FUSION
AND FISSION

In CVDs, mitochondria exhibit a high rate of fission and
a low rate of fusion, resulting in imbalanced mitochondrial
dynamics (12). Notably, aerobic exercise can increase expression
of PGC-1α mRNA and protein to improve the level of MFN2
protein and promote mitochondrial fusion (33). Swimming
training can downregulate the mir-30B-p53-DRP1 pathway,
reduce the contents of p53 and DRP1 proteins in the
mouse myocardium, and inhibit myocardial mitochondrial
fission (34). The swimming training lasted 8 weeks, 5
days/week. At the beginning, the swimming duration is
30min. The swimming time was increased by 10min ever
week. Therefore, swimming duration maintained at 90min
after 7–8 weeks. Then, the mice trained twice a day with
an interval of 6 h. Aerobic exercise training can induce

increased mitochondrial fusion (upregulating the expression
of MFN2 and OPA1 proteins) and decreased mitochondrial
fission (downregulating the expression of DRP1 protein), and
promote mitochondrial kinetic remodeling, effectively alleviating
mitochondrial dysfunction in rats with myocardial infarction
(MI) (35). After moderate aerobic exercise training, the mRNA
levels of Ppargc1α, Opa1,Mfn2, and Drp1 significantly increased
and the diastolic parameters improved in spontaneously
hypertensive rats (SHRs) (22). These results suggest that aerobic
exercise maintains the balance of mitochondrial fusion and
fission in the SHR myocardium and improves mitochondrial
function. A comparison of the myocardial mitochondria of
animals with heart failure who exercised vs. did not exercise
revealed that the number of myocardial mitochondria in
the exercise group was decreased and mitochondrial size
was increased. Further experiments showed that exercise
increased MFN1, MFN2, and DNM1L GTPase activity in the
myocardium and reversed the translocation of DNM1L to
the mitochondria (8). Therefore, aerobic exercise may have
protective effects on the balance of mitochondrial fusion and
fission in CVDs.

MYOCARDIAL MITOCHONDRIAL
AUTOPHAGY AND CVDs

Mitochondrial autophagy is a selective form of autophagy,
which is specialized to remove aging or irreversibly damaged
mitochondria and plays a decisive role in control of
mitochondrial quality (36). Mitochondrial autophagy and
fission can coordinate with each other, and mitochondrial
autophagy can remove damaged mitochondrial parts
formed by mitochondrial fission and keep mitochondria
healthy (37). DRP1 migration and mitochondrial autophagy
activation occur almost simultaneously after transverse
aortic constriction (TAC) treatment, indicating that
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mitochondrial autophagy is closely related to mitochondrial
fission (38).

Mitochondrial autophagy may occur through Parkin-
dependent or Parkin-independent mechanisms (12). In Parkin-
mediated mitotic phagocytosis, PTEN-induced putative kinase 1
(PINK1) recruits Parkin to the outer membrane of mitochondria.
Once recruited to the mitochondria, Parkin ubiquitinates
several mitochondrial outer membrane proteins, including
the mitochondrial fusion proteins MFN1 and MFN2, Miro,
Translocase of OMM 20, and voltage-dependent anion channel.
Then, the selective autophagy adapter protein P62/Sequestosome
1 is recruited to the mitochondria to interact with LC3 and
initiate mitochondrial autophagy (36, 37, 39). Meanwhile,
ubiquitination and proteasome degradation of MFN1 and
MFN2 results in mitochondrial fission and fragmentation, which
further induces mitochondrial autophagy (40). PINK1 and
Parkin protein levels are significantly reduced in heart failure
models (41). PINK1 knockout mice have a significantly increased
number of atherosclerotic lesions (42). Also, Parkin knockout
mice show excessive myocardial hypertrophy, myocardial
fibrosis, and left ventricular systolic dysfunction in response to
TAC (43).

Parkin-independent mitochondrial autophagy occurs
independently of Parkin; some autophagy receptor proteins
are located in mitochondria and interact with LC3 to recruit
autophagosomes to damaged mitochondria. These autophagy
receptor proteins include BCL-2/adenovirus E1B19-kDa
interacting protein 3 (BNIP3), NIX (also called BNIP3L),
and Fun14 Domain–containing 1 (FUNDC1) (36, 44, 45).
Lowering of BNIP3 protein levels impairs mitochondrial
function, which in turn leads to impaired myocardial cell
function (46); also, FUNDC1 gene knockout exacerbates I/R
injury (47).

Mitochondrial autophagy has a significant protective effect
on the heart, and autophagy activation is observed in the
boundary region of the subacute stage of MI (1 week after

MI) (48). Enhancement of autophagy with rapamycin 2 weeks
after coronary artery ligation ameliorates cardiac dysfunction
and maladaptive remodeling, whereas inhibition of autophagy by
buffamycin A1 worsens cardiac dysfunction (49). In conclusion,
insufficient mitochondrial autophagy is closely related to
CVD development.

AEROBIC EXERCISE IMPROVES CVDs BY
REGULATING MITOCHONDRIAL
AUTOPHAGY

CVD pathology is associated with weakening of mitochondrial
autophagy. Yet, 8 weeks of aerobic exercise on a treadmill
can increase the LC3II/LC3I ratio, and thus upregulate
Beclin1, LC3, and BNIP3 in the rat myocardium to promote
myocardial autophagy (50). For treadmill excise study, rats
were trained on a treadmill with an exercise intensity and
schedule set at 70% of maximum aerobic capacity. The
training group run for 60 min/day, 5 days per week at
10 m/min speed for 8 weeks. After the treadmill excise
training, PINK1, Parkin, ubiquitin, P62, and LC3 levels
were significantly increased in the rat skeletal muscle (51).
Consistent with this finding, exercise improves the oxidative
capacity of myocardial mitochondria in animals with heart
failure, and this improvement in oxidative capacity is related
to reconstruction of autophagy flux. Exercise stimulates
mitochondrial autophagy flux by increasing Parkin recruitment
in myocardial mitochondria (8). Notably, aerobic exercise
training enhances the PINK1/Parkin signaling pathway,
thus inducing mitochondrial autophagy (52). This physical
activity also upregulates SIRT3 expression, enhances the
antioxidant capacity of the body, improves the quality of
mitochondria, and helps alleviate cardiac dysfunction in
mice after MI (53). These studies suggested that aerobic
exercise induces mitochondrial autophagy and improves

TABLE 1 | Comparison of different exercise training programs.

Treadmill Swimming

Time 60 min/day 10 or 60 min/day 20–60 min/day 60 min/day 20–60 min/day

Frequency 5 days/week 6 days/week Every day Every day 5 days/week

Period 8 weeks 8 weeks 11 weeks 4 weeks 8 weeks

Protocol Ran on a treadmill at

60–70% VO2max intensity

for 60 minutes.

In the first 4 weeks, 10

m/min, 0% slope, 10

min/day. Then 20 m/min,

5% slope, 60 min/day for

4 weeks.

The speed and incline of the

treadmill gradually increased.

Starting with low workloads

(25min, 35% Vmax and 0%

gradient), to the end of high

workloads (60min, 70%Vmax

and 25% gradient).

The rats initially ran 30min

daily at a speed of 10

m/min and gradually

increased by 10min in

duration and 2 m/min in

speed each day until

reaching 60min per day at

a speed of 16 m/min.

Training time was

increased by 10min per

week.

Influence

on

mitochondrial

dynamics

Promoted fusion and

inhibited fission

(expression of MFN2,

PGC-1α and OPA1

increased, expression of

DRP1 decreased).

Promoted biogenesis

(expression of PGC-1α

and NRF2 increased).

Promoted autophagy

(expression of LC3II and P62

increased).

Promoted biogenesis

(SIRT1/PGC-1α signaling

pathway was activated).

Promoted fusion and

inhibited fission

(expression of MFN1,

MFN2, and OPA1

increased, expression of

DRP1 decreased).
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CVDs by increasing the expression of autophagy-related and
mitochondrial autophagy–related proteins.

CONCLUSIONS AND PERSPECTIVES

Abundant evidence illustrates the key role of mitochondrial
dynamics in cardiac homeostasis. Imbalanced mitochondrial
fusion and fission, insufficient mitochondrial autophagy, and
weakened mitochondrial biogenesis are the pathological factors
leading to CVD occurrence and development. Regular aerobic
exercise is a simple and effective way to balance mitochondrial
dynamics and improve mitochondrial function, which can
build human health. MFN2 and OPA1, which are beneficial
to mitochondrial fusion and biogenesis, can be elevated
by aerobic exercise. DRP1-induced mitochondrial fission can
be inhibited by aerobic exercise in cardiovascular diseases.
PINK1/parkin signaling is still the main targeting pathway
that induces mitochondrial autophagy following aerobic exercise
in cardiovascular diseases. However, one study indicated
that acute exercise had no effect on the proteins involved
in mitochondrial dynamics. Indeed, after exercise training,
the proteins involved in mitochondrial dynamics changed
significantly in normotensive control rats, but remained
unchanged in spontaneously hypertensive rats (22). This
finding aligned with another study finding that myocardial
mitochondrial dynamics-related proteins did not change after
acute exercise in rats (54).

Aerobic exercise can prevent or alleviate CVDdevelopment by
regulating proteins involved inmitochondrial dynamics. Exercise
can reduce mitochondrial fission, enhance mitochondrial fusion
and improve mitochondrial autophagy or biogenesis. Regarding
to the type of exercise, we compared some excise programs
of treadmill training with swimming, and also summarized
the influence of different exercise programs on mitochondrial
dynamics (Table 1). Treadmill training seems to have a greater

effect on modulation of the cardiac proteome than swimming
(55).While we can control the intensity and duration of treadmill

training to calculate the amount of exercise, swimming training is
more difficult to control. Some animals do not exhibit continuous
swimming behavior, but rather tend to dive or swing, which
results in intermittent hypoxia and may affect interpretation of
the results.

Mitochondrial dynamics, including mitochondrial biogenesis,
mitochondrial fusion or fission, and mitochondrial autophagy,
can be used as disease prevention and treatment targets
under exercise intervention. Moreover, the balance between
mitochondrial dynamics may be a key factor in disease
occurrence or development. However, the mechanism of
aerobic exercise intervention in mitochondrial dynamics
is complex and needs further long-term research due to
its gradual effects and individual differences. Improper
exercise can also lead to arthritis, decreased immunity,
etc. Therefore, verified and reasonable individualized
exercise prescription has important guiding significance for
health. It is important to carry out long-term and proper
exercise intervention.

The concept of aerobic exercise for disease prevention is
increasingly popular, while the number of subhealthy people
and older adults is increasing every year. Reasonable exercise
prescription intervention for these populations or people with
a tendency for organ disease development can significantly
reduce disease occurrence. Further studies are needed to explore
this idea.
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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 α/β 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 HF, mitochondrial morphology, fusion/fission
balance, Ca2+ kinetics, and supercomplex activity are markedly

Abbreviations: CMs, Cardiomyocytes; NRCMs, normal neonatal rat

cardiomyocytes; NF, non-failing; HFrEF, reduced ejection fraction; MMP,

mitochondrial membrane potential; SDH, succinate dehydrogenase; Mfn,

mitofusin; VDAC2, Voltage-dependent anion channel 2; DCM, dilated

cardiomyopathy; TEM, Transmission electron microscopy; MICU1,

Mitochondrial calcium uptake 1; TRPC3, Transient receptor potential channel

canonical 3; ISO, isoproterenol; Sirt, Sirtuins; Mtus1, mitochondrial tumor

suppressor 1.

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 HF, 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 protein1 (Drp1), a pro-fission protein that opposes
Mfn2 in mitochondrial dynamics, led to elongated mitochondria,
elevated mitochondrial contents, mitochondrial dysfunction,
and perturbed mitophagy; furthermore, Drp1-deficient mice
developed cardiac pathology and displayed worsened cardiac
function (32, 33). Notably, interruption of Mfn1/Mfn2-mediated
mitochondrial fusion or Drp1-mediated mitochondrial fission
in adult murine hearts was related to rapid lethality (32, 34).
Utilizing cardiac-specific deletion of Mfn1/Mfn2 and Drp1 to
simultaneously eliminate mitochondrial fission and fusion in the
hearts of adult mice, researchers revealed that Mfn1/Mfn2/Drp1
cardiac TKO (triple knockout) mice had a longer survival time
and developed a unique form of pathological cardiac hypertrophy
compared with fusion-defective Mfn1/Mfn2 cKO or fission-
defective Drp1 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 (Ca2+) plays a central role in mitochondrial
function in the heart. Mitochondrial Ca2+ intake contributes
to the generation of ATP and helps to maintain myocardial
contractility. Notably, excessive or insufficient mitochondria
Ca2+ 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 Ca2+ in
response to hypertrophic stimuli, mitochondria maintain the
Ca2+ 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 volume/pressure overload, Ang II, oxidants,

activation of α/β adrenergic receptors, hypoxia, aging,

high-glucose, and etc.

Cardiac structure Normal Enlarged cardiomyocytes, increased heart wall thickness

and heart mass, interstitial fibrosis, and increased cellular

apoptosis

Cardiac function Normal Impaired

Mitochondrial structure Rich and intact, with complete membrane

structures and clear cristae structures

Swollen and deformed, with blurred and ruptured

membrane and cristae structures

Mitochondrial distribution Perinuclear Dispersed, mainly distributed in the cytoplasm of the cell

ATP production Normal Impaired

ROS generation Normal Increased

Fatty acid oxidation Normal Decreased

Mitochondrial membrane potential (MMP) Normal Decreased

Ca2+-induced mitochondrial permeability transition pore Normal Increased

NADH dehydrogenase activity Normal Decreased

Succinate dehydrogenase (SDH) activity Normal Decreased

Mitochondrial dynamics Normal Imbalance in mitochondrial fission and fusion

Mitochondrial biogenesis Normal Insufficient

Mitophagy Normal 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-
αMHC-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 Ca2+ 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 Ca2+ 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 Ca2+ 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 Drp1 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-Beclin1, an activator of
mitophagy, effectively restored mitochondrial dysfunction and
prevented the development of diabetic cardiomyopathy (41).
Another study has reported that PTENα, the first identified
PTEN isoform, may function as an important mitochondrial
quality controller, and the deficiency of PTENα may contribute
to impaired mitochondrial clearance by mitophagy in the heart
(42). The ablation of PTENα in mice led to an accumulation of
structurally and functionally abnormal cardiac mitochondria;
meanwhile, PTENα-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 (Ndusf1),
the prominent component of complex I, has gained particular
attention in the regulation of cardiac hypertrophy. A recent
study found that Ndusf1 was downregulated in TAC mouse
models. Further gain- and loss-of-function analysis revealed
that Ndusf1 deficiency deteriorated cardiac hypertrophic
response (44). In vitro mechanistic exploration showed that the
mitochondrial DNA content in CMs was significantly decreased
after Ndusf1 deletion, consistently, loss of Ndusf1 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 Ndusf1. Ndusf1 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. MTG1 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 MTG1 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 IDH2−/−

mice rapidly developed uncompensated HF, 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 LKB1,
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 theWTmice, 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 Mtus1A, one of the splice variants
of mitochondrial tumor suppressor 1 (Mtus1), as a central
modulator in hemodynamic stress-induced cardiac hypertrophy.
In cardiac-specific Mtus1A transgenic mice, the hypertrophic
response was remarkably mitigated, and in vitro experimental
results revealed that Mtus1A 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). Miro1, 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 Miro1 was ablated (59). Inhibition
of Dynamin-related protein1 (Drp1), 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 Drp1-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 Mfn1 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 AngII-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 Mfn2 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 PGC1α/β (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 thatmicroRNAs are
key regulators in mitochondrial function in the heart. The critical
roles ofmicroRNAs 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 PGC1a. Surprisingly, Nlrp3 depletion remarkably reversed
the decreased expression of PGC1a and TFAM, abnormal
mtDNA and ATP synthase in the hypertrophic heart caused by
Ang II 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 Ca2+ 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 Gab1 were diminished in
both human and mouse DCM hearts. Cardiac-specific Gab1
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, Gab1 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
underlyingmechanismsmainly lay on the regulation ofmetabolic
pathways (71). By performing quantitative proteomics, the
group revealed that T89 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 asND1, 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

-independent regulators have been reported to participate in the initiation and progression of pathological cardiac hypertrophy, during which mitochondria undergo

remarkable morphological and functions alterations.

b, ATP 5β , and mt-coI 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 (α-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 FUNDC1 (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) ISO-induced rat cardiac hypertrophy Attenuated cardiac dysfunction and

energy metabolism disorders

inhibiting glycolysis, accelerating fatty acid

oxidation and restoring mitochondrial

OXPHOS

Bawei Chenxiang Wan (72) ISO-induced rat hypertrophic models Alleviated cardiac injury and restored

mitochondrial DNA-encoded genes

modulating mitochondria function and

oxidative phosphorylation

Berberine (73) TAC-induced murine cardiac

hypertrophy

Improved heart function Activating mitophagy via the

PINK1/Parkin/Ubiquitination signaling

pathway

Baicalein (74) ISO-induced murine cardiac

hypertrophy

Attenuated cardiac hypertrophy and

cardiac function

Activating mitophagy

Honokiol (75) TAC/ISO-induced murine cardiac

hypertrophy

Attenuated cardiac hypertrophy and

cardiac function

Decreasing mitochondrial protein

acetylation via regulating SIRT3

Emodin (76) TAC/ISO-induced murine cardiac

hypertrophy

Improved ISO- and TAC-induced

cardiac hypertrophy

Regulating SIRT3 signaling pathway

Alpha-lipoic acid (78) TAC-induced murine cardiac

hypertrophy

Improved cardiac hypertrophy and

function

ALDH2-dependent activation of a novel

mitophagy receptor protein FUNDC1

NaHS (79) TAC-induced murine cardiac

hypertrophy

Improved hypertrophic response and

mitochondrial function

In a Sirt3-dependent way

Lactoferrin (80) Aging-related cardiac hypertrophy Improved cardiac hypertrophy and

function

Improving mitochondrial dynamics and

mitochondrial-lysosomal axis

aerobic exercise (81) TAC-induced murine cardiac

hypertrophy

Improved cardiac hypertrophy and

function

Decreasing excessive mitochondrial fission

and mitochondrial autophagy

alpha-ketoglutarate (82) TAC-induced murine cardiac

hypertrophy

Improved cardiac hypertrophy and

function

Promoting mitophagy

Allyl Methyl Sulfide (83) TAC-induced rat cardiac hypertrophy Improved cardiac hypertrophy and

function

Improving mitochondrial energy

metabolism

Diazoxide (84) ISO-induced murine cardiac

hypertrophy

Attenuated cardiac hypertrophy Opening mitoKATP, improving MnSOD

activity and decreasing H2O2 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 K+

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 H2O2 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, thusmitochondrial 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

that during the hypertrophic response, notable mitochondrial
damage was detected, in addition, mitochondria-mediated

signaling pathways contribute to the initiation and progression
of pathological hypertrophy. It is hard to determine whether
structural and functional alterations in mitochondria are the
primary cause or secondary effects in pathological cardiac
hypertrophy. A detailed time-course study in hypertrophy
models may help to explain the issues.
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Mitochondria is a ubiquitous, energy-supplying (ATP-based) organelle found in nearly

all eukaryotes. It acts as a “power plant” by producing ATP through oxidative

phosphorylation, providing energy for the cell. The bioenergetic functions of mitochondria

are regulated by nuclear genes (nDNA). Mitochondrial DNA (mtDNA) and respiratory

enzymes lose normal structure and function when nuclear genes encoding the related

mitochondrial factors are impaired, resulting in deficiency in energy production. Massive

generation of reactive oxygen species and calcium overload are common causes of

mitochondrial diseases. The mitochondrial depletion syndrome (MDS) is associated with

the mutations of mitochondrial genes in the nucleus. It is a heterogeneous group of

progressive disorders characterized by the low mtDNA copy number. TK2, FBXL4,

TYPM, and AGK are genes known to be related to MDS. More recent studies identified

new mutation loci associated with this disease. Herein, we first summarize the structure

and function of mitochondria, and then discuss the characteristics of various types of

MDS and its association with cardiac diseases.

Keywords: mitochondrial DNA depletion syndrome, nuclear gene mutation, mtDNA, cardiac disease, ATP

STRUCTURE AND FUNCTION OF MITOCHONDRIA

Mitochondrial Structure
The mitochondrion is a double membraned organelle commonly found in eukaryotic cells. It
consists of four compartments: an outer mitochondrial membrane (OMM), an innermitochondrial
membrane (IMM), a mitochondrial intermembrane space (IMS), and membrane matrix. The
OMM is smooth and contains plenty of pore-forming components. The IMM curves inward and
folds into a crest containing a large number of enzymes. It is the site of biological oxidation, a
process involving respiratory chain complex (CI-IV) and ATP synthase (CV) (1). IMS, located
between the OMM and IMM, contains cytochrome c (Cyt-c), ADP/ATP carrier (AAC), and
biotic factors and enzyme proteins including apoptosis-inducing factor (AIF) and pro-caspase 2,
3, 9. Mitochondrial permeability transition pores (MPTP) exist at the OMM-IMM contact site.
The opening of MPTPs is related to mitochondrial membrane permeability and is subjected to
regulation by lipometabolism, mitochondrial membrane potential change, oxidative stress, and
other factors (2). Membrane matrix is a single continuous space containing reactive enzymes,
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mitochondrial genome, mitochondrial DNA (mtDNA),
ribosomal RNA (rRNA), and transfer RNA (tRNA), which
have functional roles in biotransformation and synthesis.
Mitochondria are semi-autonomous organelles that are strongly
dependent on the biological function of nuclear genes. In
mammals, mtDNA consists of 37 genes, including 22 tRNA
genes, 13 genes encoding mitochondrial respiratory chain
and oxidative phosphorylation-related protein subunits that
assemble respiratory chain complex I-IV(CI-CIV), and 2 rRNA
genes (12S and 16S) (3). The majority of mitochondrial proteins
are encoded by nucleic genes which first synthesize precursor
proteins, and then process in the mitochondria to form mature
proteins (4). Mitochondria are the “power workshops” of cells.
They provide energy for cellular activities and perform biological
functions such as signal transduction and biological oxidation.

Mitochondrial Function
ATP Production by Oxidative Phosphorylation
Mitochondria is the metabolic center of cellular activities. ATP
is often called “energy currency” of the cell, and the breakage
of high energy phosphate bonds by hydrolysis can provide
energy for cellular activities. ATP synthesis is indispensable
of oxidative phosphorylation (OXPHOS). OXPHOS is closely
related to material energy metabolism (5), electron transfer of
the mitochondrial respiratory chain and the enzymatic reaction
of a series of protease complexes. OXPHOS contributes to
ninety percent of the energy production in eukaryotic cells.
On the lipid double layers embedded in IMM, electrons are
transmitted to O2 by compound I-IV on the respiratory chain,
while simultaneously releasing energy for ATP production in
coupling with F0/F1-ATP synthase (complex V) (6) (Figure 1).
ATP synthesis is impaired when mitochondrial phosphorylation
function becomes dysregulated.

Changes in the Mitochondrial Membrane Potential (1ψ) via

Electron Transfer in the Mitochondrial Respiratory Chain
The transmission of mitochondrial respiratory chain is
indispensable of electronic transfer. Therefore, the process is
known as the electron transport chain (ETC). Mitochondria pass
through complexes I (CI or NADH: ubiquinone oxidoreductase
or NADH dehydrogenase), II (CII, succinic acid: ubiquinone
oxidoreductase), III (CIII, ubiquinone: Ferric cytochrome
C reductase) and IV (CIV, cytochrome C oxidoreductase),
transfer electrons to O2, and release energy which couples
with complex V (CV, ATP synthase) to form ATP (7). In
mammals, CI is the largest mitochondrial complex composed
of 45 subunits, of which 7 are encoded by mitochondrial
DNA, namely ND1, ND2, ND3, ND4, ND4L, ND5, and ND6,
and the remaining 38 subunits are encoded by nuclear genes.
NADH: ubiquinone oxidoreductase subunit AB1 (NDUFAB1),
or known as mitochondrial acyl carrier protein, is an important
subunit of CI, which can mediate cardioprotective mechanisms
and improve mitochondrial bioenergy (8). CIV consists of 13
subunits, of which the largest three subunits (COX I, COX II and
COX III) are encoded by mtDNA and can form the core of the
cascade reaction, while the remaining 10 subunits (COIV, Va, Vb,
VIa-c, VIIa-c, and VIII) are encoded by nDNA. Moreover, the

activity of CIV is highly relevant to muscle OXPHOS, followed
by CII. CIIIis the most critical mitochondrial respiratory chain
enzyme, consisting of 11 different subunits, of which only Cytb
is encoded by mtDNA, and Cytb forms a dimer with Cyt C1

and iron-sulfur protein (Fe-S) (9). CIII transfers electrons from
panthenol (reductive coenzyme Q or CoQ) to cytochrome C (Cyt
C) through a catalytic mechanism, while protons are transferred
from the mitochondrial matrix to the IMS (10) (Figure 1). In
the process of electron transfer, the complexes interact with each
other to form an advanced supramolecular structure known
as the supercomplex (SCs) and respiratory corules (11). SCs
can improve the efficiency of electron flux through substrate
channels or enhanced catalysis, thus promoting electron
transport, isolating reaction intermediates and preventing
reactive oxygen species (ROS) generation (12).

Mitochondrial and Reactive Oxygen Species
During ATP generation, ETC, and Krebs cycle inevitably lead
to electron leakage, causing incomplete reduction of O2 and
formation of free radicals in a form of superoxide anion
(O2−). At this point, if the muscle remains in a long-term
contraction state, the content of ATP generated by oxidative
phosphorylation of respiratory chain increases, and electrons
overflow into ETC to generate ROS (13). Furthermore, a low level
of ROS can act as signaling molecules that maintain normal cell
signal transduction. In contrast, a high level of ROS produced
more than endogenous scavenging capacity can trigger cascade
reactions that damage cellular macromolecules, such as DNA
and proteins. Excessive ROS can also reduce the Ca2+sensitivity
of myofibril and damage the contractile function of muscle,
possibly through enzyme complexes i and iii (Ci, Ciii)-dependent
and/or reduced nicotinamide adenine dinucleotide (NADPH)
oxidase-dependent pathways. Alternatively, α-ketoglutaric acid
in succinyl-coenzyme A can be oxidized indirectly through
mitochondria dehydrogenase to generate NADH, which is
responsible for ROS overproduction (14). It has been shown
that ROS produced by ETC can damage mtDNA. In the absence
of proper repair, DNA damage accumulates, causing a series of
mitochondrial-related diseases (15).

Role of Oxygen in Mitochondrial Function
Oxygen is key to the functionality of mitochondria. Oxygen
affects normal structure and function of the mitochondria. In
the third stage of aerobic respiration, mitochondria use NADH,
a product of glycolysis and Tricarboxylic Acid Cycle (TCA),
reduced flavin adenosine dinucleotide, FADH2 and other high-
energy molecules to reduce oxygen, thereby releasing energy
to synthesize ATP. The content of oxygen in the environment
is closely related to normal oxidative phosphorylation function
of mitochondria (16, 17). In mammals, hypoxic signaling
protein (HIF) determines the cellular response to hypoxia. Stable
HIF protein controls the expression of glycolysis-related target
genes at an appropriate level and maintains ROS production
at a low, physiological level by changing the structure of
CI, II and IV ETC complexes and reducing the enzyme
activity of the complex (18). The morphology of fetal cardiac
mitochondria at birth is associated with hypoxia signaling.
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FIGURE 1 | mtDNA encodes respiratory chain complexes for electron transport. Mitochondrial respiratory chain complex I (NADH oxidase) and mitochondrial

respiratory chain complex II (succinate dehydrogenase) are the major components of electron entry into mitochondrial electron transport chain (ETC). Complexes I and

II catalyze NADH oxidation and succinic acid oxidation to fumaric acid, respectively. Next, coenzyme Q (Q) forms coenzyme (QH2), leading to a decrease in oxygen

(the final electron receptor). Mitochondrial respiratory chain complex III (cytochrome c oxidoreductase) is the gatekeeper of the mitochondrial respiratory chain and the

main source of reactive oxygen species III, which transfers electrons from panthepanol (reduced coenzyme Q or CoQ) to cytochrome c (cyt c) through a catalytic

mechanism of the Q cycle. The mitochondrial respiratory chain complex IV (cytochrome c oxidase) is the final electron acceptor of the mitochondrial ETC, which

converts oxygen into water through the oxidation of cyt c, a process associated with ATP synthesis in the mitochondrial membrane. Mitochondrial respiratory chain

complex V, also known as F1F0-ATPASE or ATP synthase, works with the four complexes to complete oxidative phosphorylation for ATP production. CI or NADH:

Ubiquinone oxidoreductase or NADH encoded by ND1, ND2, ND3, ND4, ND4L, ND5, and ND6 on mtDNA, respectively; CII: dehydrogenase succinic acid, ubiquinone

oxidoreductase; CIII: Ubiquinone and ferricytochrome C reducing enzyme encoded by Cytb part on mtDNA, respectively; CIV: CIV, cytochrome c oxidoreductase

encoded by COXI, COXII, and COXIII on mtDNA, respectively; The red letters T, F, V, L, I, M, W, D, K, G, R, H, S, L, A, N, C, Y, S, E, P, and Q all indicate tRNA.

Downregulation of mitochondrial HIF pathway after birth leads
to increased respiratory capacity and oxidative phosphorylation.
Neary et al. found that HIF signal transduction was maintained
under normoxic conditions in mouse heart. The α-subunit
proline residues of HIF-α are continuously hydroxylated by
Prolyl Hydroxylase (PHD) under normoxic conditions. Hypoxia
inhibits PHD, which stabilizes HIF-α and promotes its migration
to the nucleus where it dimers with the β subunit and
binds to the promoters or enhancers through the hypoxia
response elements (HRE) to initiate gene transcription (19,
20). Mitochondria are the main oxygen consumers in the
heart. When cardiomyocytes are hypoxic, anaerobic glycolysis
increases whereas both mitochondrial oxygen consumption and
respiration rate decrease. Ambrose et al. have established a cell
model of cardiac hypoxia by using HL-1 cardiomyocytes cells
highly related to adult cardiac metabolism. The investigators
found that the number of mitochondria increased with a
simultaneous decrease in CIV activity after 24 h of hypoxia,

suggesting that mitochondria keep their total content fairly
consistent during remodeling (21).

Mitochondria and Cell Metabolism
Mitochondria achieve metabolic functions mainly by oxidative
phosphorylation, ATP production, NADH oxidation, glycolysis
and FADH2 production, TCA cycle, and β–oxidation of fatty
acids (22). Meanwhile, mitochondria regulate their fusion,
fission, biosynthesis, and degradation through metabolism.

Metabolism-Related Biochemical Reactions
Metabolism is fundamental to cellular activities. It represents
distinct processes by which human body converts the nutrients,
including sugars, lipids and proteins, into small molecules for
absorption and consumption. Fatty acid β -oxidation (FAO) is
a major process of long-chain fatty acid metabolism. It produces
acetyl coenzyme A (acetyl-CoA), NADH, and FADH2 (23). The
TCA, also known as the Krebs cycle, is the hub that links
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the metabolism of three nutrients. Acetyl-CoA is a common
end product of nutrient metabolism, which eventually enters
TCA in the form of citrate for thorough oxidation (24). Acetyl
CoA is decomposed into CO2 and H. H is delivered to flavin
adenine dinucleotide (FAD) and oxidized nicotinamide adenine
dinucleotide (NAD+) to generate FADH2 and NADH (25).
Metabolism and energy homeostasis are maintained through
the activities of various enzymes including AMP-activated
protein kinase (AMPK), a conserved protein present in all
eukaryotes. AMPK is involved in the metabolism of lipids and
carbohydrates. AMPK is activated when the intracellular AMP
concentration increases or the skeletal muscle contracts. The
activity of AMPK is also regulated by hormones, cytokines, and
ROS (26).

Metabolic Regulation of Mitochondrial Dynamics
Mitochondria are highly dynamic organelles. Mitochondrial
dynamics is a physiological process in which mitochondria
undergo continuous cycles of fusion and division, resulting
in changes in the shape, size and position of mitochondria.
Mitochondrial dynamics is often determined by the dynamic
balances between fission and fusion as well as between biogenesis
and degradation such as mitochondrial phagocytosis (27).
Mitochondrial fission and fusion are of great importance
in the growth and redistribution of mitochondria and the
maintenance of a healthy mitochondrial network (28, 29).
Through continuous fusion and fission, mitochondria can
exchange the damaged mitochondrial DNA and protein lipids
with normal counterparts, thus maintaining the stability of
mitochondrial structure and function (30). During this process,
the core proteins that mediate mitochondrial division and
fusion are membrane remodeling mechanochemical enzymes,
such as dynein-related protein-like 1 (Drp1/DLP1), optic nerve
atrophy 1 (OPA1), and mitochondrial protein (Mfn). Drp1
regulate fission, while OPA1 and Mfn modulate the fusion
of IMM and OMM, respectively (31). It is likely that the
processes of mitochondrial fission and fusion are asymmetric
in the formation of daughter mitochondria. It has been found
that the dynamic changes in mitochondria and CR structure
formed by endointimal folding have a significant impact on
the integrity of mtDNA. CR distortion often leads to mtDNA
loss (32). Genetic loss of mitochondrial fusion can result
in inadequate mitochondrial mixing, which links to great
heterogeneity of mitochondrial proteins, DNA, and membrane
potentials. A function of fission is to identify dysfunctional
offspring mitochondria, which are subsequently removed by
mitochondrial phagocytosis and coordinate for inhibition of
mitochondrial fusion (33). Normal mitochondrial biogenesis
depends not only on the action of nDNA and mtDNA, but
also on the coordination of mitochondrial DNA replication and
fusion with division. Environmental factors, such as oxidative
stress, exercise, temperature stress (cold or heat), cell division,
regeneration and differentiation, can promote mitochondrial
biogenesis. Inhibition of mitochondrial dynamics has some
effects on the elimination of irreparable mtDNA damage and
transmission of mtDNA mutations (34).

Ca2+ Storage
Accumulation of Ca2+ in the mitochondrial matrix regulates
aerobic metabolism by activating enzymes in the metabolic
reactions. Under physiological conditions, Ca2+ actively
regulates the key dehydrogenase in the TCA response, which
is conducive to the regulation of Ca2+-dependent functions
in the cytoplasm. Under pathological conditions, high Ca2+

concentration can promote the opening of mitochondrial
permeability transition pore (MPTP) and induce apoptotic death
(35, 36). Excessive deposition of Ca2+ often leads to decreased
ATP synthesis and increased ROS production, thus aggravating
oxidative stress responses. Ca2+ overload is often associated
with intracellular Ca2+ leakage. Sarcoplasmic reticulum (SR)
Ca2+ leakage mainly occurs through type 2 Ryanodine receptor
(RyR2). It plays a fundamental role in Ca2+ pathophysiology.
RyR2 regulates the level of Ca2+ by influencing cardiac
excitation-contraction (E-C) coupling (37). Ca2+ concentration
in mitochondria is also regulated by genes encoding Ca2+

unidirectional complexes, including mitochondrial calcium
uniporter (MCU) and its regulator Ca2+ uptake protein 1
located in the IMM (38). Ca2+ absorption is dependent on the
energy transfer of the respiratory chain. Due to the restriction
of IMM on MCU, a high level of Ca2+ is required for MCU
to enter the mitochondrial matrix, thus, Ca2+ absorption is
relatively easy in the vicinity of Ca2+ release reservoirs, such
as the endoplasmic reticulum (ER). Mitochondria-associated
endoplasmic reticulum membrane (MAM) has been found to
transport Ca2+. Ca2+ can be directly transferred to mitochondria
via ER membrane where it controls the relevant mitochondrial
functions (39).

Mitochondrial Genome Regulation of Its Function
The mitochondrial genome consists of 37 genes, including 22
tRNA genes, 13 genes that encode the subunits of mitochondrial
respiratory chain and oxidative phosphorylation-related proteins
snd 2 rRNA genes (12S and 16S). Nuclear genes encode about
1,500 mitochondrial proteins, which comprise the majority of
mitochondrial respiratory chain polypeptides (40). Additionally,
mtDNA also encodes 13 core catalytic peptides, including
oxidative phosphorylation complexes i, iii, and iv (41).

It appears that mtDNA depends on mitochondrial nDNA
to complete its replication, transcription, translation as well
as other processes. Therefore, both nDNA and mtDNA have
the regulatory effects on mitochondria, and they jointly ensure
the normal function of the mitochondria (42). Given that
mtDNA encodes subunits of the respiratory chain complex,
mutations in mtDNA can damage the enzymatic activity of
oxidative phosphorylation reaction complex, in particular CI,
affecting mitochondrial biogenesis (43). The level of mtDNA
correlates to mitochondrial fusion. In skeletal muscle, the
association between fusion and enzymatic activity in OXPHOS
may limit mtDNA defects to the local regions of muscle
fibers, which are often associated with mitochondrial myopathy
(44). Altogether, mitochondria regulate cell metabolism, growth,
senescence, and apoptosis through the coordinated actions of
nDNA and mtDNA.
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MITOCHONDRIAL DNA DEPLETION
SYNDROME

As an autosomal recessive disease, mitochondrial DNA depletion
syndrome (MDS) is characterized by severe reduction in mtDNA
content in the affected tissues and organs (45). Because mtDNA
is controlled by nDNA, the copy number of mitochondria
may be reduced when the nuclear gene mutations destroy
deoxyribonucleotide metabolism in the affected tissues. The
production of key subunits of mitochondrial respiratory chain
complex and energy production require a sufficient amount of
mtDNA. Deletion of mtDNA can lead to organ dysfunction as a
result of insufficient synthesis of respiratory chain components
(46–48). Commonly mutated genes include TK2, FBXL4, TYPM,
AGK, and others. MDS is classified as four forms, which
are myopathic form, encephalomyopathic form, hepatocerebral
form, and neurogastrointestinal form (49). MDS is usually
involved in multiple systems with muscle-related symptoms,
such as dystonia and muscle atrophy (50, 51).

Myopathic Mitochondrial DNA Depletion
Syndrome
Myopathic MDS, also known as mitochondrial DNA depletion
syndrome 2 (MTDPS2) or TK2 deficiency, is characterized by the
reduction of mtDNA content in the affected tissues. It is often
associated with severe progressive muscle weakness. Dysphagia
mainly involves the respiratory system with other clinical
manifestations (52). Some patients have clinical symptoms of
hypertrophic cardiomyopathy (53). This type of MDS is usually
caused by mutation of TK2 gene. It occurs in early childhood
and presents in the form of myopathy, mostly accompanied by
mtDNA deletion/depletion and increased serum level of creatine
kinase (CK) (54, 55). TK2, located on chromosome 16Q21,
encodes a mitochondrial enzyme, thymidine kinase 2 (TK2).
TK2 is a rate-limiting enzyme which mediates deoxypyrimidine
phosphorylation (56). In non-replicating cells, TK2 is also
involved in the maintenance of dNTP (57). In clinical and
molecular genetics, myopathic MDS can be further divided
into three different subtypes, namely, paroxysmal myopathy in
infants with severe depletion of mtDNA, paroxysmal myopathy
in childhood, and delayed myopathy, among which delayed
myopathy is the rarest. In addition to muscle weakness,
delayed myopathy can also progress to respiratory insufficiency.
Different from the previous two, in addition to muscle weakness,
respiratory insufficiency can also be developed at the onset and
after 12 years old. Muscle mtDNA can show myopathy with
deletion, multiple deletion, or both (58).

Encephalomyopathic Mitochondrial DNA
Depletion Syndrome
Encephalomyopathic is a relatively common form of MDS,
in particular among adults who have progressive external
eye muscle paralysis (adPEO). adPEO manifests by ptosis
and severe limitation of eye movement. It may also lead
to ataxia and cataract (59). Mitochondrial DNA depletion
syndrome 13 (MTDPS 13), also known as FBXL4-related

encephalopathy, is a form of MDS manifested by early lactic
acidosis, hypotonia, developmental delay, and feeding difficulty
(60). In some cases, encephalopathic MDS accompanies liver
disease to form hepatocerebral MDS (59). Mitochondrial DNA
depletion syndrome 9 (MTDPS 9) can also occur in patients with
cerebromyopathic MDS. Lu et al. reported a case of infantile
encephalomyopathic MDS associated with SUCLG 1 (succinic
acid A ligase α subunit) gene in 2017. The case is manifested by
neuromyopathy-like symptoms including muscular hypotonia,
psychomotor retardation, brain atrophy, developmental delay,
and increased levels of methylmalonic acid and its metabolite
(61). Encephalomyopathy can be caused by single gene or
polygenic mutations with similar effects. These genes may have
synergistic effect on the development of MDS (45).

Hepatocerebral Mitochondrial DNA
Depletion Syndrome
Hepatocerebral MDS is one of the most common MDS diseases,
and at least 50 kinds of related gene mutations have been
discovered (62). This disease may occur in newborns within 6
months after birth, as characterized by vomiting, developmental
delay, serious progressive liver failure, hypotonia, hyperreflexia,
irritability, and hypoglycemia. Patients often die within a year
after the onset of symptoms (63). Hyperlactatemia and 3-
methylglutaric aciduria are the well-known characteristics of
patients with hepatic encephalopathy, while some patients are
accompanied by nephrolithiasis or mild ventricular hypertrophy
(64). The liver biopsy can show varying degrees of steatosis, bile
duct hyperplasia, fibrosis, lobular collapse, and other symptoms.
Studies have shown that most patients presented a pattern
of fibrosis with neovascularization following diffuse necrosis
(65). Reduction of cytochrome-C oxidase (COX) and combined
defects of mitochondrial respiratory chain complex may also be
detected in infants’ livers (66). Clinically, the identified liver-
brain type mutations include POLG1, DGUOK, C10orf2, and
MPV17, among whichMPV17 is relatively rare (67).

Neurogastrointestinal Mitochondrial DNA
Depletion Syndrome
Mitochondrial neurogastrointestinal mitochondrial DNA
depletion disease (MNGIE) is a rare metabolic disease caused
by TYMP gene mutation encodes thymidine phosphorylase
(TP). Patients with inherited, autosomal recessive TYMP
mutations show clinical symptoms between 10 and 50 years old,
most of which appear before 20 years old (68). In MNGIE, a
loss of TP activity leads to the accumulation of deoxyuridine
(dUrd) and thymidine (Thd), which infiltrate through the
mitochondrial pyrimidine remedy pathway, leading to an
imbalance of deoxyuridine triphosphate pool (dNTP). This
damages mtDNA, resulting in mitochondrial depletion and
ultimately cell death (69). The clinical manifestations of
MNGIE include gastrointestinal motility disorders, cachexia,
ptosis, ophthalmoplegia, peripheral neuropathy, and related
encephalopathy, which often lead to death in adulthood
(70). The detection of hypoxia inducible factor-1α (HIF-
1α) and vascular endothelial growth factor (VEGF) protein
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expression proved that MNGIE patients were accompanied by
gastrointestinal vascular diseases (71). Currently, hemodialysis
can temporarily eliminate the toxic effects of Thd and dUrd
in patients. However, permanent TP replacement therapy
with AHSCT is required for more effective treatments of
MNGIE (69). The correlation between MNGIE vascular changes
and neuromuscular abnormalities provides a new strategy
for the treatment of this disease (72). Carrier erythrocyte
entrapped thymidine phosphorylase therapy and allogeneic
hematopoietic stem cell transplantation are currently available
clinical therapeutic options for MNGIE (71).

MDS AND ITS ASSOCIATION WITH
CARDIAC DISEASE

Highly energy-consuming organs including heart requires a
proper function of mitochondria. Cardiac energy is primarily
provided throughmitochondrial OXPHOS (73). Cardiomyocytes
are prone to hypoxia. There are two mitochondrial populations
in cardiomyocytes, namely, interfibrous mitochondria and
submyomembrane mitochondria. The interstitial mitochondria
are arranged longitudinally and in parallel. The cristae are
mainly arranged in tubular shape. Subsarcolemmal mitochondria
gather beneath the sarcolemma in the direction of lamellar
ridge (74). Mitochondria are vital for the development and
maintenance of heart muscle, the largest energy user in the
human body. Mitochondria are not only a source of ATP
energy, but also generators of ROS, which can both regulate
physiological processes, such as the transition from hyperplastic
growth to hypertrophic growth after birth, and cause oxidative
damage. Excessive ROS production and oxidative damage are
associated with cardiac pathology (75). In addition to lowering
bioenergy efficiency, damaged mitochondria also produce more
reactive oxygen species, resulting in harmful functional and
structural consequences in the cardiovascular system (76). The
increased production of ROS leads to vascular inflammation,
endothelial cell damage and deposition of oxidized low density
protein (oxLDL) in the arterial wall (77). In cardiomyocytes,
two mitochondrial populations are electrically coupled to each
other, providing electrical conduction from one to the other
(78). Dysfunctional mitochondria can impair electronic transfer
chain activity, cause ATP depletion, increase oxidative stress, and
activate intrinsic apoptosis, leading to myocardial cell death (79).
Metabolism is not only crucial for regulating the pump function
of the heart, but also for maintaining the functional balance
and cellular senescence of cardiomyocytes (80). The important
functions of mitochondria in redox balance, energy metabolism
and calcium balance determine its pathogenic role in heart failure
(HF) and cardiovascular disease (CVD) (81–83). There is no
effective treatment at present (84). Accumulation of evidence on
mitochondrial therapy may help to provides new targets for the
treatment of MDS-associated heart disease (85).

Mitochondria, as an important energy “power plant” of the
human body, are closely related to the function of the heart.
The changes in mitochondrial structure and physiological
function play important roles in heart development, heart

remodeling, heart failure, and ischemia-reperfusion injury (86).
Some cardiac diseases, such as cardiomyopathy, are mostly
related to mitochondrial dysfunction. Pulmonary hypertension
may lead to enlargement of the right ventricle. Persistent
pulmonary hypertension of neonatal apical hypertrophic
cardiomyopathy has been proven to be a rare manifestation
related to mitochondrial dysfunction (87). When mitochondria
are dysfunctional, mtDNA is damaged due to an increase in
ROS production (88). Studies have found that MDS involves not
only the brain, liver, skeletal muscle and other organs, but also
the heart. The impaired mitochondrial DNA replication may
result in mtDNA depletion, and ultimately leads to heart failure.
Accordingly, the number of the protein encoded by mtDNA is
also reduced (73). Santorelli et al. found a tissue-specific deletion
of cardiac mtDNA in an infant patient with hypertrophic
cardiomyopathy and mitochondrial exhaustion syndrome. There
is increasing evidence that MDS can cause cardiomyopathy
(89). In addition to the increased levels of blood lactic acid
and pyruvate, liver injury and abnormal myocardial enzymes
are also common in laboratory examination (90). Two out of
twelve MDS children were reported to have elevated myocardial
enzymes (91).

FBXL4, ANT1, AGK, and SLC25A4 have been confirmed
to be associated with cardiomyopathy. Wang et al. reported
two cases of AGK mutation as a serious manifestation in
infants with heart failure. Their skeletal muscle biopsy showed
severe mtDNA depletion, along with muscle weakness, growth
retardation, and other manifestations of muscle disorders. The
cases were diagnosed as Sengers syndrome, thus providing
strong evidence for the relationship between mitochondrial
depletion syndrome and cardiomyopathy (92). Mitochondrial
DNA mutation is considered to change the adaptation between
bioenergy systems and dietary patterns, affect the cellular
response to stimuli, and increase the susceptibility of mutant
individuals to cardiometabolic diseases (93–96).

MDS-Related Genes and Their Defects
TK2
TK2 is a 16q21 gene located on chromosome 16, which
encodes for thymidine kinase 2. Many TK2 gene mutations are
associated with MDS. Yan et al. demonstrated a mitochondrial
DNA depletion syndrome-2 patient caused by TK2 compound
heterozygous mutation. The TK2 mutation is considered a
recessive genetic mutation type (97). In a case series of 18
patients, Cristina Domínguez-González et al. (99) found that
nearly 80% of the patients developed MDS before the age of
12, and only 19% of the patients developed after the age of 12.
Clinically, TK2-related MDS patients share common symptoms,
including progressive myopathy, skeletal muscle involvement
(e.g., facial and axial neck flexor weakness), respiratory system
involvement, and chronic progressive external ophthalmoplegia
(CPEO) (98). A previous study found that mtDNA depletion
mostly affected the brain and heart tissues of TK2H126N knock-
in mice (99). Measurements of mitochondrial TK2 protein by
immunoprecipitation found high levels of TK2 in heart, liver, and
spleen. The level of thymidylate synthase (TS) protein was also
high in the heart tissue (100). Thymidine Triphosphate (TTP) is
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synthesized mainly by TK2 in the heart. Kamath et al. found that
thymidine monophosphate (TMP) could promote the synthesis
of TTP independent of TK2 in the cardiac mitochondria of
rats in vitro, suggesting a potential therapeutic strategy for TK2
deficiency-related diseases (101).

SUCLG1
SUCLG1 gene encodes the α-subunit of succinate COA ligases
(SUCL, also known as succinyl CoA synthase). SUCLG1 subunit
is widely expressed in human tissues and abundant in the brain,
heart, liver and kidney. A double allele mutation in SUCLG1
gene can promote the deficiency of succinate synthase or ligase
activity, resulting in the reduction of mtDNA synthesis and
mtDNA depletion (102–104). Several studies have shown that
SUCLG1 mutations may be related to mitochondrial hepatic
encephalopathy. Hove et al. reported that a neonatal patient
had elevated transaminase and liver failure symptoms within
2 months after birth. The mtDNA content of the patient
was also decreased, accompanied by progressive myopathies.
Gene sequence analysis demonstrated a homozygous mutation
[c.40A>T (p.M14L)] in SUCLG1 gene (105). Clinical data
showed that succinate ligase deficiency was associated with
mtDNA depletion. Liu and co-workers reported five new
SUCLG1 mutations, including exon 5 c.550G >A (p.G184S),
exon 7C.751C>T (p.G251S), exon 7 c.809A>C (p.L270W), exon
8 c.961C>G (p.A321P), and exon 9 826-2A>G (splicing), in
three Chinese patients with succinate-CoA ligase deficiency
(103). The latter two mutations are speculated to be destructive.
There are only few case reports linking SUCLG1 mutation to
heart diseases (106). Therefore, it is worth of tracking and
evaluating the potential relationship between SUCLG1 mutation
and impairment of cardiac function due to the abundance of
SUCLG1 in the heart (Figure 2).

SLC25A4
SLC25A4 gene is located on chromosome 4 and encodes for
adenine nucleotide translocase 1 (ANT1), which is widely
expressed in the heart and skeletal muscles. ANT1 translocates
ADP/ATP across the IMM, provides ADP to the mitochondrial
ATPase (Complex V), and plays an important role in ATP/ADP
exchange between the cytosol and mitochondrial compartment
(107, 108). Many studies have shown that SLC25A4 is related to
mtDNA depletion sign 12. Thompson et al. found that significant
indigenous depletion of mtDNA caused severe mitochondrial
respiratory chain deficiencies (109). They identified 2 pathogenic
mutation sites: c.703C>G (p.Arg235Gly) and c.239G>A
(p.Arg80His). SLC25A4 c.239G>A was found in a case of
mitochondrial exhaustion syndrome (MTDPS12) with epileptic
encephalopathy. The patient was admitted to hospital due
to continuous facial and limb spasm, accompanied by mild
respiratory failure (110). A frame-shift null mutation (c.523delC,
p.Q175RfsX38) of SLC25A4 resulted in autosomal recessive
myopathy and cardiomyopathy. Ten patients with homozygous
mutation (adenine nucleotide transposon −1−/−) were
followed up for 6 years. These patients displayed continuous
adrenergic activation, exercise intolerance, lactic acidosis,
hyperalaninemia, and progressive myocardial thickening.

Moreover, ECG, echocardiography, and velocity vector imaging
analyses indicated the dysregulated left ventricular relaxation,
abnormal myocardial repolarization, and abnormal systolic
mechanics. Extensive degeneration of cardiomyocytes and
structural abnormalities of mitochondria were also evidence
in these patients (111). The characteristics of myopathy and
cardiomyopathy were also observed in mice lacking the
heart/muscle isoform of ANT1 (112).

AGK
Sengers syndrome is an autosomal recessive genetic disease
caused by AGK mutations. AGK, a mitochondrial membrane
kinase, is involved in protein biogenesis (112). Besides,
intracellular LPA is generated by the phosphorylation of
monoacylglycerol by AGK (113). Vukotic et al. found that AGK
belonged to a subunit of the TIM22 complex that facilitates the
transport of metabolite carriers into the IMM. ANT1 levels were
reduced in the cells of Sengers syndrome patients, suggesting
that AGK is needed for the efficient insertion of metabolite
carriers (e.g., SLC25A24 and ANT1) (114). The main clinical
features of Sengers syndrome are hypertrophic cardiomyopathy,
bi-sided cataracts, myopathy, and lactic acidosis. Hypertrophic
cardiomyopathy can eventually contribute to the development of
heart failure (91).

MPV17
MPV17 is a nuclear-encoded IMM protein expressed in the
brain, kidneys, liver, spleen, and heart in humans (115). A
large number of studies have demonstrated that the deficiency
of MPV17 may cause abnormalities in mitochondrial ROS
production flux, ETC complex activity, mitochondrial membrane
potential, and pH value (116, 117). Judith R. Alonzo showed that
Mpv17 could transfer dTMP from cytoplasm to mitochondria
for mtDNA synthesis (118). Mpv17 deficiency may cause a
depletion of dTMP pool in the mitochondria (119). Loss of
MPV17 protein leads to a notable reduction in liver mtDNA
and ultimately liver dysfunction (120). Mutations in MPV17
gene can result in neurological problems and failure to thrive
in pediatric patients (121). The absence of MPV17 protein
does not appear to significantly affect mtDNA quantity and
overall function of the heart in normal adult mice. However,
cardiac mitochondria from MPV17 mutant mice displayed
severe cristae damage after ischemia/reperfusion (I/R) injury.
MPV17 mutation also disrupted its interactions with ATP
synthase, MICOS, Cyclophilin D, and glucose-regulated protein
75 (GRP75). Mitochondrial sensitivity to Ca2+ overload was
enhanced in I/R mice, thereby promoting mPTP opening and
leading to subsequent cardiomyocyte death (117) (Figure 3).

POLG
POLG is the only DNA polymerase γ (POLγ) in the
mitochondria. This enzyme is a heterologous trimer consisting
of three subunits, which are encoded by POLG and POLG2
genes on chromosome 15. POLG gene is a common pathogenic
gene of MDS, in which hundreds of mutations have been
identified (122). When this gene is mutated, mitochrondria lose
the ability to maintain the genome, leading to mtDNA depletion.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 February 2022 | Volume 8 | Article 808115158

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Mitochondrial DNA Depletion Syndrome and Heart Diseases

FIGURE 2 | TK2, SUCLG1, or SUCLG2 regulates mtDNA synthesis. In the salvage pathway, the pre-formed deoxyribothymidine enters the mitochondria. The

deoxyribonucleoside is then catalyzed by the thymokinases TMPK and TDPK to phosphorylate the deoxyribonucleoside into the triphosphate form in the subsequent

three phosphorylation steps, and further synthesize mtDNA. Among them, TK2 and TDPK are encoded by the nuclear genes TK2 and SUCLG1/SUCLG2,

respectively. TK2, (1) Thymidine Kinase 2, (2) Thymidine kinase; SUCLG1, succinic acid A ligase α subunit; SUCLG2, succinate-CoA ligase GDP-forming β subunit;

Thymidine, deoxyribosylthymine; TMPK, Thymidylate kinase; TDPK, Thiamine diphosphokinase; SUCL, Succinyl CoA ligase; TMP, Thymidine monophosphate; TDP,

Thymidine diphosphate; TTP, Thymidine 5’-triphosphate.

A large number of mutation sites in POLG have been reported,
including the homozygous mutation Chr17:62492543 G>A of
Chr17 located in POLG2 gene, which leads to the replacement of
R182W in P55. The clinical manifestations of the patient include
the reduction in mtDNA content and liver failure, indicative
of hepatocerebral MDS. In addition, Hoff et al. showed that
the Chr17:62492543 G>A mutation in POLG2 and R182W p55
severely damaged the stability of the auxiliary subunit, and
was associated with the disease phenotype (123). Recent studies
identified a new homozygous mutation [c.2391G>T (p.M797I)]
in the C-terminal subdomain of POLG in a close family
with MNGIE syndrome (124). Heart-specific overexpression of
POLγY955C mutant caused dysregulation mtDNA biogenesis,
resulting in cardiac dysfunction and eventually premature death.
Utilizing transgenic mice expressing human POLγY955C in
the heart, William Lewis et al. demonstrated that the mice
had defective enzyme machinery for mtDNA replication, which
resulted in the phenotype of mtDNA depletion. In addition, the
mice also showed the phenotypes of increased mitochondrial
oxidative stress, histopathological changes, and abnormal
mitochondrial ultrastructure in cardiomyocytes. Moreover,
cardiac insufficiency is accompanied by cardiac enlargement,
increased ventricular volume, and heart mass (125).

RRM2B
RRM2B (ribonucleotide reductase regulatory TP53 inducible
subunit M2B), is located on chromosome 8q22.3, and encodes
for ribonucleotide diphosphate reductase subunit M2B and
p53-inducible ribonucleotide reductase (RNR) small subunit
(p53R2). RNR is responsible for catalyzing free radicals and
reducing ribonucleotides, in order to dNTPs to maintain the
dNTP library at an appropriate level for DNA synthesis and
repair. When this gene is defective, it often leads to the
occurrence of mitochondrial diseases. Changes in the structural
properties of RRM2B protein can also cause mtDNA damage
and affect the nervous system (126, 127). Stojanović et al.
has reported a missense mutation c.707G>A, p.Cys236Tyr
in RRM2B gene in the blood cells of a white male. This
mutation appears to be associated with congenital deafness and
exercise intolerance due to the impairment of nerve conduction
(128). Mutations in RRM2B gene also cause MNGIE. Two
RRM2B pathogenic mutations, namely, c.362G>A (p.R121H)
and c.329G>A (p.R110H), were identified to be associated
with severe mtDNA depletion in a 42-year-old woman. The
mutations changed the docking interface of ribonucleoside
reductase (RIR2B) homodimeric, thereby affecting the activity of
the enzyme (118). In addition, RRM2B mutations can also cause
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FIGURE 3 | Proteins encoded by SLC25A4, AGK, and MPV17 genes and their functions. SLC25A4, AGK and MPV are important mitochondrial transport proteins.

Adenine nucleotide transporter (ANT1) is an ADP/ATP translocator encoded by SLC25A4 and located on the inner mitochondrial membrane. It mediates the

transmembrane exchange of ADP and ATP and provides ADP for mitochondrial ATP synthase. Acylglycerol kinase is a mitochondrial lipid kinase encoded by AGK

gene. The absence of AGK reduces the content of ANT1 in the inner membrane of muscle mitochondria by affecting lipid metabolism. MPV17 protein is encoded by

MPV17 gene, which is involved in the maintenance of nucleotide homeostasis and transfers dTMP from the cytoplasm to the mitochondria to maintain mtDNA

synthesis. SLC25A4, Solute Carrier Family 25 Member 4; AGK, Acylglycerol Kinase; MPV17, Mitochondrial Inner Membrane Protein MPV17; ANT1, Adenine

nucleotide translocase 1; CV, Complex V, also known as ATP synthase, is one of the mitochondrial respiratory chain electron transport complexes; ADP, Adenosine

diphosphate; ATP, Adenosine triphosphate; dTMP, deoxythymidine monophosphate.

cardiovascular disease. In the case report by Albert Z Lim et al.
defects in mtDNA maintenance were found in patients with left
ventricular hypertrophy, cardiomyopathy and ventricular septal
defects (129).

TWNK
Twinkle (TWNK, previously designated as C10orf2), is
responsible for encoding Twinkle proteins, maintaining
mtDNA integrity, and displaying 5′→ 3′ DNA helicase activity
when unwinding mitochondrial DNA. Mutations in this gene
are associated with mitochondrial DNA depletion syndrome 7
(MTDPS7). Li et al. found that the proband carried two TWNK
compound heterozygous mutations, of which c.1186C>T
(p.Pro396Ser) in exon 1 was inherited from the father, and
c.1844G>C (p.Gly615Ala) in exon 5 was inherited from the
mother (130). Dominant mutations in TWNK cause progressive
ophthalmoplegia, mtDNA deletion, and autosomal dominant
inheritance 3, while recessive mutations often lead to MTDPS
7 and Perrault syndrome 5. Among them, MTDPS7 is usually
manifested by infantile-onset spinocerebellar ataxia (IOSCA).
In a report by Kume et al. TWNK homozygous mutations could

lead to cerebellar ataxia in middle-aged patients (131, 132).
Twinkle protein has three main domains: primary enzyme
domain, junctional domain, and helical enzyme domain. The
entire primary enzyme and connector domains as well as a partial
helix enzyme domain are located in exon 1. Exons 2–4 encode
the remaining helix enzyme domain. Kume et al. (131) found
the amino acid at codon 292 changed from Pro to Thr in IOSCA
patients. In addition to homozygous mutations in the helix
domain, homozygous mutations in the primary enzyme domain
9 and compound heterozygous mutations in both primary
enzyme and helix domain 10 were reported in IOSCA patients
(133). Pohjoismäki et al. showed that Twinkle protein encoded by
TWNK gene may play a direct role in the maintenance of human
heart (133). The copy number of myocardial mitochondrial
DNA decreased when heart failure occurred, especially after
myocardial infarction. Overexpression of Twinkle helicase
could greatly increase the copy number of mtDNA, thereby
protecting the heart (134). In addition, the overexpression
of TWNK also decreased the accumulation of ROS-induced
mtDNAmutations, thus benefiting cardiomyopathy in Sod2+/–
mice (135).
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FBXL4
FBXL4 (F-box and leucine-rich repeat protein 4), located
on chromosome 6, is a nDNA that encodes 621-amino-
acid F-box protein. FBXL4 plays vital roles in maintaining
mtDNA integrity and stability. It is the first protein family
member reported to form Skp1-Cullin-F-box (SCF) (136).
In the fibroblasts of patients with FBXL4 double allele
mutations, the dysregulated mitochondrial network, decreased
mitochondrial energy metabolism-related enzyme activity and
reduced consumption of mtDNA were observed. The mutations
can lead to mitochondrial exhaustion syndrome 13 (MTDPS13)
of cerebral muscular disease type, which is often manifested
as decreased muscle tone, difficulty in eating, delayed nerve
development, brain atrophy and other symptoms, accompanied
by increased blood lactic acid level (137, 138). Wang et al.
found a novel FBXL4 frameshift mutation (c.993dupA) in a
Han Chinese patient, leading to the premature termination of
protein synthesis and defects at the protein level (110). Ballout
et al. reported the first case of MTDPS13 in Lebanon. Full-
exon group sequencing showed that the female patient had
a homozygous non-sense mutation c. 1303C>T (p.Arg435∗).
In addition to the typical clinical manifestations such as
encephalopathy and muscle tone reduction, anemia and normal
blood ammonia also appeared (139). Emperador et al. reported
new FBXL4 mutations in two patients, which were composite
heterozygous mutations c.[858 + 5G>C]; [1510T>C] and
homozygous mutation c.[851delC]; [851delC]. Besides, skeletal
muscle biopsy showed severe mtDNA depletion (140). In a case
reported by Huemer et al. (137) cardiac disease was diagnosed
in seven patients with FBXL4 mutations at an initial visit. Tissue
examination and cell staining indicated joint defects in the
respiratory chain, reduced production of enzymes related to
mitochondrial energy metabolism, and reduced mitochondrial
DNA content (136). Antoun et al. reported that FBXL4
deficiency could result in severe multi-system diseases, including
lactic acidosis, cystic white matter disease, cardiomyopathy,
arrhythmia, and immunodeficiency (141). A patient with
prenatal diagnosis of polyhydramnios and cerebellar atrophy
showedmitochondrial encephalomyopathy. This patient suffered
from myocardial hypertrophy with ventricular septal defect.
Seven of the nine patients (77%) with FBXL4 deficiency showed
abnormal cardiac manifestations, including fallot syndrome
(TOF), supraventricular tachycardia (SVT), ventricular septal
defect (ASD), and left or right ventricular hypertrophy. These
findings imply that cardiac involvement may be one of the
most common clinical features of FBXL4 deficiency (142). It has
been reported that two siblings harbor homozygous variants in
FBXL4 gene (c.1750 T>C; p.Cys584Arg). They had symptoms of
encephalomyopathy, lactic acidosis and myocardial hypertrophy,
which were consistent with the characteristics of mitochondrial
injurymyopathy caused by FBXL4 genemutation. Dichloroacetic
acid (DCA) treatment effectively alleviated metabolic acidosis
and reversed myocardial hypertrophy in the younger sister (143).

TFAM
The mitochondrial transcription factor A (TFAM) gene, located
on nuclear chromosome 10q21, is composed of six introns and

seven exons. TFAM is a member of the HMG box protein
family. It contains two HMG box domains, an N-terminal
domain and a C-terminal structure. TFAM has the ability
to maintain mtDNA and initiate mtDNA transcription (144,
145). TFAM is a key factor in promoter selection during the
initiation of mitochondrial transcription sites. It recognizes the
promoter of POLRMT and initiates transcription by binding to
mtDNA without sequence specificity (146). Stile et al. idenfied a
TFAM homozygous missense variant (c.533C>T; p. Pro178Leu)
among the close relatives of Basque lineage in Colombia. Two
siblings showed IUGR, elevated transaminase, preterm infant
with hypoglycemia and hyperbilirubinemia progressed to liver
failure and death (147). In addition, TFAM and mtDNA copy
numbers are essential for the control of mitochondrial gene
expression; their reduction can lead to poor heart function and
aging (148, 149). Heart-specific knockout of TFAM induced
apoptosis in the heart of a transgenic mouse model. Disruption
of TFAM in the heart resulted in mtDNA depletion, reduced
mitochondrial ATP production rate, and impaired respiratory
chain enzyme activities. These defects aggravate heart disease and
eventually lead to heart failure (146, 150).

MGME1
Mitochondrial Genome Maintenance Exonuclease 1 (MGME1
or DDK1) belongs to PD-(D/E)XK nuclease superfamily. It
is a highly conserved mitochondrial-specific DNA enzyme
encoded by C20orf72 gene. Mutation of C20orf72 is associated
with exhaustion and rearrangement of mtDNA. Patients with
C20orf72 mutations may have CPEO, myasthenia, respiratory
distress and gastrointestinal diseases (151). Mouse studies by
Matic et al. suggest that MGME1 gene product may be a part
of the regulatory switch at the end of the D-loop region since
it regulates the replication of mtDNA and the termination
of H-chain transcription. Lack of MGME1 may lead to the
deletion or depletion of mtDNA in mouse tissue cells (152).
MGME1 may also contribute to cerebellar ataxia since mutation
of this gene leads to the occurrence of mtDNA depletion
syndrome 11, with a series of clinical manifestations of cerebellar
diseases. Recently, Hebbar et al. identified a new code-shift
mutation c.359del (p.Pro120Leufs∗2) in exon 2 in a child with
early progressive cerebellar ataxia. The investigator determined
that the mutation was the cause of MTDPS11 (153). A high-
throughput mutation screening of 16 patients with dilated or
hypertrophic cardiomyopathy indicated that MGME1 variants
are highly associated with the pathogenesis of heart disease (154).

QIL1/MIC13(C19orf70)
MICOS13, also known as C19orf70, MIC13, or QIL1 (155, 156),
is a component of mitochondrial contact site and cristae tissue
system (MICOS) complex. It plays vital roles in maintaining
the characteristics of mitochondrial cristae and cellular energy
metabolism.MICOS13 deficiency leads to morphological defects
of cristae and cristae junctions and severely impairs the
IMM architecture and mitochondrial respiratory function
(157). Patients from a consanguineous family were reported
to have MICOS p.(Gly15Glufs∗75) variant, thus resulting in
mitochondrial hepato-encephalopathy. Homozygous individuals
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displayed syndromes correlated with mitochondrial dysfunction.
In addition, multiple organs with high energy demands,
including heart, liver and the central nervous system, were
damaged (155, 158). It has been reported that two siblings
with QIL1 deficiency exhibited mitochondrial encephalopathy
symptom. Loss of QIL1 in this case showed abnormalities in
multiple organs (e.g., liver and muscle), while heart ultrasound
indicated mild heart hypertrophy as early as 2 years old (159).
Furthermore, QIL1 point mutation also resulted in cardiac
arrhythmia but not cardiac hypertrophy (160).

SUMMARY AND OUTLOOK

MDS is a mitochondrial disease characterized by the reduced
amount and/or depletion of mtDNA content. They are caused
by mutations in nDNA and can involve two or more organs.
In this paper, while discussing the impact of different types of
MDS on muscle, brain and nervous system, we explored the
potential association between different genemutations andMDS-
associated cardiac diseases, in order to provide guidance for early
screening and prevention of these diseases.
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26. Dziewulska A, Dobrzyń P, Dobrzyń A. The role of AMP-activated protein

kinase in regulation of skeletal muscle metabolism. Postepy Hig Med Dosw.

(2010) 64:513–21. doi: 10.1677/joe.0.0340273

27. Chen H, Chomyn A, Chan DC. Disruption of fusion results in

mitochondrial heterogeneity and dysfunction. J Biol Chem. (2005)

280:26185–92. doi: 10.1074/jbc.M503062200

28. Weir HJ, Yao P, Huynh K, Escoubas CC, Goncalves RL, Burkewitz

K, et al. Dietary restriction and AMPK increase lifespan via

mitochondrial network and peroxisome remodeling. Cell Metab. (2017)

26:884–96. doi: 10.1016/j.cmet.2017.09.024

29. Gómez-Valadés AG, Gonzalez-Franquesa A, Gama-Perez P, Claret

M, Garcia-Roves PM. Emerging concepts in diabetes: mitochondrial

dynamics and glucose homeostasis. Curr Diabetes Rev. (2017)

13:370–85. doi: 10.2174/1573399812666151012115229

30. Otera H, Ishihara N, Mihara K. New insights into the function and

regulation ofmitochondrial fission. Biochim Biophys Acta. (2013) 1833:1256–

68. doi: 10.1016/j.bbamcr.2013.02.002

31. Lee H, Yoon Y. Mitochondrial fission and fusion. Biochem Soc Trans. (2016)

44:1725–35. doi: 10.1042/BST20160129

32. Kondadi AK, Anand R, Reichert AS. Functional interplay between cristae

biogenesis, mitochondrial dynamics and mitochondrial DNA integrity. Int J

Mol Sci. (2019) 20:4311. doi: 10.3390/ijms20174311

33. Meyer JN, Leuthner TC, Luz AL. Mitochondrial fusion,

fission, and mitochondrial toxicity. Toxicology. (2017) 391:42–

53. doi: 10.1016/j.tox.2017.07.019

34. Sas K, Szabó E, Vécsei L. Mitochondria, oxidative stress and the kynurenine

system, with a focus on ageing and neuroprotection. Molecules. (2018)

23:191. doi: 10.3390/molecules23010191

35. Briston T, Roberts M, Lewis S, Powney B, Staddon JM, Szabadkai G,

et al. Mitochondrial permeability transition pore: sensitivity to opening

and mechanistic dependence on substrate availability. Sci Rep. (2017)

7:10492. doi: 10.1038/s41598-017-10673-8

36. Gherardi G, Nogara L, Ciciliot S, Fadini GP, Blaauw B, Braghetta P,

et al. Loss of mitochondrial calcium uniporter rewires skeletal muscle

metabolism and substrate preference. Cell Death Differ. (2019) 26:362–

81. doi: 10.1038/s41418-018-0191-7

37. Gherardi G, Monticelli H, Rizzuto R, Mammucari C. The mitochondrial

Ca2+ uptake and the fine-tuning of aerobicmetabolism. Front Physiol. (2020)

11:554904. doi: 10.3389/fphys.2020.554904

38. Nemani N, Dong Z, Daw CC, Madaris TR, Ramachandran K, Enslow

BT, et al. Mitochondrial pyruvate and fatty acid flux modulate

MICU1-dependent control of MCU activity. Sci Signal. (2020)

13:eaaz6206. doi: 10.1126/scisignal.aaz6206

39. Gao P, Yan Z, Zhu Z. Mitochondria-Associated endoplasmic reticulum

membranes in cardiovascular diseases. Front Cell Dev Biol. (2020)

8:604240. doi: 10.3389/fcell.2020.604240

40. Zapico SC, Ubelaker DH. mtDNA mutations and their role

in aging, diseases and forensic sciences. Aging Dis. (2013)

4:364–80. doi: 10.14336/AD.2013.0400364

41. Kraja AT, Liu C, Fetterman JL, Graff M, Have CT, Gu C, et al.

Associations of mitochondrial and nuclear mitochondrial variants and

genes with seven metabolic traits. Am J Hum Genet. (2019) 104:112–

38. doi: 10.1016/j.ajhg.2018.12.001

42. Chaturvedi S, Bala K, Thakur R, Suri V. Mitochondrial

encephalomyopathies: advances in understanding. Med Sci Monit.

(2005) 11:A238–46. doi: 10.1016/j.lfs.2005.02.003

43. Kopinski PK, Janssen KA, Schaefer PM, Trefely S, Perry CE, Potluri P, et al.

Regulation of nuclear epigenome by mitochondrial DNA heteroplasmy. Proc

Natl Acad Sci USA. (2019) 116:16028–35. doi: 10.1073/pnas.1906896116

44. Mishra P, Chan DC. Metabolic regulation of mitochondrial dynamics. J Cell

Biol. (2016) 212:379–87. doi: 10.1083/jcb.201511036

45. El-Hattab AW, Scaglia F. Mitochondrial DNA depletion syndromes: review

and updates of genetic basis, manifestations, and therapeutic options.

Neurotherapeutics. (2013) 10:186–98. doi: 10.1007/s13311-013-0177-6

46. Moraes CT, Shanske S, Tritschler HJ, Andreetta F, Bonilla E, et al. MtDNA

depletion with variable tissue expression: a novel genetic abnormality in

mitochondrial diseases. Am J Hum Genet. (1991) 48:492–501.

47. Sarzi E, Bourdon A, Chrétien D, Corcos J, Slama A, et al. Mitochondrial

DNA depletion is a prevalent cause of multiple respiratory chain deficiency

in childhood. J Pediatr. (2007) 150:531–4. doi: 10.1016/j.jpeds.2007.01.044

48. Spinazzola A, Invernizzi F, Carrara F,Lamantea E, Donati A, DiroccoM, et al.

Clinical andmolecular features of mitochondrial DNA depletion syndromes.

J Inherit Metab Dis. (2009) 32:143–58. doi: 10.1007/s10545-008-1038-z

49. Lin GZ, Qiu JW, Deng M, Lin WX, Guo L, Song YZ. DGUOK-

related mitochondrial DNA depletion syndrome: a case report and

literature review. Zhong Guo Dang Dai Er Ke Za Zhi. (2020) 22:274–

9. doi: 10.7499/j.issn.1008-8830.2020.03.017

50. El-Hattab AW, Scaglia F. Hattab AW, Scaglia F. SUCLG1-Related

Mitochondrial DNA Depletion Syndrome, Encephalomyopathic Form With

Methylmalonic Aciduria. GeneReviews R© (1993–2021).

51. Wei H, Liu G. Understanding, characteristics and treatment of

mitochondrial exhaustion syndrome. J Pract Diabetol. (2018) 14:9–10.

52. Blázquez-Bermejo C, Molina-Granada D, Vila-Julià F, Jiménez-Heis D, Zhou

X, Torres-Torronteras J, et al. Age-related metabolic changes limit efficacy of

deoxynucleoside-based therapy in thymidine kinase 2-deficient mice. EBio

Med. (2019) 46:342–55. doi: 10.1016/j.ebiom.2019.07.042

53. Wang J, El-Hattab AW, Wong LJC. TK2-Related Mitochondrial DNA

Maintenance Defect, Myopathic Form. GeneReviews R© (1993–2021).

54. Papadimas GK, Vargiami E, Dragoumi P, Van Coster R, Smet

J, Seneca S, et al. Mild myopathic phenotype in a patient with

homozygous c.416C>T mutation in TK2 gene. Acta Myol. (2020)

39:94–7. doi: 10.36185/2532-1900-012

55. Cámara Y, Carreño-Gago L, Martín MA, Melià MJ, Blázquez

A, Delmiro A, et al. Severe TK2 enzyme activity deficiency

in patients with mild forms of myopathy. Neurology. (2015)

84:2286–8. doi: 10.1212/WNL.0000000000001644

56. Domínguez-González C, Madruga-Garrido M, Mavillard F, Garone C,

Aguirre-Rodríguez FJ, Donati MA, et al. Deoxynucleoside therapy for

thymidine kinase 2-deficient myopathy. Ann Neurol. (2019) 86:293–

303. doi: 10.1002/ana.25506

57. Chanprasert S, Wang J, Weng SW, Enns GM, Boué DR,

Wong BL, et al. Molecular and clinical characterization of the

myopathic form of mitochondrial DNA depletion syndrome

caused by mutations in the thymidine kinase (TK2) gene. Mol

Genet Metab. (2013) 110:153–61. doi: 10.1016/j.ymgme.2013.0

7.009

58. Garone C, Taylor R W, Nascimento A,Poulton J, Fratter C,

Domínguez-González C, et al. Retrospective natural history of

thymidine kinase 2 deficiency. J Med Genet. (2018) 55:515–

21. doi: 10.1136/jmedgenet-2017-105012

59. Lamperti C, Zeviani M. Encephalomyopathies caused by abnormal nuclear-

mitochondrial intergenomic cross-talk. Acta Myol. (2009) 28:2–11.

60. Köse E, Köse M, Edizer S, Akişin Z, Yilmaz ZB, Sahin A, et
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GLOSSARY

Full Name Abbreviations

Outer Mitochondrial Membrane OMM

Inner Mitochondrial membrane IMM

Mitochondrialintermembrane space IMS

Mitochondrial Respiratory Chain MRC

Respiratory Chain RC

Mitochondrial Permeability Transition Pore MPTP

Mitochondria lDNA mtDNA

nuclear DNA nDNA

Ribosomal RNA rRNA

transfer RNA tRNA

Mitochondrial DNA depletion syndrome MDS

Oxidative Phosphorylation OXPHOS

Electron Transport Chain ETC

Ubiquinone oxidoreductase subunit AB1 NDUFAB1

cytochrome C Cyt c

ADP/ATP carrier AAC

apoptosis-inducing factor AIF

coenzyme Q10 CoQ10

supercomplex SCs

Mitochondrial Membrane Potential MMP

Reactive Oxygen Species ROS

Nicotinamide Adenine Dinucleotide NADH

acyl carrier protein ACP

Tricarboxylic Acid Cycle TCA

reduced flavin adenosine dinucleotide FADH2

hypoxia inducible factor HIF

Prolyl Hydroxylase PHD

Hypoxia Response Element HRE

Fatty Acid β-Oxidation FAO

acetyl Coenzyme A acetyl-CoA

nicotinamide adenine dinucleotide NAD+

flavin adenine dinucleotide FAD

AMP-activated protein kinase AMPK

mitochondrial protein Mfn

dynein-related protein-like 1 Drp1 / DLP1

optic nerve atrophy 1 OPA1

Pyruvate Dehydrogen-ase Phosphatase 1 PDP1

Pyruvate Decarboxylase PDH

α-Ketoglutarate Dehydrogenase α-KGDH

mitochondrial permeability transition pore MPTP

Sarcoplasmic Reticulum SR

type 2 Ryanodine receptor RyR2

Mitochondrial Calcium Uniporter MCU

Mitochondrial Calcium Uptake 1 MICU1

Endoplasmic Reticulum ER

Mitchondria Associated Endoplasmic Reticulum Membrane MAM

Mitochondrial-Derived Peptide MDP

mitochondrial DNA depletion syndrome-2 MTDPS2

(Continued)

Full Name Abbreviations

Creatine Kinase CK

Thymidine Kinase 2 TK2

Deoxythymidine dThd

deoxycytidine monophosphate dCMP

deoxythymidine monophosphate dTMP

external eye muscle paralysis adPEO

Mitochondrial Depletion Syndrome 13 MTDPS 13

Mitochondrial Depletion Syndrome 9 MTDPS 9

Cytochrome-C Oxidase COX

Mitochondrial Neurogastrointestinal Encephalopathy Disease MNGIE

Thymidine Phosphorylase TP

vascular endothelial growth factor VEGF

Thymidine Thd

Deoxyuridine dUrd

deoxyuridine triphosphate pool dNTP

Chronic Progressive External Ophthalmoplegia CPEO

oxidized low density protein oxLDL

heart failure HF

cardiovascular disease CVD

thymidylate synthase TS

Thymidine Triphosphate TTP

Thymidine monophosphate TMP

Polymerase Gamma POLG

DNA Polymeraseγ POLγ

Succinate COA ligases SUCL

Succinate-CoA Ligase GDP/ADP-Forming Subunit ? SUCLG 1

Ribonucleotide Reductase Regulatory TP53 Inducible Subunit

M2B

RRM2B

Ribonucleotide Reductase RNR

Ribonucleoside Reductase RIR2B

Mitochondrial Depletion Syndrome 7 MTDPS 7

Infantile-onset Spinocerebellar Ataxia IOSCA

Adenine Nucleotide Translocase ANT1

mitochondrial exhaustion syndrome 12 MTDPS12

Skp1-Cullin-F-box SCF

Dichloroacetic acid DCA

mitochondrial transcription factor A TFAM

mitochondrial contact site and cristae tissue system MICOS

Mitochondrial Contact Site And Cristae Organizing System

Subunit 13

MICOS13

box and leucine-rich repeat protein 4 FBXL4

Twinkle TWNK

Solute Carrier Family 25 Member 4 SLC25A4

Mitochondrial Inner Membrane Protein MPV17 MPV17

mitochondrial exhaustion syndrome 13 MTDPS13

fallot syndrome TOF

ventricular septal defect ASD

supraventricular tachycardia SVT

glucose-regulated protein 75 GRP75

Mitochondrial Genome Maintenance Exonuclease 1 MGME1

Acylglycerol Kinase AGK
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Li Wang 4*, Rubin Tan 5* and Jinxiang Yuan 6*
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University, Jining, China, 4 School of Nursing, Medical College, Soochow University, Suzhou, China, 5Department of

Physiology, Basic Medical School, Xuzhou Medical University, Xuzhou, China, 6 The Collaborative Innovation Center, Jining
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Familial hypertrophic cardiomyopathy (FHCM), an autosomal dominant disease, is

caused by mutations in genes encoding cardiac sarcomeric proteins. E22K, a mutation in

the myosin regulatory light chain sarcomere gene, is associated with the development of

FHCM. However, the molecular mechanisms by which E22K mutation promotes septal

hypertrophy are still elusive. The hypertrophic markers, including beta-myosin heavy

chain, atrial natriuretic peptide and B-type natriuretic peptide, were upregulated, as

detected by fluorescence quantitative PCR. The gene expression profiles were greatly

altered in the left ventricle of E22K mutant mice. Among these genes, nuclear factor of

activated T cells (NFAT ) and protein kinase C-alpha (PKC-α) were upregulated, and their

protein expression levels were also verified to be elevated. The fibrosis markers, such as

phosphorylated Smad and transforming growth factor beta receptor, were also elevated

in transgenic E22K mice. After receiving 6 weeks of procedural exercise training, the

expression levels of PKC-α and NFAT were reversed in E22K mouse hearts. In addition,

the expression levels of several fibrosis-related genes such as transforming growth factor

beta receptor 1, Smad4, and alpha smooth muscle actin in E22K mouse hearts were

also reversed. Genes that associated with cardiac remodeling such as myocyte enhancer

factor 2C, extracellular matrix protein 2 and fibroblast growth factor 12 were reduced after

exercising. Taken together, our results indicate that exercise can improve hypertrophy and

fibrosis-related indices in transgenic E22K mice via PKC-α/NFAT pathway, which provide

new insight into the prevention and treatment of familial hypertrophic cardiomyopathy.
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INTRODUCTION

Familial hypertrophic cardiomyopathy (FHCM) is an autosomal
dominant genetic disease featured by myofibrillar disarray and
left ventricle or septal hypertrophy (1, 2). It originates from
gene mutations encoding major proteins of myocardial filaments
(e.g., myosin) and other related proteins. E22K (glutamic acid to
lysine substitution at position 22), a genetic mutation in myosin
regulatory light chain (RLC) sarcomeric protein, is located near
the Ca2+ binding site and RLC phosphorylation site (Ser15)
(3). The E22K mutation in RLC gene may cause hypertrophic
cardiomyopathy with septal hypertrophy and midventricular
obstruction (3), and is closely associated with the eventual
formation of FHCM. Previous research has shown that E22K
mutation prevents RLC phosphorylation and decreases its affinity
for Ca2+ binding (3). In transgenic E22K mouse model, the left
ventricular systolic and diastolic, ejection or shortening fractions
were not affected by E22K mutation, the heart-to-body weight
ratio was relatively the same, and the M-mode echo did not
show any signs of hypertrophy. However, hematoxylin and eosin
staining data showed that 13-month-old E22K mutant mice had
the characteristics of enlarged ventricular septa and papillary
muscle (2). Other physiological studies indicated that the Ca2+

activated force and myofibrillar ATPase activity in E22K mice
were increased compared to those in wild-type mice (2).

Protein kinase C (PKC) is a calcium dependent
serine/threonine kinase family that can be elicited via
hydrolysis of membrane phosphatidylinositol and receptor-
mediated activation of phospholipase C (PLC) (4). PKC has
generally been considered as a master regulator of signal
transduction pathway, which regulates various biological
functions, including cell growth, differentiation, transformation,
apoptosis, tumorigenesis, and so on (5, 6). PKC is a central
enzyme that regulates the proliferation and hypertrophy of
cardiomyocytes, and plays an essential role in mediating cardiac
signal transduction. It has been reported that PKC signaling
pathway can be activated by the intracellular events related
to circulating hormone response. These events affect different
physiological processes of the cardiovascular system, leading
to time-varying and force-dependent effects (7). Numerous
studies have demonstrated that PKC activation is related to
cardiovascular diseases, including heart failure (8–12). The main
subtype of PKC expressed in rabbit, mouse and human hearts is
PKC-alpha (PKC-α). It has been reported that the activation or
overexpression of PKC-α is associated with cardiac hypertrophy,

Abbreviations: FHCM, Familial hypertrophic cardiomyopathy; ANP, Atrial

natriuretic peptide; BNP, Brain natriuretic peptide; β-MHC, Beta-myosin heavy

chain; PKC-α, Protein kinase C-alpha; NFAT, Nuclear factor of activated

T cells; MEF2C, Myocyte enhancer factor 2C; Fgf12, Fibroblast growth

factor 12; cAMP, Cyclic adenosine monophosphate; CREB, Cyclic adenosine

monophosphate response-binding protein; RLC, Regulatory light chain; BSA,

Bovine serum albumin; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase;

TBST, TBS+Tween; RNA-Seq, RNA Sequencing; DEGs, Differentially expressed

genes; TGFβ, Transforming growth factor beta; TGFβR, Transforming growth

factor beta receptor; Colq, Collagen-like tail subunit; Myh11, Heavy polypeptide

11; Ecm2, Extracellular matrix protein 2; Creb1, cAMP responsive element binding

protein 1; FGFR4, Fibroblast growth factor receptor 4; PLC-γ, Phospholipase C

gamma; MyHC, Myosin heavy chain.

mitogenic stimulation, dilated cardiac myopathy, ischemic
injury, myocardial infarction, and human heart failure (13–15).
PKC-α triggers the activation of different regulatory proteins,
such as the nuclear factor of activated T cells (NFAT) and cyclic
adenosine monophosphate (cAMP) response-binding protein
(CREB), which are also Ca2+ responsive transcription factors
(16). The dephosphorylated NFAT can promote the expression
of various genes in neurons, cardiac muscle cells, lymphocytes,
and skeletal muscle cells (17–19).

Although ventricular hypertrophy caused by E22K mutation
has been extensively studied in cell and animal models, the
molecular mechanism of myocardial remodeling caused by E22K
mutation is still elusive. We hypothesize that the activation of
PKC-α/NFAT signaling pathway caused by E22K mutation may
lead to cardiomyocyte remodeling. Growing evidence indicates
that cardiac rehabilitation is associated with the decreased
incidence and mortality of cardiovascular diseases (20, 21).
Hypertrophic cardiomyopathy can also be improved by regular
exercise, especially aerobic exercise (22). This study aimed to
investigate whether the expression levels of genes and proteins
related to myocardial remodeling can be reversed in E22K
mutant mice after receiving a programmed exercise.

MATERIALS AND METHODS

Mouse Models
Transgenic mice were procured from Dr. Danuta Szczesna-
Cordary’s laboratory (FL, USA). The transgenic knock-in mice
had the expression of myc-tagged human RLCs driven by
α-myosin heavy chain promoter. The myc-E22K (Tg-E22K)
mutant (2), myc-wild-type (Tg-WT), and non-transgenic (Tg-
WT) B6SJL mice were obtained. The animal experiments were
approved by the Institutional Animal Care and Use Committee
at the Soochow University (reference number: BK20150353),
and were performed in compliance with the Guidelines for the
Care and Use of Research Animals established by the Soochow
University, Suzhou, China. All mice were placed in 12/12 h
of dark/bright cycles under specific aseptic (SPF) conditions.
They were given unlimited access to water and food throughout
the experiment.

Animal Experiments
The Tg-E22K, Tg-WT, and Non-Tg mice (male, 8 weeks old)
were randomly assigned to treadmill exercise group (E-Tg-E22K,
E-Tg-WT, and E-Non-Tg) and rest (sedentary) control group
(R-Tg-E22K, R-Tg-WT, and R-Non-Tg). Mice in the exercise
group were introduced to running exercise (4 days per week on a
treadmill) for 6 weeks at 20◦C. Adaptive training was performed
with moderate treadmill running (first ran at 5 m/min for 5min,
and then ran at 10 m/min for another 5min) 1 day before
initiating the exercise program. In the 6-week exercise training,
warming-up and cooling-down (5min running at 5 m/min) were
conducted, followed by the running exercise program of 10min
at 10 m/min at week 1, 10min at 15 m/min week 2, 20min at 15
m/min at week 3 and 4, and 20min at 20 m/min at week 5 and
6. Mice in the rest group were placed on the stationary treadmill
for 5–10min for 4 times per week (23). All mice were euthanized
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TABLE 1 | The primer pairs used for real-time PCR.

Name q-PCR primer

mGAPDH F: 5′-CATTTCCTGGTATGACAATGAATACG-3′

R: 5′-TCCAGGGTTTCTTACTCCTTGGA-3′

β-MHC F: 5′-TGCAAAGGCTCCAGGTCTGAGGGC-3′

R: 5′-GCCAACACCAACCTGTCCAAGTTC−3′

ANP F: 5′-AGGAGAAGATGCCGGTAGAAGA-3′

R: 5′-GCTTCCTCAGTCTGCTCACTCA-3′

BNP F: 5′-GTCTTGGCCTTTTGGCTTC-3′

R: 5′-TTCCTCAGTCTGCTCACTC-3′

by cervical dislocation 3 days after exercise. The heart tissues
were collected immediately, and then placed into cold phosphate
buffer saline solution to remove any residual blood. All tissue
samples were stored in a freezer at−80◦C until further analysis.

RNA Sequencing
To reveal the transcriptome changes induced by E22K mutation,
TRIzol reagent (Thermo Fisher Scientific, USA) was used to
extract total RNA from the heart tissues of mice with different
genotypes, including Tg-WT, Tg-E22K, and Non-Tg. The library
construction and RNA sequencing were conducted by Novogene
Company (Beijing, China).

cDNA Synthesis and Real-Time PCR
Total RNA was extracted from the left ventricular myocardial
tissues of three genotypes (Tg-E22K, Tg-WT, and Non-Tg) using
Trizol reagent (Thermo Fisher Scientific, Catalog #15596026).
After treatment with DNASE-I (New England Biolabs, Catalog
#M0303S) to remove genomic DNA, total RNA was cleaned with
RNA clean-up Kit (Qiagen, Catalog #74204). cDNA synthesis
was conducted with PrimeScript TM RT Master Mix (RR036A,
Tkara, China) reaction system according to the manufacturer’s
instructions. Real-time PCR amplification was conducted by
TB Green Premix Ex TaqTM II (RR820A, Tkara, China)
reaction system using the primers listed in Table 1 (24). The
2−11Ct method was used for the relative quantification of
gene expression, standardized by glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as the invariant control for the sample,
and then compared with the reference sample.

Western Blotting
Total protein of the left ventricular myocardium tissues from
three genotype of mice (Tg-E22K, Tg-WT, and Non-Tg) was
lysed in 1×RIPA buffer (Bio-Rad). Protein quantification was
performed using the BCA protein assay reagent according to
manufacturer’s instruction. Protein extracts (25 µg/lane) were
separated by SDS-PAGE using 10% lab-made Tris-glycine gels,
and transferred onto a PVDF membrane. The membranes were
blocked with 5% driedmilk for 1 h at room temperature, followed
by overnight incubation with primary antibody. The primary
antibodies were diluted with 1X TBS+Tween (TBST) containing
3% bovine serum albumin (BSA). After washing three times with
TBST buffer (10 min/each time), the membranes were incubated

with the corresponding secondary antibody in TBST containing
5% dried milk at room temperature for 1 h. Visualization of
protein blots was performed using the ECL substrate (Tanon
5200) after three times washing with TBST (10 min/each
time). The primary antibodies used were as follows: GAPDH
(D16H11, 1:1000, 5174S, Cell Signaling Technology, USA), PKC-
α (D7E6E, 1:1000, 59754S, Cell Signaling Technology, USA),
NFAT1 (D43B1, 1:1000, 5861S, Cell Signaling Technology, USA),
Smad2/3 (D7G7, 1:1000, 8685s, Cell Signaling Technology, USA),
Phospho-SMAD2 (Ser465/Ser467, 1:1000, 8685s, Cell Signaling
Technology, USA), TGFβ Receptor II (1:1000, 79424s, Cell
Signaling Technology, USA). The secondary antibodies used
were HRP-linked goat anti-Mouse IgG (1:5000, ZB-2305, ZSGB-
Bio, China) and Goat Anti-rabbit IgG (1:5000, ZB-2305, ZSGB-
Bio, China). Densitometry analysis was conducted with ImageJ
1.34s software.

Statistical Analysis
Data are presented as mean ± SEM. Unpaired, two-sided
Student’s t-test was used when comparing 2 sets of data as
indicated. Meanwhile, unpaired, one-way ANOVA followed by
Tukey’s post-hoc test was used for multiple comparisons. All
statistical tests were performed using the GraphPad Prism8
software. P < 0.05 was defined as statistical significant.

RESULT

E22K Mutation Induces Ventricular
Hypertrophy
To determine the effect of E22K mutation on ventricular
hypertrophy, real-time PCR was performed to detect three
classic hypertrophic markers in the cardiac tissues of sedentary
mice. The hypertrophic markers detected are beta-myosin heavy
chain (β-MHC), atrial natriuretic peptide (ANP) and brain
natriuretic peptide (BNP). ANP plays an important biological
role in inhibiting myocardial hypertrophy and fibrosis, resisting
oxidative stress, as well as preventing the development of
ischemia/reperfusion injury (25–27). BNP levels are closely
related to the degree of left ventricular failure in patients with
heart failure (28, 29). β-MHC molecules are important parts
of myosin, which play a major role in myocardial contraction
(30, 31). It was found that the mRNA levels of β-MHC, ANP,
and BNP were upregulated in the cardiac tissues of R-Tg-E22K
mice compared to R-Tg-WTmice, indicating that E22Kmutation
could activate cardiac remodeling (Figures 1A–C).

E22K Mutation Affects the Pathological
Makers of Cardiac Fibrosis
Fibrosis is often associated with ventricular hypertrophy and
impairment of cardiac function. As presented inTable 2, fibrosis-
related genes such as transforming growth factor beta receptor
(TGFβR), Smad, and Col1a were significantly upregulated in
E22K mice. TGFβ expression in cardiomyocytes may also
responsible for cardiac dysfunction andmaladaptive hypertrophy
via regulation of PKC (32, 33). In cardiac fibroblasts, TGFβ
plays a central role in regulating different aspects of fibrosis
such as myofibroblast differentiation, inflammatory response,
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FIGURE 1 | E22K mutation significantly increases the expression levels of ventricular hypertrophy markers. (A–C) Real-time PCR analysis was conducted for the

R-Tg-E22K and R-Tg-WT mice. The mRNA levels of ANP (A), BNP (B), and β-MHC (C) were determined using the delta-delta CT method. Compared to R-Tg-WT

mice, the expression levels of these three genes were remarkably upregulated in R-Tg-E22K mice heart tissue. Each sample was repeated three times. Student’s

t-test was employed to assess the differences in abundance levels. N = 3, *p < 0.05; **p < 0.01. R-Tg-WT, wild-type transgenic mice in the rest group; R-Tg-E22K,

transgenic E22K mice in the rest group.

extracellular matrix synthesis and gene expression (34–36).
TGFβ receptor transmits intracellular signals through Smad
proteins, which in turn translocate to the nucleus to control
gene transcription (37). The expression levels of TGFβR and p-
Smad2 proteins were verified by Western blotting to determine
their association with fibrosis in E22K transgenic mouse hearts.
Western blot results showed that Smad2 phosphorylation and
TGFβR levels were upregulated in R-Tg-E22K mouse heart
tissues compared to R-Tg-WT and Non-Tg control mouse heart
tissues (Figures 2A,C). Quantitative analysis indicated there
were significant differences in the protein levels of p-Smad2 and
TGFβR (p< 0.05, Figures 2B,D). Our results indicated that E22K
mutation affected the expression of cardiac fibrosis makers in
E22K mice heart.

E22K Mutation Remarkably Changes Gene
Expression Profiles in the Left Ventricle of
Mouse Hearts
To investigate whether RLC site mutation at E22K can affect
the gene expression profiles of cardiomyocytes in the left
ventricle, RNA sequencing was performed after extraction of
total RNA from the heart tissues of mice with three different
genotypes in the rest group. In total, 3,136 differentially expressed
genes (DEGs) were detected between R-Tg-E22K and R-Tg-
WT mice, of which 1,533 were upregulated and 1,603 were
downregulated (Figure 3A). In addition, 21,317 genes remained
unchanged. Similar results were noticed between R-Tg-E22K and
R-Non-Tg mice. In this group, 2,907 genes were differentially
expressed, of which 1,347 and 1,560 genes were upregulated and
downregulated, respectively, and 21,384 genes were not altered
(Figure 3B). A previous study reported different phenotypes of
septal hypertrophy in the hearts of 13-month-old E22K mice
via histological staining (2). Although echocardiography did not
reveal the changes in ejection fraction and shortening fraction
between E22K and WT mice (38), our RNA-Seq data indicated

three main categories of genes were differentially expressed in
the E22K mice heart (Table 2). They are myocardial contraction
and hypertrophy-related genes (e.g., Myh6, Myh7b, Mhrt, Nppa,
and Nppb), cardiac fibrosis genes (e.g., Col6a5, Col8a1, Col1a2,
Tgfbr1, Tgfb2, Tgfb3, Smad4, and Acta2) and signaling pathways-
associated genes (e.g., Prkca and Nfatc4).

E22K Mutation Activates PKC-α/NFAT
Signaling
As shown in Table 2, PKC-α and NFAT were transcriptionally
upregulated in R-Tg-E22K mouse hearts compared to those
in R-Tg-WT and Non-Tg mouse hearts. Therefore, Western
blotting was carried out to detect the protein levels of PKC-
α and NFAT. Our results confirmed that, in transgenic E22K
mouse heart tissue, the protein expression levels of PKC-α and
NFAT transcription factor were significantly enhanced (p < 0.05,
Figures 4A–D).

Exercise Reverses the Protein Expression
of PKC-α/NFAT in E22K Mouse Hearts
To test whether the expression of PKC-α/NFAT in E22K mouse
hearts can be reversed after receiving an exercise training
program, Western blot analysis was carried out. Our results
showed that the protein levels of PKC-α (Figures 5A,B) and
NFAT transcription factor (Figures 5C,D) in exercise-trained
E22K mice were relatively similar to those in E-Tg-WT and
E-Non-Tg control mice. These results imply that exercise can
improve PKC-α/NFAT signaling that is dysregulated due to
E22K mutation.

Exercise Regulates Cardiac Remodeling
Related Genes in the Left Ventricle of Both
E22K and WT Mice
To investigate whether exercise can regulate the expression of
myocardial function-related genes, all mice were subjected to an
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TABLE 2 | Changes in gene expression profiles in the left ventricle of E22K mutant mice.

Gene Log2FC P-value P-adj Gene_description

R-E22K vs. R-WT

Myh6 −0.760203209 8.73E-14 7.48E-11 Myosin, heavy polypeptide 6, cardiac muscle, alpha

Myh7b −1.089644008 7.79E-19 1.09E-15 Myosin, heavy chain 7B, cardiac muscle, beta

Mhrt 1.715486122 1.52E-26 5.88E-23 Myosin heavy chain associated RNA transcript

Nppa 2.930583503 0.002454211 0.034356725 Natriuretic peptide type A

Nppb 1.678670308 0.005711738 0.062158281 Natriuretic peptide type B

Col6a5 3.375981869 0.00000577 0.000367596 Collagen, type VI, alpha 5

Col8a1 1.277527091 0.0000159 0.000791111 Collagen, type VIII, alpha 1

Col1a2 0.993288854 0.00086216 0.016063451 Collagen, type I, alpha 2

Tgfbr1 0.594576373 0.002391314 0.033782781 Transforming growth factor, beta receptor I

Tgfb2 1.50076272 1.57E-08 0.00000303 Transforming growth factor, beta 2

Tgfb3 1.186157811 0.000000077 0.000012 Transforming growth factor, beta 3

Smad4 0.329231545 0.001305242 0.021839444 SMAD family member 4

Acta2 1.333706795 0.000000816 0.0000801 alpha smooth muscle actin

Prkca 0.38901659 0.002945265 0.039203284 Protein kinase C, alpha

Nfatc4 0.739779165 0.003460926 0.043890785 Nuclear factor of activated T cells, cytoplasmic, calcineurin dependent 4

FIGURE 2 | E22K mutation elevates the protein expression of p-Smad2 and TGFβR. Representative Western blot results demonstrated the upregulated expression of

TGFβR and increased phosphorylation of Smad2 in R-Tg-E22K mouse hearts compared to those in R-Tg-WT and Non-Tg mouse hearts (A,C). Densitometric

analysis of the protein levels of p-Smad2 and TGFβR in each group (B,D). N = 3, *p < 0.05. R-Tg-WT, wild-type transgenic mice in the rest group; R-Tg-E22K,

transgenic E22K mice in the rest group; R-Non-Tg, non-transgenic wild-type mice in the rest group.

exercise training program for 6 weeks. The mouse hearts were
then dissected 3 days after performing the exercise program.
RNA sequencing was performed on the left ventricle of both the
exercise and sedentarymice. Our results indicated that there were

391 genes with differential expression between R-Tg-E22K and E-
Tg-E22K groups, of which 195 and 196 genes were upregulated
and downregulated, respectively (Figure 6A). Among these
genes, the fibrosis-related genes such as fibroblast growth factor
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FIGURE 3 | E22K site mutation remarkably changes the gene expression profiles of cardiomyocytes in the left ventricle. Volcano map of DEGs (A,B). There were

3,136 genes differently expressed between R-Tg-E22K and R-Tg-WT groups (A), of which 1,533 and 1,603 genes were upregulated and downregulated, respectively,

and 21,317 genes remained unchanged. There were 2,907 genes differently expressed between R-Tg-E22K and R-Non-Tg groups (B), of which 1,347 and 1,560

genes were downregulated and upregulated, respectively, and 21,384 genes were not altered. R-Tg-WT, wild-type transgenic mice in the rest group; R-Tg-E22K,

transgenic E22K mice in the rest group; R-Non-Tg, non-transgenic wild-type mice in the rest group.

FIGURE 4 | E22K mutation upregulates the protein expression of PKC-α and NFAT. Representative Western blot data showing the upregulated expression levels of

PKC-α and NFAT in R-Tg-E22K mouse hearts compared to R-Tg-WT and R-Non-Tg mouse hearts (A,C). Densitometric analysis of the protein levels of PKC-α and

NFAT in each group (B,D). N = 3, *p < 0.05. R-Tg-WT, wild-type transgenic mice in the rest group; R-Tg-E22K, transgenic E22K mice in the rest group; R-Non-Tg,

non-transgenic wild-type mice in the rest group.
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FIGURE 5 | Exercise changes the protein expression of PKC-α/NFAT. Representative Western blot results show that there are no remarkable differences in the

expression levels of PKC-α and NFAT between Tg-WT and exercise-trained E22K mice (A,C). Densitometric analysis of the protein levels of PKC-α and NFAT in each

group (B,D). N = 3, *p < 0.05. E-Tg-WT, wild-type transgenic mice in the exercise group; E-Tg-E22K, transgenic E22K mice in the exercise group; E-Non-Tg,

non-transgenic wild-type in the exercise group.

12 (Fgf12, Log2FC = −3.71, p = 0.0009) and collagen-like tail
subunit (colq, Log2FC = −0.56, p = 0.046), as well as the
hypertrophy-related genes such as myocyte enhancer factor 2C
(Mef2, Log2FC = −0.54, p = 0.021), myosin, heavy polypeptide
11 (Myh11, LogFC = −0.46, p = 0.019), extracellular matrix
protein 2 (Ecm2, Log2FC=−0.41, p= 0.005), cAMP responsive
element binding protein 1 (Creb1, Log2FC = −0.26, p = 0.049),
and trans-acting transcription factor 1 (Sp1, Log2FC = −0.25, p
= 0.045) were all downregulated in E22K mice after completing
the exercise program (Table 3). These results indicated that
exercise could reverse the expression patterns of some fibrosis-
and hypertrophy-related genes in E22Kmutantmice. In addition,
there were 456 genes with differential expression between R-Tg-
WT and E-Tg-WT groups, of which 294 and 162 genes were
upregulated and downregulated, respectively (Figure 6B). These
data further confirm that exercise can regulate the genes related
to cardiac remodeling.

RNA sequencing data indicated that the expression levels
of PKC-α and NFAT in E22K mouse hearts did not differ
significantly with those in WT mouse hearts after receiving
exercise training. This result demonstrates that the dysregulated
expression of PKC-α and NFAT in E22K mice is ameliorated
after exercise, which is consistent with our Western blot results.
In addition, exercise reversed the gene expression of Tgfbr1,

Smad4, and Acta2, which were abnormally elevated in sedentary
E22K mice heart (Table 2 vs. Table 4). However, although PKC-
α/NFAT and other related genes were remodeled in the hearts of
E22Kmice, exercise did not modify all hypertrophy-related genes
to the same extent as those inWTmouse hearts. The comparative
analysis of DEGs in E-Tg-E22K and E-Tg-WT mice showed that
most of the hypertrophy- and fibrosis-related genes did not alter
following exercise (Table 4). These findings suggest that exercise
can partially alleviate familial hypertrophic cardiomyopathy in
E22K mutant mice.

DISCUSSION

The substitution of glutamic acid to lysine at position
22 (E22K) in RLC gene may cause familial hypertrophic
cardiomyopathy (39). A13T, E22K, and P95A are three different
RLC mutations that are related to a specific subtype of cardiac
hypertrophy characterized by mid-left ventricular obstruction
(40). Histological staining revealed the enlarged interventricular
and septal papillary muscles in the heart of E22K mutant
mice (39).

NFAT and other transcription factors, such as CREB1, are
the downstream targets of PKC. Evidence shows that pressure
overload-triggered cardiac remodeling is positively correlated
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FIGURE 6 | Exercise regulates cardiac remodeling-related genes in mouse hearts. There were 391 genes with differential expression between R-Tg-E22K and

E-Tg-E22K groups, of which 195 and 196 genes were upregulated and downregulated, respectively (A). There were 456 genes with differential expression between

R-Tg-WT and E-Tg-WT groups, of which 294 and 162 genes were upregulated and downregulated, respectively (B). R-Tg-WT, wild-type transgenic mice in the rest

group; R-Tg-E22K, transgenic E22K mice in the rest group; E-Tg-WT, wild-type transgenic mice in the exercise group; E-Tg-E22K, transgenic E22K mice in the

exercise group.

TABLE 3 | A list of significant DEGs in E22K mice before and after exercise.

Gene Log2FC P-value Padj Gene_description

E-E22K vs. R-E22K

Fgf12 −3.711375467 0.000922121 0.999920873 Fibroblast growth factor 12

Colq −0.558992277 0.045971381 0.999920873 Collagen-like tail subunit

Mef2c −0.308788186 0.021381395 0.999920873 Myocyte enhancer factor 2C

Myh11 −0.456183295 0.019429391 0.999920873 Myosin, heavy polypeptide 11

Ecm2 −0.412531367 0.00549835 0.999920873 Extracellular matrix protein 2

Creb1 −0.258429962 0.049367256 0.999920873 cAMP responsive element binding protein 1

Sp1 −0.247143887 0.044881631 0.999920873 Trans-acting transcription factor 1

with the sustained activation of NFAT, thus leading to heart
failure. Myocardial hypertrophy and fibrosis are common
symptoms in patients with chronic kidney disease (41). TGFβ
is a crucial modulator of fibrosis, which mediates tissue fibrosis
by activating its downstream Smad pathway (42). TGFβ/Smad
molecular pathway is involved in the pathogenic differentiation
from cardiac fibroblasts to myofibroblasts (43). The activation
of both TGFβ/Smad and fibroblast growth factor receptor 4
(FGFR4)/PLC gamma (PLC-γ) signaling cascades can result in
the development of fibrosis (42, 44–46). PKC-α is one of the
most abundantly PKC subtypes in the myocardium. Growing
evidence indicates that the overexpression or activation of PKC-
α in transgenic mice decreases Ca 2+ transients as well as cardiac
contractility, which leads to cardiac hypertrophy and ultimately
heart failure (47–50). PKC-interacting protein is involved in

hypertrophic tissue remolding via regulation of calcineurin-
NFAT signaling (51). Our study showed that E22K mutation
resulted in the upregulated gene expression of hypertrophy and
fibrosis markers, and the gene and protein levels of PKC-α and
NFAT were significantly elevated in E22K mouse myocardium.
In addition, cardiac fibrosis was promoted in E22K mutant
mice, as revealed by the increased mRNA and protein expression
of fibrosis markers such as p-Smad and TGFβR. Therefore,
we speculate that hypertrophy and fibrosis in E22K mouse
myocardium may be mediated by PKC-α/NFAT pathway.

Smooth muscle cells (SMC) are one of the important cell
types that constitute to the structural and physiological properties
of the heart. Vascular smooth muscle cells (VSMC) participate
in tissue repair through proliferation, migration and phenotype
alteration in response to vascular injury (52). FGF12 has been
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TABLE 4 | A list of significant DEGs between E22K and WT mice after exercise.

Gene Log2FC P-value Padj Gene_description

E-E22K vs. E-WT

Myh7b −0.737876799 3.76E-06 0.000236149 Myosin, heavy chain 7B, cardiac muscle, beta

Nppa 2.908878667 0.00023003 0.005988536 Natriuretic peptide type A

Nppb 1.353917115 3.37E-08 4.77E-06 Natriuretic peptide type B

Col1a2 1.066315743 2.05E-06 0.000148649 Collagen, type I, alpha 2

Col6a3 0.83315607 1.07E-05 0.000551857 Collagen, type VI, alpha 3

Tgfbr2 0.573306079 0.001080711 0.018510723 Transforming growth factor, beta receptor 2

Tgfb3 1.009221517 3.84E-05 0.001512102 Transforming growth factor, beta 3

Tgfb2 1.784450639 7.85E-11 2.42E-08 Transforming growth factor, beta 2

Smad6 0.532913706 0.001099949 0.018701553 SMAD family member 6

Smad9 −0.679589712 0.022110941 0.141437131 SMAD family member 9

reported to be a key regulator of VSMC phenotype switch (53,
54). In addition, FGFs have been reported to induce cardiac
hypertrophy by activating calcineurin/NFAT signaling (55, 56).
Our study indicated that Fgf12 was downregulated in exercise-
trained E22K mice compared to rest E22K mice (Table 3).
Downregulation of Fgf12 may be related to the improvement
of cardiac function. Myocyte enhancer factor 2C (Mef2c) is
one of the major cardiac regulators that control both muscle
and cardiovascular development (57, 58). It has been reported
that the enhanced transcriptional activity of NFAT and MEF2
is associated with pathological myocardial hypertrophy (59,
60). A previous study on HCM mouse models demonstrated
that exercise could reduce NFAT, but not MEF2 (22). Our
data indicated that Mef2c was reduced in E22K mice after
completing the exercise program (Table 3). This may be due to
the different Mef isoforms detected, which function differently.
As a highly dynamic non-cellular three-dimensional network,
extracellular matrix (ECM) plays crucial roles in modulating
cardiac structural homeostasis and cardiac remodeling (61). The
abnormal changes in ECM and the structural reconstruction of
matrix macromolecules are involved in the pathological process
of ventricular hypertrophy, and even heart failure (61). Our data
indicated that the expression of Ecm2 was decreased in E22K
mice after performing exercise, indicating a beneficial effect of
exercise on cardiac hypertrophy (Table 3).

Exercise is a common rehabilitation training method for
individuals with muscle atrophy. Exercise can enhance the
function of skeletal muscles. However, the gene expression
profiles and signaling mechanisms induced by exercise, especially
in patients with hypertrophic heart disease, are still elusive.
Cardiac hypertrophy is generally an adaptive response to
pathological and physiological stimuli. Pathological hypertrophy
often develops into myocardium fibrosis, which eventually
leads to heart failure. Previous research has shown that cell
development, metabolism, non-coding RNA, immune response,
translational activation and epigenetic modification can either
positively or negatively regulate myocardial hypertrophy. For
patients with pathologically hypertrophic heart disease, the
mechanisms underlying the positive effect of exercise on cardiac
function remain largely unclear. To explore whether physical

exercise has a beneficial effect on cardiac physiology at the
molecular level in the E22K mice model, a programmed exercise
was scheduled for the mice to verify whether exercise can reverse
the characteristics of cardiac hypertrophy. Our results showed
that the expression levels of PKC-α and NFAT were relatively
similar among E-Tg-E22K, E-Tg-WT, and E-Non-Tg mice after
receiving the programmed exercise. It has been reported that

exercise is beneficial to hypertrophic cardiomyopathy mice

harboring MyHC mutations. NFAT is a marker of myocardial

hypertrophy (62). Exercise can prevent the activation of NFAT,

and even reverse the established heart disease phenotype (22).

Our results are consistent with the previous findings. In addition,

our study demonstrated that exercise downregulated the cardiac

remodeling-related genes (fgf12, colq, Mef2C, Ecm2, and Creb1),
and reversed the fibrosis-associated genes (Tgfbr1, Smad4, and

Acta2), indicating that exercise can improve pathological cardiac

remodeling in E22K mutant mice.

CONCLUSION

In this study, we elucidated that the elevated expression of PKC-
α and NFAT in E22K mouse myocardium may be a potential
mechanism of E22K-induced hypertrophy. Furthermore, we
verified that a programmed exercise could downregulate cardiac
remodeling-related genes (fgf12, colq, Mef2C, Ecm2, and Creb1),
reverse cardiac fibrosis associated genes (Tgfbr1, Smad4, and
Acta2) and inhibit PKC-α/NFAT signaling pathway in the hearts
of E22K mutant mice.

Importance and Significance
In this study, the differences in gene expression profiles between

E22K mutant and control mice were compared by RNA
sequencing, and the molecular mechanisms of hypertrophy

and fibrosis were analyzed. Exercise therapy plays a beneficial
role in the improvement of cardiac function. Our study
indicated that exercise could decrease the expression levels
of fgf12, colq, Mef2C, Ecm2, and Creb1, all of which were
related to cardiac remodeling. In addition, cardiac fibrosis-
associated genes, such as Tgfbr1, Smad4, and Acta2, could be

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 February 2022 | Volume 9 | Article 808163176

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wang et al. Exercise Attenuates FHCM

reversed by exercise. Furthermore, our results demonstrated that
programmed exercise could reverse the upregulated expression
of PKC-α and NFAT caused by E22K mutation in E22K mutant
mice at both gene and protein levels. Our study highlights
the plasticity of PKC-α and NFAT in mouse hearts during
pathological hypertrophy. Most importantly, our study may
provide clues to novel strategies into the prevention and
treatment of familial hypertrophic cardiomyopathy.
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Objective: To explore the cardioprotective effects of exercise-derived β-aminoisobutyric

(BAIBA) on cardiomyocyte apoptosis and energy metabolism in a rat model of heart

failure (HF).

Methods: In male Sprague-Dawley rats (8-week-old), myocardial infarction (MI) was

used to induce HF by ligating the left anterior descending branch of the coronary artery. In

the Sham group, the coronary artery was threaded but not ligated. After HF development,

Sham and HF rats were exercised 60min daily, 5 days/week on a treadmill for 8 weeks

(50–60% maximal intensity) and exercise-induced cardiac remodeling after MI were

assessed using echocardiography, hematoxylin and eosin (H&E), Masson’s Trichrome,

and TUNEL staining for the detection of apoptosis-associated factors in cardiac tissue.

High-throughput sequencing and mass spectrometry were used to measure BAIBA

production and to explore its cardioprotective effects and molecular actions. To further

characterize the cardioprotective effects of BAIBA, an in vitro model of apoptosis was

generated by applying H2O2 to H9C2 cells to induce mitochondrial dysfunction. In

addition, cells were transfected with either a miR-208b analog or a miR-208b inhibitor.

Apoptosis-related proteins were detected by Western Blotting (WB). ATP production was

also assessed by luminometry. After administration of BAIBA and Compound C, the

expression of proteins related to apoptosis, mitochondrial function, lipid uptake, and β-

oxidative were determined. Changes in the levels of reactive oxygen species (ROS) were

assessed by fluorescence microscopy. In addition, alterations in membrane potential

(δψm) were obtained by confocal microscopy.

Results: Rats with HF after MI are accompanied by mitochondrial dysfunction,

metabolic stress and apoptosis. Reduced expression of apoptosis-related proteins

was observed, together with increased ATP production and reduced mitochondrial

dysfunction in the exercised compared with the Sham (non-exercised) HF group.

Importantly, exercise increased the production of BAIBA, irrespective of the presence of
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HF. To assess whether BAIBA had similar effects to exercise in ameliorating HF-induced

adverse cardiac remodeling, rats were treated with 75 mg/kg/ day of BAIBA and we

found BAIBA had a similar cardioprotective effect. Transcriptomic analyses found that

the expression of miR-208b was increased after BAIBA administration, and subsequent

transfection with an miR-208b analog ameliorated both the expression of apoptosis-

related proteins and energy metabolism in H2O2-treated H9C2 cells. In combining

transcriptomic with metabolomic analyses, we identified AMPK as a downstream target

for BAIBA in attenuating metabolic stress in HF. Further cell experiments confirmed

that BAIBA increased AMPK phosphorylation and had a cardioprotective effect on

downstream fatty acid uptake, oxidative efficiency, and mitochondrial function, which

was prevented by the AMPK inhibitor Compound C.

Conclusion: Exercise-generated BAIBA can reduce cardiomyocyte metabolic

stress and apoptosis induced by mitochondrial dysfunction through the

miR-208b/AMPK pathway.

Keywords: mitochondrial dysfunction, metabolic stress, exercise, lipid metabolism, heart failure

INTRODUCTION

Metabolic disorders play a key role in the occurrence and
progression of heart failure (HF) after myocardial infarction
(MI). The restoration of energy homeostasis is important for
cardiac function (1). Mitochondria produce ATP and can thus
regulate energy metabolism (2), which involves the selection
and utilization of substrates, efficient oxidative phosphorylation,
and energy shuttling at the mitochondrial level (3). These
metabolic processes are closely integrated to maintain the
rapid, sustained, and sufficient output of ATP. HF leads to
a loss of metabolic substrate flexibility and a decrease in
oxidative phosphorylation efficiency, which is accompanied by
mitochondrial dysfunction (4, 5). This metabolic dysregulation
can occur due to destruction of the mitochondrial complex,
mitochondrial uncoupling, crest remodeling and swelling, and
changes of mitochondrial membrane potential, leading to
reactive oxygen species (ROS) accumulation, insufficient ATP
production, apoptosis, and death (6–8). Thus, finding ways to
attenuate cardiacmetabolic stress andmitochondrial dysfunction
in patients with HF is of clinical importance.

Of the known interventions for HF patients, moderate
exercise is known to have a beneficial effect on cardiac function in
this population (9–14). Indeed, moderate continuous endurance
training is known to be a safe, efficient, and well-tolerated
intervention by HF patients that it is recommended by the Heart
Failure Association (15). Importantly, impairments of cardiac
metabolism in HF patients can be partially restored through
exercise due to the improved mitochondrial quality control,
bioenergetics, and cardiac function (16). Despite the known
beneficial effects of exercise in HF patients, many HF patients are
exercise intolerant or have a reduced exercise capability (17, 18).
Therefore, being able to identify a substance that can mimic
the beneficial effects of exercise in improving cardiac function
and energy metabolism in patients with HF is necessary. BAIBA
is a small molecule (103.6 Da) composed of two enantiomers

(L-BAIBA and D-BAIBA) produced by skeletal muscles during
exercise, and mediates the beneficial effect of exercise from
skeletal muscle to other tissues and organs via the endocrine
system (19). In this study, we have focused mainly on L-
BAIBA, which is produced by muscle contraction (19) and
can effectively improve glucose and lipid metabolism, activate
β-oxidation of fatty acids in the liver, and increase AMPK
phosphorylation in adipose tissue (20–25). However, whether
BAIBA could be used a cardioprotective therapeutic intervention
to mimic the effects of exercise in patients with HF has not
been studied.

Our study found that exercise-generated BAIBA could
effectively improve cardiac function, energy metabolism, and
reduce apoptosis in rats with HF after MI. Importantly, oral
administration of BAIBA increased the expression of miR-
208b, which is a heart-specific miRNA that is encoded on
intron 27 of the gene encoding α-MHC and is essential for the
expression of genes involved in cardiac contractility and fibrosis.
These findings align with previous studies from our group
(26), suggesting miR-208b has a protective effect on myocardial
apoptosis and mitochondrial dysfunction in rats with MI.
Moreover, BAIBA also increased the ratio of p-AMPK/AMPK
in HF rats, reducing apoptosis in H2O2-induced H9C2 cells
and leading to improved mitochondrial function and energy
metabolism, suggesting BAIBA reduces cardiomyocyte metabolic
stress and apoptosis caused by mitochondrial dysfunction
through the miR-208b/AMPK pathway.

MATERIALS AND METHODS

Animal Experiments
Animal experiments were approved by the Ethics Committee
of the First Hospital of Jilin University. Male Sprague-Dawley
(SD) rats (8 weeks, 250 g) were used to establish. In male
Sprague-Dawley rats (8-week-old), myocardial infarction (MI)
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was used to induce HF by ligating the left anterior descending
branch of the coronary artery (27). In the Sham group, the
coronary artery was threaded but not ligated. The procedure
was carried out under aseptic conditions and anesthesia induced
by inhaling oxygen anesthesia containing 1.5–2.0% isoflurane.
After disinfection, the skin of the prothoracic area was cut
longitudinally, the chest muscle was separated, the intercostal
space was exposed and punctured, and the anterior descending
branch of the coronary artery was ligated after separating the
pericardium. The soft tissue and skin of the chest was sutured and
disinfected with penicillin. Intraperitoneal injections of 160,000
units/day penicillin were administered for a total of seven days.
Four weeks after the procedure, the rats were examined by
echocardiography and divided into separated groups according
to ejection fraction (EF) %. Details of the groups are shown
in Supplementary File 1. Briefly, for the exercise studies, rats
were divided into 4 groups: (i) Sham; (ii) heart failure (HF);
(iii) heart failure with exercise (HFE); and (iv) Sham and
exercise (ShamE) groups. For the β-aminoisobutyric (BAIBA)
studies, rats were divided into 3 groups: (i) Sham; (ii) heart
failure (HF); (iii) heart failure with BAIBA(BAIBA) groups. For
the exercise groups, rats were exercised daily on a treadmill
(Shanghai Ruanlong Technology Co., Ltd. BW-ZHPT) involving
10–20min acclimation, 0.3–0.6 km/h, and 0% incline. After 3
days’ acclimation, the maximum exercise intensity was tested,
starting at 0.3 km/h and increasing by 0.3 km/h every 3min
until exhaustion (28). The rats were run on the treadmill for
8 weeks (50 to 60% of maximum intensity), 60 min/day, 5
days/week, and at a 0% incline. For the BAIBA studies, BAIBA
(MCE; HY-113380) was administered orally by gavage at a daily
dose of 75 mg/kg for 8 weeks (29, 30) to rats with HF. The
corresponding dose of BAIBA was dissolved in 1ml ddH2O, and
the rats in the Sham group and the HF group were given the same
volume of ddH2O orally by gavage. At 12 weeks post-op, rats in
each group were examined by echocardiography, and the hearts
were quickly removed under deep anesthesia. After the heart
was removed, it was washed with cold PBS, dried with sterile
medical gauze. Part of the left ventricle was quickly fixed in 4%
paraformaldehyde for subsequent histological evaluation, while
part of the left ventricle was quickly frozen in liquid nitrogen
(or at−80◦C) for subsequent transcriptomic, proteomic, and
biochemical analysis. All experiments were conducted following
the guidelines of animal research institutions and in accordance
with the guidelines for the Care andUse of Experimental Animals
published by the National Institutes of Health (NIH publ.no.85-
23, revised in 1996).

Echocardiography
To non-invasively assess changes in cardiac structure and
function, GE VIVId-i was used for the echocardiographic
examinations at 4 and 12 weeks post-MI. Rats were anesthetized
using the method used for the infarction surgery (described
above) and were maintained under anesthesia for the entire
echocardiographic examination. The probe (10S; 4.0–11.0 MHz)
was placed directly on the shaved chest wall. The left ventricular
end diastolic diameter (LVIDd), left ventricular end systolic
diameter (LVIDs), interventricular septal thickness (IVDs),

ejection fraction (EF) % and fractional shortening (FS) were
measured. EF was calculated as stroke volume (SV)/end-
diastolic volume (EDV) × 100%. FS was calculated as (LVIDd–
LVIDs)/LVIDd× 100%.

H&E Staining
The left ventricular tissue was fixed in 4% paraformaldehyde
for 24 h, embedded in paraffin, and sliced into 4µm sections.
The sections were dewaxed with xylene and an ethanol gradient,
stained with hematoxylin, washed with 1% (v/v) hydrochloric
acid for 30 s, and stained with eosin for 2min. After gradient
ethanol dehydration, permeation, and sealing, photographs were
taken under a microscope (OLYMPUS BX53).

Masson’s Staining
Paraffin sections were dewaxed into the water, stained with
Wiegert’s iron hematoxylin solution for 5min, differentiated
with hydrochloric acid alcohol, and washed with tap water.
The sections were stained with fuchsin solution for 5min,
molybdophosphoriTUNEL acid solution for 3min, and toluidine
blue-O re-staining for 5min. The slices were soaked in 1%
glacial acetic acid for 1min before dehydration, permeation,
and sealing. Sections were observed and photographed under
a microscope (OLYMPUS BX53). Image-Pro Plus 6.0 software
(Media Cybernetics, USA) was used to analyze images. Three
visual fields at x400 were tested randomly in each sample.
The degree of fibrosis was calculated as the percentage of
collagen area.

TUNEL Staining
Paraffin sections were dewaxed with xylene, hydrated with an
ethanol gradient, and then treated with 20 µg /ml protease
KJI without DNase at 37◦C for 30min. After repeated rinsing
with PBS, 50 µl TUNEL monitoring solution was added and
the sample was incubated at 37◦C for 60min. After washing,
the sections were sealed with an anti-fluorescence quenching
solution and observed under a fluorescence microscope (Lycra,
DL-80, Germany). Nuclei of normal and apoptotic cells appeared
light blue and light red after staining, respectively. Three visual
fields at x400 were tested randomly in each sample. The apoptotic
index value was calculated as the number of apoptotic cells
divided by the total number of cells in each field of view (x400).

Transmission Electron Microscopy
Mitochondrial ultrastructure was observed by TEM. Tissue
specimens were fixed with 3% glutaraldehyde, then re-fixed in
1% SO4, rinsed with PBS solution, and embedded in Epon
resin after ethanol gradient dehydration. Ultra-thin slices (50 nm)
were cut using a diamond knife, and the glass slides were
fixed onto the copper specimen table with conductive paste.
Platinum was sprayed onto the sample for transmission electron
microscopic observation (Hitachi H600 Electron Microscope,
Hitachi, Japan) and imaging. Magnification is ×1.2k; ×3.0k, and
×8.0k, respectively.

Cell Transfection
Rat cardio myoblast H9C2 cells were cultured until 60–
70% confluent and were then transfected using Lipofectamine
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2000 (Invitrogen, Carlsbad, CA, USA) with a miR-208b
analog (100 nM), a miR-208b inhibitor (100 nM), or a miR-
208b negative control (NC) vector (100 nM) in serum-free
and Penicillin-Streptomycin-free medium, after 6 h, the cells
were changed into complete medium and continued to be
cultured for 24 h before incubation with H2O2.The miR-208b
analog, miR-208b inhibitor, and miR-208b NC were designed
by Gene Pharma (Suzhou, China). The sequences were as
follows: miR-208b analog; (5′-AUAAGACGAACAAAAGGU-3′

5′-CUUUUGUUCGUCUUAUUU−3′), miR-208b inhibitor; (5′-
ACCUUUUGUUCGUCUUAU-3′), miR208b Negative control
(NC); (5′-CAGUACUUUUGUGUAGUACAA-3′).

Cell Experiments
Mitochondrial dysfunction was induced in H9C2 cells by
incubation with 200µM H2O2 for 24 h to generate a model of
myocardial apoptosis. The cells were divided into the following
groups: Control, H2O2, BAIBA, miR-208b analog, miR-208b
inhibitor, miR-208b NC, and Control, H2O2, BAIBA, Compound
C. The transfection concentration of miR-208b was 100 nM.
The concentrations of BAIBA and Compound C were 30 and
10µM, respectively.

Western Blotting
H9C2 cells or myocardial tissue were treated with RIPA lysis
buffer containing protease and phosphatase inhibitors (Sangon
Biotech, Shanghai, China), and total protein concentrations
were measured using a BCA protein assay kit (Sangon Biotech,
Shanghai, China). After denaturation at 95◦C for 5min in
SDS sample buffer, proteins were separated on SDS-PAGE and
transferred to PVDF membranes. The membranes were blocked
with 5% (w/v) BSA for 1 h, followed by incubation overnight at
4◦C with specific antibodies (all from Abcam, Cambridge, UK)
against the following proteins: Bax (ab32503), BCL-2 (ab196495),
pro-caspase 3(ab184787), cleaved-caspase 3 (ab214430), DRP-
1 (ab184247), OPA-1 (ab42364), PGC-1 α (ab106814), SUCLA
(ab202582), ACADL (ab129711), CD36 (ab133625), CPT-
1 (ab234111), P-ACC (ab68191), ACC (ab45174), p-AMPK
(ab133448), AMPK (ab207442), and GAPDH (ab181602). After
washing, the membrane was incubated with an HRP-coupled
secondary antibody for 60min, washed again, and finally
incubated with enhanced chemiluminescence (ECL) solution
(Sigma, USA).

qRT-PCR Analysis
Myocardial tissue samples or H9C2 cell samples were
homogenized in TRIzol reagent for RNA extraction and
the RNA concentration was evaluated by spectrophotometry.
Equal amounts (2 µg) of purified RNA were used as templates,
and the First Strand cDNA synthesis kit (Sangon Biotech,
Shanghai, China) was used to synthesize cDNA and miRNA.
Quantitative RT-PCR analysis was performed on a real-time PCR
system (ABI 7500 DX) using SYBR Green Master Mix (Sangon
Biotech), cDNA template, and specific primers (miR-208-3p
primer 5′-GCGCATAAGACGAACAAAAGGT-3′). GAPDHwas
used to standardize mRNA expression, while U6 (also known as
RNU6) was used to standardize miRNA expression. The relative

expression levels of the target genes were determined by the
2−11CT method.

ATP Measurements
An ATP test kit (Beyotime, Shanghai, China) was used
according to the manufacturer’s instructions. Cell lysates or
myocardial tissue lysates were centrifuged at 12 000 x g
for 5min, and the supernatant was retained. One hundred
microliters of the supplied ATP solution were added to each
of the wells of 96-well plates and allowed to stand at room
temperature for 3–5min. Twenty microliters of the lysate
supernatant or standard solutions were then added, mixed
quickly, and, after 5 sec, the LUL value (relative light unit,
RLU) was determined by chemiluminescence measurement in
a luminometer.

Mitochondrial Membrane Potential
JC-1 dye (5,5’, 6,6’-tetrachloro-1,1’, 3,3’-tetraethyl Benzimidazole
carbonyl cyanine iodide) was used to evaluate 1 ψ m. H9C2
cells were incubated with JC-1 staining solution at 37◦C for
20 minutes. The cells were then washed with JC-1 buffer
and imaged by confocal microscopy (Nikon, A1, Japan). JC-
1 can form aggregates in healthy mitochondria and has red
fluorescence (Em. 590 nm) at the polarized 1 ψ m. In cells
with altered mitochondrial function, JC-1 can only form a
monomer with resultant green fluorescence (Em. 527 nm) in
the cytoplasm during depolarization. The ratio between red and
green fluorescence of H9C2 cells was used for the detection of the
mitochondrial membrane potential.

Detection of Intracellular ROS Level
The production of ROS was measured using a ROS assay
kit (Beyotime) using the 2-dichlorofluorescein diacetate (H2-
DCFDA) method. H9C2 cells were incubated with 10µM H2-
DCFDA in the dark at 37◦C for 20min. After washing with
PBS, the cells were imaged with fluorescence microscopy (Leica
DL-80, Germany).

Non-targeted Metabolomics Sequencing
Rat myocardial tissues were used for non-targeted metabolomics
sequencing. The specific location was the anterior wall of the left
ventricle (in the BAIBA group, the area around the infarction
was used). One milliliter of 90% cold methanol was added
to 100ml of sample, which was then homogenized using an
MP homogenizer followed by sonication at low temperature
and centrifugation. The supernatant was dried in a vacuum
centrifuge. For LC-MS analysis, the samples were re-dissolved
in 100 µL acetonitrile/water (1:1, v/v). For HILIC separation,
samples were analyzed using a 2.1 x 100mm ACQUIY UPLC
BEH 1.7µm column (Waters, Ireland). A 2 µL aliquot of
each sample was injected. In the MS-only acquisition, the
instrument was set to acquire over the m/z range 60–1000 Da.
The product ion scan was acquired using information-dependent
acquisition (IDA) with selection of the high-sensitivity mode.
The raw MS data (wiff.scan files) were converted to MzXML
files using ProteoWizard MSConvert before importing into the
freely available XCMS software. In the extracted ion features,
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only the variables with over 50% of the non-zero measurement
values in at least one group were kept. Compound identification
of metabolites in the MS/MS spectra was performed with
an in-house database established with available authentic
standards. After normalization to total peak intensity, the
processed data were uploaded before importing into SIMCA-
P (version 16.1, Umetrics, Umea, Sweden), where the data
were subjected to multivariate data analysis, including Pareto-
scaled principal component analysis (PCA) and orthogonal
partial least-squares discriminant analysis (OPLS-DA). Seven-
fold cross-validation and response permutation testing was
used to evaluate the robustness of the model. The variable
importance in the projection (VIP) value of each variable in
the OPLS-DA model was calculated to measure its contribution
to the classification. Metabolites with VIP values >1 was
further analyzed for significance using Student’s t-test at
the univariate level, with p-values < 0.05 considered as
statistically significant.

Transcriptomics Sequencing
Rat myocardial tissues were used for non-targeted metabolomics
sequencing. Specifically, the anterior wall of the left ventricle
was used; in the BAIBA group the area around the infarction
was used). Total RNA was extracted using the TRIzol R© reagent.
Paired-end libraries were prepared using an ABclonal mRNA-
seq Lib Prep Kit (ABclonal, China). Adaptor-ligated cDNAs
were used for PCR amplification. The PCR products were
purified (AMPure XP system) and library quality was assessed
on an Agilent Bioanalyzer 4150 system. Finally, sequencing
was performed with an Illumina Novaseq 6000 /MGISEQ-T7
system. The data generated from Illumina/BGI platform were
used for bioinformatics analysis. All analyses were performed
using an in-house pipeline from Shanghai Applied Protein
Technology. In this step, the adapter sequences were removed
and low-quality sequences and reads with N ratios > 5%
were filtered out to obtain clean reads for subsequent analysis.
The clean reads were aligned separately to the reference
genome with orientation mode using HISAT2 software to
obtain mapped reads. The mapped reads were spliced using
Stringtie software, after which Gffcompare software was used
to compare them with the reference genome GTF/GFF file
to identify the original unannotated transcription region and
discover new transcripts and new genes. Feature Counts was
used to count the reads numbers mapped to each gene. The
FPKM of each gene was calculated based on the length of the
gene and reads count mapped to the gene. Differential expression
analysis was performed using the DESeq2, and genes with
|log2FC|>1 and Padj < 0.05 were considered to be differentially
expressed genes.

Joint Analysis of Sequencing Data
Principle component analysis (PCA) was performed with
SIMCA Version 14.1 using quantitative data from the two omics
analyses. All differentially expressed genes and metabolites
were queried and mapped to pathways based on the online
Kyoto Encyclopedia of Genes and Genomes (KEGG, http://
www.kegg.jp/). Enrichment analysis was also performed. R

Version 3.5.1 was used to combine the KEGG annotation and
enrichment result of the omics analyses. Venn diagrams and bar
plots were drawn. Z-score normalization was performed on the
quantitative data of the target differentially modified peptides,
and heatmaps were drawn with R Version 3.5.1 (Distance
Matrix Computation: Euclidean, Hierarchical Clustering:
complete linkage).

Statistical Analysis
GraphPad Prism5 software (GraphPad Software Company,
San Diego, CA, USA) was used to determine independent-
sample differences between two groups. The differences between
multiple groups were tested by one-way ANOVA. P-values< 0.05
were considered statistically significant.

RESULTS

Exercise Improves Cardiac Morphology
and Function in Rats With Heart Failure
After Myocardial Infarction
We established the rat model of HF after myocardial infarction
(MI) by ligation of the anterior descending coronary artery. The
immediate mortality rate of MI group was 61%, and the delayed
mortality rate was 63.9%. It is well-established that MI induces
maladaptive changes in the myocardium and extracellular matrix
(ECM), which leads to ventricular pathological remodeling
(structural and functional) and the occurrence and development
of heart failure (HF) (Figure 1). Indeed, compared with rats in
the Sham group, rats in the HF group showed morphological
abnormalities, such as incomplete structure, different size, and
disordered arrangement of cardiomyocytes (Figure 1A). By
contrast, we found that 8 weeks of treadmill exercise (50 to
60% of maximum intensity, 60 min/day, 5 days/week, and at a
0% incline) reduces adverse MI-induced morphological changes.
Specifically, despite the presence of a clear ischemic necrotic
area in MI compared with the Sham group, the anterior wall
of the left ventricle was still able to support and maintain the
normal shape of the left ventricle (Figure 1A). Moreover, as
shown in (Figures 1B,C), large collagen deposits were seen in the
intercellular spaces, together with damaged cells and red blood
cells, among other abnormalities with HF, which was ameliorated
with exercise (P = 0.008). We further observed the morphology
of mitochondria in the peri-infarcted area of rats in each group.
Compared with the Sham group, the sarcoplasmic reticulum
in the HF group appeared dilated, and the transverse canal
(TT) was compressed and deformed (Figure 1D). Moreover,
the mitochondria were arranged in a disordered fashion, with
swollen mitochondrial crests and many absent cristae, and there
was significant mitochondrial vacuolation. Surprisingly, exercise
reduced mitochondrial vacuolation in the peri-infarcted area
of the HFE group, and crest structures appeared relatively
regular, suggesting exercise improved cardiac morphological
changes and function after MI (Figure 1D). Consistent with this
contention, echocardiography revealed that compared with the
Sham group, LVIDd and LVIDs in HF group had increased,
while EF, FS, and IVDs was significantly decreased, which was
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FIGURE 1 | Exercise improves cardiac morphological changes and function in rats after induced myocardial infarction. (A) The overall appearance of the hearts of rats

from the Sham, HF, HFE, and ShamE groups, scale bar = 1 cm. (B) Cardiomyocytes stained by H&E, Scale bar = 20 µm, Mason tricolor-stained cardiac fibrosis,

scale bar = 20 µm. (C) Quantitative analysis of collagen deposition in the left ventricle; n = 3; ****P < 0.0001; **P < 0.01. (D) Electron micrograph (TEM) of

mitochondrial morphology in a longitudinal section of ventricular muscle. Magnification, ×12 000; ×30 000, and ×80 000. (E) M-mode echocardiography of rats in

each group. (F) Statistical analysis of left ventricular EF determined by echocardiography. n = 6; ****P < 0.0001; ***P < 0.001.

ameliorated with exercise in the HFE group (Figures 1E,F,
Supplementary Files 3A–D).

Exercise Alleviates Apoptosis in Rats With
Heart Failure After Myocardial Infarction
In MI-induced HF, apoptosis is a key mediator of adverse
left ventricular remodeling. In addition, alterations in ATP
production are thought to play a significant role in apoptosis-
induced by mitochondrial dysfunction. As shown in Figure 2,
TUNEL staining revealed that the number of apoptotic nuclei was
increased in the HF group, while exercise effectively decreased
(P = 0.0099) both the number of apoptotic nuclei and the
rate of apoptosis with HF (Figures 2A,B). In addition, ATP
production was significantly reduced in HF compared to Sham
rats, with the decrease in ATP production reversed (P = 0.0002)
by exercise training (Figure 2C). To determine why exercise
reduced the rate of apoptosis, we examined the expression
of apoptosis-related proteins. As shown in Figures 2D–F, WB
analysis showed that exercise could regulate the expression of
apoptosis-related proteins. Specifically, compared with the Sham
group, levels of cleaved/pro- caspase3 were up-regulated, while
that of BCL-2/Bax was down-regulated in HF rats, with the
pathological changes in apoptosis-related expression attenuated
(P = 0.0177; P = 0.0146) with exercise training in the HFE
group (Figures 2D–F). Therefore, it is clear that exercise may
exert beneficial effects in HF by improving energy metabolism
and reducing cellular apoptosis.

Exercise-Generated BAIBA Improves
Cardiac Function and Energy Metabolism
Disturbance in Rats With Heart Failure
β-aminoisobutyric acid (BAIBA) is a small molecule produced
by skeletal muscle during exercise that reaches distant tissues
via the bloodstream to exert beneficial physiological functions.
As BAIBA appears to mediate is beneficial effects by improving
energy metabolism (23, 25, 31). We sought to determine whether
it may contribute to the improvements in cardiac structure and
function with exercise in HF. As shown in Figure 3A, 8 weeks
of exercise training increased (P = 0.0263) the concentration
of BAIBA in the peripheral circulation of both Sham and HF
rats (Figure 3A). Given these findings, we sought to determine
whether we could mimic the beneficial effects of exercise training
in HF through BAIBA administration. Thus, we gave BAIBA
(75 mg/kg/day) to rats by oral gavage and evaluated the cardiac
function 8 weeks later to verify whether oral BAIBA could
improve the cardiac structure and function of rats with HF after
MI. As shown in Figure 3B, we found that 8 weeks of orally
administered BAIBA improved the left ventricularmorphological
abnormalities in rats with HF in comparison with the HF-only
group. Specifically, BAIBA was able to alleviate cardiomyocyte
lysis and necrosis as well as to reduce the numbers of disordered
structures (Figure 3C), reduce (P = 0.0001) collagen deposition
(Figure 3D), and increase the EF (P = 0.001), FS (P = 0.0028)
and IVDs (P= 0.0002) while decrease the LVIDd (P= 0.027) and
LVIDs (P = 0.0001) (Figures 3E,F, Supplementary Files 3E–H)
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FIGURE 2 | Exercise improves energy metabolism disorders and apoptosis in rats after induced myocardial infarction. (A) Representative TUNEL staining from rats in

Sham, HF, HFE and ShamE groups, Scale = 20 µm. (B) ATP levels in each group; n = 6. ****P < 0.0001; ***P < 0.001. (C) Apoptosis rates in each group, ****P <

0.0001; **P < 0.01. Three random field per rat are shown. (D) Representative images of apoptosis-related proteins detected by WB. (E,F) Light density assessment

of apoptosis-related proteins detected by WB. n = 3; ***P < 0.001, **P < 0.01, *P < 0.05.

in rats with HF.TEM showed that oral administration of
BAIBA could effectively reverse the morphological destruction
of mitochondria caused by HF (Figure 3G). Moreover, in
assessing cardiomyocyte apoptosis, TUNEL fluorescence staining
showed that compared with the HF group, the numbers of
apoptotic nuclei in the BAIBA-treated group were decreased
(P = 0.011) (Figures 4A,B). Consistent with reduced apoptosis,
BAIBA reversed (P < 0.0001) the decreases in ATP production
observed with HF (Figure 4C). Importantly, WB showed
that BAIBA regulated the expression of apoptosis-related
proteins (Figures 4D–F) and mRNA levels (Figures 4G–I) in
a similar manner to exercise, indicating that BAIBA reversed
the adverse changes in apoptosis-related gene expression
caused by HF.

BAIBA Up-Regulated miR-208b to Improve
Disordered Energy Metabolism and
Apoptosis in Rats With HF
To further understand the mechanism by which BAIBA
improves energetics and exerts an anti-apoptotic effect, we
next performed transcriptomic sequencing on tissue from
the area surrounding the infarct in the anterior wall of the
left ventricle in the HF and BAIBA groups. An orthogonal
partial least squares discriminant analysis model (OPLS-DA)
was used to detect the polymerization and the stability of the
method. As shown in Figure 5A, the results showed a clear

separation in the two groups in terms of gene expression.
Specifically, RNA-sequencing revealed that 11 genes were
upregulated, and 18 genes were downregulated in the BAIBA
group compared to the Sham group (FC > 2.0, P < 0.05).
Importantly, the volcano plot of differentially expressed mRNAs
showed that BAIBA up-regulated the expression of miR-
208b (Figure 5B), which we have previously shown to have
a protective effect on myocardial apoptosis (26). Indeed,
consistent with sequencing results, PCR showed alterations
in miR-208b levels in response to exercise, regardless of HF
or not (Supplementary File 2A). The clustering heatmap of
DEGs showed differences in myocardial expression of miR-208b
between the BAIBA and Sham groups (Figure 5D). Importantly,
the expression of miR-208b was upregulated by BAIBA in a
dose-dependent manner, with higher concentrations of BAIBA
(10–30µM) driving greater relative expression of miR-208b
(Figure 5C). Moreover, BAIBA administration was found to
reverse (P < 0.0001) the decrease in ATP concentrations
in H9C2 cells caused by H2O2 (Figure 5E). Interestingly,
administration of the miR-208b analog augmented BAIBA-
induced cardioprotective effects, which was prevented by
treatment with the miR-208b inhibitor (Figure 5F). In addition,
the alterations in the expression of apoptosis-related proteins
caused by H2O2 were reversed by treatment with the miR-
208b analog, consistent with the effects of BAIBA, while the
beneficial directional changers were attenuated by the miR-208b
inhibitor (Figures 5G,H).
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FIGURE 3 | Exercise-generated BAIBA improves morphology and functioning in rats with heart failure. (A) BAIBA concentrations in the serum of rats from the Sham,

HF, HFE, and ShamE groups; n = 3; **P < 0.01, *P < 0.05. (B) The overall appearance of the rat hearts, T scale = 1 cm. (C) Cardiomyocytes stained by H&E. Scale

bar = 20 µm, Masson tricolor-stained cardiac fibrosis, scale = 20 µm. (D) Quantitative analysis of collagen deposition in the left ventricle; n = 3; ****P < 0.0001 ***P <

0.001. (E) Statistical analysis of left ventricular EF determined by echocardiography. n = 6; ****P < 0.0001; **P < 0.01. (F) M-mode echocardiography of rats in each

group. (G) Electron micrograph (TEM) of mitochondrial morphology in a longitudinal section of ventricular muscle. Magnification, ×12,000; ×3,000, and ×80,000.

BAIBA Modulates Myocardial Metabolism
Through the AMPK Pathway
It is clear from our study that upregulation of BAIBA and,
subsequently, miR-208b improved energy metabolism and
reduced apoptosis in HF rats. To further determine the
specific metabolic targets of miR-208b in cardiomyocytes,
a metabolomic profiling analysis was used. As shown in
Figure 6A, metabolites were identified in both the positive
(n= 183) and negative (n= 103) ion modes, with all metabolites
classified and counted according to their chemical taxonomy
and attribution. The OPLS-DA showed a clear separation
between the two groups in both negative and positive ion
modes (Figure 6B). Specifically, a total of 40 metabolites were
found to be differentially expressed using a strict OPLS-DA
Variable Importance for the Projection VIP >1 and P-value
< 0.05 as the screening criteria (Table 1). The hierarchical
clustering heatmap of the differential metabolites in the negative
and positive modes is shown in Figures 6C,D. Differential
abundance scores were used to analyze pathway changes in
the metabolites, which showed that the differential metabolites
were primarily involved in glycolysis and gluconeogenesis,
glyceride metabolism, the pentose phosphate pathway, insulin
resistance, purine metabolism, amino acid biosynthesis,
and amino acid metabolism, histidine metabolism, arginine
biosynthesis, glyoxylic acid, and dicarboxylic acid metabolism,
glycine, serine, and threonine metabolism, taurine and low
taurine metabolism, alanine, aspartic acid, and glutamic acid

metabolism, β-glutamate, arginine and proline metabolism
(Figure 6E), consistent with a role of BAIBA and miR-
208b modulating myocardial metabolism. Importantly, the
multi-group analysis showed that the differentially expressed
genes and metabolites were mainly enriched in the AMP-
activated protein kinase (AMPK) signaling pathway, which is
a cellular energy sensor that plays a key role in cell growth,
survival, and the maintenance of energy homeostasis. Other
pathways that were enriched, to a lesser extent, in the HIF-1
signaling, FoxO signaling, fructose and mannose metabolism,
insulin secretion, glucagon signaling, and insulin resistance
pathways (Figure 6F).

BAIBA Increases AMPK Phosphorylation,
Increases Free Fatty Acid Uptake and
Oxidation Efficiency, and Improves
Mitochondrial Function
Given the prominent enrichment of the differentially expressed
in the AMPK pathway, we further interrogated the link between
BAIBA administration and downstream changes in the AMPK
signaling pathway. In rats with HF, oral administration of
BAIBA elevated (P = 0.0003) the proportion of phospho-AMPK
(p-AMPK) (Figures 7A,B), while in H9C2 cardiomyocytes,
BAIBA also increased p-AMPK expression in the expression
in a dose-dependent manner (Figures 7C,D). Transfection
of the miR-208b analog amplified (P = 0.0001) this effect
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FIGURE 4 | BAIBA improves energy metabolism disorders and apoptosis in rats after induced heart failure. (A) Representative TUNEL staining from rats in the Sham,

HF and BAIBA groups, scale = 20µm. (B) Apoptosis rates in each group, ***P < 0.001; *P < 0.05. Three random fields per rat are shown. (C) ATP levels in each

group; n = 6. ****P < 0.0001. (D) Representative images of apoptosis-related proteins by WB. (E,F) Light density assessment of apoptosis-related proteins detected

by WB. n = 3; ***P < 0.001, **P < 0.01. (G–I) Real-time quantitative PCR analysis of apoptosis-related genes. n = 3; ***P < 0.001, **P < 0.01, *P < 0.05.

on AMPK phosphorylation, while the miR-208b inhibitor
counteracted (P = 0.0222) the effect (Figures 5F,I). Taken
together, these findings suggest that the phosphorylation of
AMPK by BAIBA may be mediated by miR-208b. As a main
metabolic switch, activated AMPK can increase the flexibility
of metabolic substrates and improve mitochondrial function
through mitochondrial biogenesis and quality control. Thus, we
next performed WB analysis of downstream AMPK proteins
in HF rat models. Fatty acids are an important metabolic
substrate in the heart, and we therefore assessed changes
in a number of these key enzymes in fatty acid oxidation
(FAO), including carnitine palmitoyltransferase-1 (CPT-1), acyl-
CoA dehydrogenase long chain (ACADL), and acetyl-CoA
carboxylase (ACC), using WB (Figure 7E). In quantifying
changes in these enzymes, compared with the HF group,
BAIBA increased (P = 0.0014) the expression of the fatty acid
uptake-related protein CD36 (Figure 7F). Moreover, BAIBA
increased the expression of p-ACC (P < 0.0001) (Figure 7G),
CPT-1 (P < 0.0001) (Figure 7H), and ACADL (P = 0.0015)
(Figure 7I), all of which would increase fatty acid uptake and
oxidation efficiency. At the same time, BAIBA also increased
the biogenesis of mitochondria and improved their functioning
(Figure 7J). Mitochondrial fusion and fission form the core of
mitochondrial quality control. Our results showed that BAIBA
ameliorated (P = 0.002; P = 0.0004) the reductions in optic
nerve atrophy 1 (OPA1) and dynamic protein-associated protein
1 (Drp1) expression, thus improving mitochondrial quality

(Figures 7K,L). Moreover, BAIBA was found to increase (P
= 0.0288) the expression of peroxisome proliferator-activated
receptor (PPAR) γ coactivator-1 α (PGC-1α), which is a strong
activator of cardiac mitochondrial biogenesis (Figure 7M).
SUCLA2 is a core enzyme of the tricarboxylic acid cycle (TCA),
participating in acetyl-CoA oxidation; BAIBA attenuated (P =

0.0114) the decreased SUCLA expression in rats in the HF group
(Figure 7N). Therefore, our findings suggest BAIBA mediates
its beneficial effects on cardiac energetics by increasing AMPK
phosphorylation, fatty acid intake and oxidation, and improving
mitochondrial function.

The Protective Effects of BAIBA on
Apoptosis, Disordered Energy Metabolism,
Mitochondrial Function, and FA Uptake and
Oxidation Are Offset by AMPK Inhibition
Our results suggest that the protective effect of BAIBA was
mediated by the AMPK pathway. To further interrogate how
activation of this pathway attenuates apoptosis, we began by
assessing the impact of BAIBA on ROS production, which
is known initiator of cardiomyocyte apoptosis. As shown in
Figure 8A, ROS production was increase in the H2O2-treated
group compared with the controls, consistent with a link to
myocardial apoptosis. Importantly, treatment with BAIBA
reversed this effect by reducing ROS production, while treatment
with the AMPK inhibitor, Compound C, counteracted the
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FIGURE 5 | High-throughput sequencing shows that BAIBA plays an anti-apoptotic role through miR-208b. (A) OPLS-DA of BAIBA vs. HF group, n = 3. (B) Volcano

plot of differential mRNAs. (C) Clustering heatmap of differential mRNA between the BAIBA and Sham groups. (D) Representative images of apoptosis-related

proteins detected by WB. (E) Expression of miR-208b after stimulation with different concentrations of BAIBA vs. H2O2 group. n = 3, ****P < 0.0001; **P < 0.01; *P

< 0.05. (F) ATP levels in each group, H2O2 vs. Control group; BAIBA, miR-208 analog vs. H2O2 group; miR-208 inhibitor vs. BAIBA group. n = 3. ****P < 0.0001.

(G,H) Light density assessment of apoptosis-related proteins detected by WB. H2O2 vs. Control group; BAIBA, miR-208 analog vs. H2O2 group; miR-208 inhibitor vs.

BAIBA group. n = 3; ****P < 0.0001, ***P < 0.001, *P < 0.05. (I) Light density assessment of p-AMPK detected by WB. H2O2 vs. Control group; BAIBA, miR-208

analog vs. H2O2 group; miR-208 inhibitor vs. BAIBA group. n = 3; ***P < 0.001, *P < 0.05.

BAIBA-mediated action (Figure 8A). Moreover, mitochondrial
membrane potential staining showed similar directional changes
with our treatment groups. Specifically, BAIBA treatment
counteracted the drop in mitochondrial membrane potential
caused by H2O2, which was counteracted (P = 0.0002) by
treatment with Compound C (Figures 8B,C). Treatment
with Compound C also reversed (P < 0.0001) the protective
effects of BAIBA on ATP production (Figure 8D). Consistent
with above, the BAIBA-mediated reversal of H2O2-induced
changes in apoptosis-related protein expression was also
offset by the AMPK inhibitor (Figures 8E–G). Analysis of
the expression of proteins associated with fatty acid uptake
and β-oxidation (Figures 8H–L) as well as mitochondrial
proteins (Figures 8M–Q) further confirmed these findings,
demonstrating that BAIBA mediates its cardioprotective
effects through AMPK and that AMPK inhibition reverses
the protective effect of BAIBA on the expression of
these proteins.

DISCUSSION

The heart is an energy-consuming organ and requires sufficient
ATP to maintain its pump function. Normal cardiomyocytes
have metabolic flexibility. Various metabolic substrates including
fatty acids, carbohydrates (glucose and lactates), ketones,

and amino acids enter the tricarboxylic acid cycle to form
ATP, allowing the maintenance of normal cardiac contraction.
Mitochondria play important roles in the production of ATP.
By contrast, a loss of metabolic substrate flexibility caused
by mitochondrial dysfunction may be a key factor in heart
failure, leading to metabolic and oxidative stress as well as
increased cellular apoptosis, forming a vicious cycle. Our results
showed that in rats with HF after MI, the mitochondria were
arranged in a disordered fashion, with swollen mitochondrial
crests and many absent cristae, and there was significant
mitochondrial vacuolation. As a result, the production of ATP
decreased, which accelerated the progression of HF. Therefore,
mitochondrial function is a crucial therapeutic target for heart
failure (2, 32).

Moderate exercise is known to have a beneficial effect on
heart function in patients with HF (9). Moderate continuous
training is efficient, safe, and well tolerated by HF patients,
and it is recommended by the Heart Failure Association
Guidelines (15). Cardiac energy metabolism can be partially
restored through exercise due to improvements in oxidation
ability and by restoring energy transfer. Exercise can also
restore cardiac autophagic flux in heart failure. This is related
to improved mitochondrial quality control, bioenergetics, and
cardiac function (16). Our results showed that in rats with
HF after MI, the EF% of the exercise group was superior
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FIGURE 6 | Combined transcriptomic and metabolomic analysis shows that BAIBA acts on the AMPK pathway. (A) The proportions of various metabolites.

(B) OPLS-DA of BAIBA vs. HF groups, n = 6. (C) Hierarchical clustering heatmap of significantly different metabolites in the negative mode. (D) Hierarchical clustering

heatmap of significantly different metabolites in the positive mode. (E) Hierarchical clustering heatmap of significantly different metabolites in the negative mode.

(F) Significance level of the enrichment of genes and metabolites calculate by KEGG enrichment analysis.

to that of the HF group. Despite being forced exercise,
which may be associated with stress responses (33), 8 weeks
of treadmill training alleviated the degree of cardiomyocyte
apoptosis surrounding the infarcted region and improved
mitochondrial morphology. The protective function of exercise
in HF patients undergoing continuous aerobic exercise training
is primarily determined by the total energy expenditure,
including the training intensity, duration, and frequency of
the training program. However, a considerable number of
patients with HF are unable to undertake effective exercise
due to circulatory disorders and skeletal muscle mitochondrial
dysfunction, among other reasons. For these patients, their
recovery can potentially be improved by the identification of the
targets of exercise-induced protection and using these to find
alternative treatments.

BAIBA is a small molecule (103.6 Da) produced by skeletal
muscles during exercise and mediates the beneficial effect of
exercise from skeletal muscle to other tissues and organs via
the endocrine system (19). BAIBA activates the fatty acid β-
oxidation pathway in the liver, converts white adipose tissue
to brown fat (25), improves insulin resistance and skeletal
myositis by the autocrine/paracrine systems, prevents diet-
induced obesity (34), and protects against metabolic dysfunction
in type 2 diabetes (22). Here, it was found that the production
of BAIBA increased after exercise in both the control group
and HF rats, which may underlie the cardioprotective effects of
exercise in HF. Importantly, we found that 8-weeks of BAIBA
administration in rats with HF improved cardiac function,

reversed metabolic stress, and reduced apoptosis. Moreover,
transcriptomic analyses revealed this protective action of BAIBA
was found to be linked to increased expression of miR-208b,
which is a heart-specific miRNA encoded on intron 27 of the
gene encoding α-MHC that is essential for the expression of
genes involved in cardiac contractility and fibrosis. An increased
plasma concentration of miR-208b has been linked to myocardial
injury and may serve as a biomarker of acute myocardial
infarction (35). Nonetheless, previous studies have demonstrated
miR-208b may serve a protective role in myocardial fibrosis
after infarction through GATA4 signaling (36). Consistent with
a cardioprotective role of miR-208b in the current study, we
have previously shown that miR-208b has a protective effect on
myocardial apoptosis (26). Specifically, our findings confirm that
BAIBA increases the expression ofmiR-208b in a dose-dependent
manner, and that the miR-208b analog is a downstream
mediator of the protective effects on left ventricular remodeling
and function through the reduction of metabolic stress and
apoptosis caused by mitochondrial dysfunction in rats with
HF. Indeed, metabolomic profiling linked the protective effects
to differential regulation of metabolites involved in glycolysis,
gluconeogenesis, amino acid biosynthesis, and other metabolic
pathways, consistent with the maintenance of mitochondrial
energetics being important being a crucial therapeutic target
in HF. Importantly, we identified that the protective effect of
BAIBA on the heart in HF is linked to the AMPK signaling
pathway, with both BAIBA and miR-208b increasing AMPK
phosphorylation in a concentration-dependent manner. As
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TABLE 1 | Differential metabolites between the BAIBA and Sham groups.

Adduct Name VIP FC P-value m/z rt(S)

(M-H)- Maltose 1.747133102 1.853496517 0.001105606 341.10984 449.316

(M-H)- Inosine 12.68850649 0.712132158 0.001207444 267.07386 217.6715

(M+CH3COO)- D-Ribulose 1 5-bisphosphate 1.782550319 0.408627194 0.006806923 369.00044 435.2515

(M-H)- 3-Guanidinopropanoate 2.954725215 0.706925321 0.006926241 130.06213 349.242

(M-H)- Arachidic acid 1.684319676 0.568914743 0.007538358 311.29604 39.914

(M-H)- DL-2-Phosphoglycerate 7.329573369 0.381760658 0.020325427 184.98581 470.9

(2M-H)- 3-Phospho-D-glycerate 1.661451592 0.236277794 0.022903901 370.98 470.953

(M-H)- Orotidine 5′-phosphate (OMP) 1.241131943 2.081168265 0.026892841 367.01093 462.396

(M-H)- Glycerol 3-phosphate 4.084530216 0.647349896 0.034960137 171.0064 430.0125

(M-H)- Oxypurinol 3.882881699 2.518632379 0.035085539 151.02612 244.2205

(M+CH3COO)- D-Ribose 5-phosphate 3.659360842 1.325621035 0.043880746 289.03359 461.66

(M-H)- L-Glutamate 2.849537956 0.851050259 0.043943848 146.04609 396.561

(M+Na)+ Acetylcarnitine 1.462328082 0.777352931 0.000245574 226.10363 307.7345

(M+H)+ Linoleoyl ethanolamide 1.354137268 0.655316044 0.000279653 324.28769 36.2295

(M+H)+ Phosphocreatine 2.021285259 0.491283479 0.000868958 212.0419 438.9865

(M+H)+ Nicotinamide 10.74306783 0.861527316 0.000943401 123.05523 62.2415

(M+H)+ L-Carnosine 5.421254128 0.405729569 0.000965206 227.11325 422.118

(M+H)+ Hypoxanthine 11.7857247 0.749549435 0.001039384 137.04539 216.9845

(M+H)+ Guanosine 1.89912572 0.675033308 0.001314684 284.09775 262.743

(M+H)+ Ile-Thr 1.15320574 0.437272107 0.001616012 233.14837 50.792

(M+NH4)+ Stachyose 2.154557724 2.41875441 0.001949267 684.25204 488.522

(M+H-H2O)+ MG(18:2(9Z 12Z)/0:0/0:0)[rac] 3.985687426 0.713154762 0.002312178 337.2717 37.0085

(M+H-H2O)+ 1-Stearoyl-2-arachidonoyl-sn-glycerol 3.795636092 1.243900004 0.003384257 627.5309 192.458

(M+NH4)+ Maltotriose 3.45554989 1.846746797 0.003497007 522.20034 449.2395

(M+CH3CN+H)+ Nitrosobenzene 1.178848398 3.325302789 0.003873997 149.07237 65.885

(2M+H)+ Allopurinol riboside 3.958330117 0.666746052 0.004621944 537.16584 216.9845

(M+H)+ 1-Myristoyl-sn-glycero-3-phosphocholine 1.456332015 0.600830069 0.005324648 468.30597 200.3165

(M+H)+ Xanthine 1.574238507 1.288697953 0.005441952 153.039 219.5835

(M+Na)+ Maltopentaose 1.810989097 3.062600739 0.009029524 851.26122 507.208

(M+H)+ Prostaglandin I2 1.149081762 3.557597818 0.011067474 353.2302 161.7475

(M+H)+ Adenosine monophosphate (AMP) 1.028294798 0.585128158 0.011123783 348.06833 402.638

(M+H)+ 3-Methylhistidine 2.088235504 1.488995206 0.011725758 170.09117 432.186

(M+H)+ Thiamine monophosphate 1.534209559 0.789752069 0.014247642 345.07645 490.066

(M+H)+ L-Palmitoylcarnitine 7.742755165 0.572001197 0.014438134 400.34053 175.461

(M+H)+ Sphingomyelin (d18:1/18:0) 2.537052905 1.128875942 0.016585356 731.60242 180.9475

(M+H)+ 1-Stearoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine 5.020219423 0.643566288 0.028989733 482.32254 198.3845

(M+H)+ Pro-Asp 1.148515883 1.075266343 0.030657874 231.09604 425.271

(M-2H+3Na)+ 1-Stearoyl-sn-glycerol 3-phosphocholine 1.914627352 0.53137472 0.03432785 590.31848 184.124

(M+H-H2O)+ Methylthiouracil 1.291816999 0.788053158 0.036373882 125.01941 354.4835

(M+H)+ L-Anserine 6.031617223 0.28555341 0.04015567 241.12884 416.913

miR-208b analog transfection enhanced AMPK activation by
BAIBA, and the miR-208b inhibitor counteracted this effect,
our findings suggest a novel cardioprotective signaling cascade
in which activation of AMPK by BAIBA may be mediated
by miR-208b.

Our in vivo findings of a BAIBA-mediated increases in AMPK
supports the notion that reducing cardiomyocyte metabolic
stress is important for HF treatment and outcomes. As a cellular
energy sensor and metabolic switch, AMPK plays a key role
not only in cell growth and survival but also in systemic energy

homeostasis (37). Moreover, AMPK mediates mitochondrial
fission to cope with energy stress, which would be increased
in HF. Our findings support a mechanistic framework by
which BAIBA reduces cardiomyocyte metabolic stress and
apoptosis caused by mitochondrial dysfunction through the
miR-208b/AMPK pathway. Indeed, our results showed that
BAIBA can not only increase the expression of AMPK, but
can effectively improve the expression of proteins related
to fatty acid uptake and oxidation, which is known to have
beneficial effects in HF models (38, 39). Mechanistically, BAIBA
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FIGURE 7 | BAIBA increases cardiomyocytes AMPK phosphorylation, fatty acid intake and oxidation, and improves mitochondrial function of Heart Failure Rats.

(A) Representative images of p-AMPK expression in the Sham, HF, and BAIBA groups detected by WB. (B) Light density assessment of p-AMPK expression in the

Sham, HF, and BAIBA groups. n = 3; ***P < 0.001. (C) Representative images of p-AMPK expression in the Control, H202, BAIBA (10 mM), BAIBA (20 mM), and

BAIBA (30 mM) groups detected by WB. (D) Light density assessment of p-AMPK expression in the Control, H202, BAIBA (10 mM), BAIBA (20 mM), and BAIBA (30

mM) groups. n = 3; ***P < 0.001, **P < 0.01. (E) Representative images of fatty acid uptake and oxidation-related protein expression in the Sham, HF, and BAIBA

groups detected by WB. (F–I) Light density assessment of fatty acid uptake and oxidation-related protein expression in the Sham, HF, and BAIBA groups. n = 3;

****P < 0.0001; ***P < 0.001; **P < 0.01. (J) Representative images of mitochondrial protein expression in the Sham, HF, and BAIBA groups detected by WB. (K–N)

Light density assessment of mitochondrial protein expression in the Sham, HF, and BAIBA groups. n = 3; ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.

promotes fatty acid uptake by cardiomyocytes by increasing
the translocation of the fatty acid transporter CD36 to the
membrane (40). In addition, the rate-limiting step of β-oxidation
is the CPT1-mediated mitochondrial transmembrane transfer
of fatty acids. Moreover, AMPK inhibits the production of
malonyl-CoA carboxylase (ACC) by phosphorylation, increases
the activity of CPT1, and increases the efficiency of myocardial
fatty acid β-oxidation (41). As BAIBA increases CPT-1 levels
in the context of heart failure and thereby improves the
efficiency of fatty acid oxidation and attenuates metabolic stress
(42). Indeed, we found that BAIBA effectively improved the
expression of mitochondrial proteins. As the power houses that
maintain cardiac energy supply, mitochondrial dysfunction is a
prominent mediatory of pathological processes that can drive
adverse cardiac remodeling, including redox imbalance, protein
modification, ROS signaling, ion homeostasis, and inflammation
(43, 44). However, our findings suggest BAIBA may prevent
mitochondrial dysfunction by upregulating the expression of
OPA1 and Drp1. Mitochondrial fusion and fission are the
core of mitochondrial quality control and the fusion of the
mitochondrial inner membrane is dependent on OPA1, which
maintains closure of the crest junction, preventing cytochrome c
release and apoptosis (45). Thus, reduced expression of OPA1 in
dysfunctional mitochondria is accompanied by the destruction

and loss of the mitochondrial crest and loosening of the
mitochondrial junction, leading to apoptosis (46, 47). Moreover,
Drp1 is a GTP enzyme that mediates mitochondrial fission
(48) which promotes autophagy of damaged mitochondria (49).
By contrast, reduced levels of Drp1 results in mitochondrial
elongation and accumulation of damaged mitochondria,
together with an inhibition of mitochondrial autophagy, leading
to mitochondrial dysfunction and cardiomyocyte apoptosis
(50). Thus, the improvement in mitochondrial function could
increase the stability of the mitochondrial membrane potential
and optimize the morphology of the mitochondrial crest,
thus avoiding cytochrome c release and ROS accumulation,
and ultimately preventing apoptosis. Taken together, our
findings suggest that in patients with HF, the pharmacological
activation of AMPK with BAIBA could be used as a therapeutic
strategy to improve cardiac energy supply. While SGLT2,
metformin, statins, and trimetazidine have received significant
attention in the treatment of cardiovascular diseases because
of their activation of AMPK (51–54), our findings suggest
that BAIBA administration could be an alternative therapeutic
approach to reduce metabolic stress and mitochondrial
dysfunction in HF.

In addition to regulating the metabolism of the failing heart,
AMPK can also mediate a variety of physiological signaling
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FIGURE 8 | Effects of BAIBA administration on apoptosis, energy metabolism disorders, mitochondrial function, and fatty acid uptake and utilization. (A) ROS

production in Control, H2O2, BAIBA, and Compound C-treated cells, the scale bar in each image is 100 µm. (B) Representative 1Ψ m staining determined by

measuring changes in JC-1-derived fluorescence from red (high potential, J-aggregates) to green (low potential, monomeric) using confocal microscopy; data are

representative of three independent experiments. (C) Statistical analysis of JC-1 red fluorescence percentage; n = 5 wells. ***P < 0.0001, ****P < 0.0001; (D) ATP

levels in each group; n = 3. ****P < 0.0001; (E) Representative images of apoptosis-related proteins of each group. (F,G) Light density assessment of

apoptosis-related protein expression. n = 3; ***P < 0.001, **P < 0.01, *P < 0.05. (H) Representative images of fatty acid uptake and oxidation-related protein

expression in each group. (I–L) Light density assessment of fatty acid uptake and oxidation-related protein expression. n = 3; ****P < 0.0001; ***P < 0.001; **P <

0.01. *P < 0.05. (M) Representative images of mitochondria related protein expression of each group. (N–Q) Light density assessment of mitochondria related protein

expression, n = 3; ***P < 0.001; **P < 0.01; *P < 0.05.

pathways (55). AMPK promotes autophagy directly through
phosphorylation of the Unc-51-like kinase 1 (ULK1) kinase
complex (56), and indirectly enhances autophagy through
mTORC1 inactivation (57). The inhibition of mTOR affects
protein synthesis, reducing the accumulation of unfolded
proteins and thus reducing endoplasmic reticulum stress
(58). AMPK activation can also reduce inflammation and
cell death by inhibiting JNK and NF-κB, thereby protecting
cardiomyocytes (59).

Our study is not without limitations. While our findings
show the cardioprotective effect of BAIBA is mediated through
an miR-208b/AMPK-mediated pathway, we cannot rule out
that other pathways may contribute to the protective effect on
cardiac structure and function. Moreover, we did not use double
staining to indicate which cell type in heart tissue is subjected
to apoptosis. Co-staining cardiomyocytes with TUNEL staining
would be more convincing for the presentation of the results,
though it is well-established that MI models of HF induce
cardiomyocyte apoptosis. In addition, we used GAPDH as an
internal control for normalizing expression. However, apoptosis
caused by mitochondrial dysfunction may be accompanied by
changes in glycolysis. To overcome this limitation, we further
monitored the relative levels of β-actin in our samples, with our

results indicating the relative level of GAPDH is almost equal to
that of β-actin (Supplementary File 2).

In conclusion, this study confirmed that exercise-generated
BAIBA increased AMPK phosphorylation through the
expression of miR-208b to reshape the energy metabolism
of rats with HF, improving mitochondrial dysfunction and
reducing apoptosis. But for patients with heart failure, whether
BAIBA can be used as an alternative for exercise therapy still
requires more studies.

CONCLUSION

Exercise-generated BAIBA can reduce cardiomyocyte metabolic
stress and apoptosis induced by mitochondrial dysfunction
through the miR-208b/AMPK pathway.
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Myocardial infarction is one of the most severe heart diseases, leading to sudden

death. Currently, angiography and stenting are widely performed in clinics, yet more

effective treatment is still needed. Herein, we presented that dioscin, a natural product,

showed protective effect on infarcted hearts via mitochondrial maintenance. Upon

dioscin treatment, cardiac dysfunction was alleviated, and remodeling is prevented.

Mechanistically, disocin maintains mitochondria function through the maintenance

of Kreb’s cycle, and suppresion of ROS accumulation. In this way, by targeting

mitochondrial dysfunction, dioscin is a potential drug for infarcted hearts.

Keywords: myocardial infarction, dioscin, mitochondrial dysfunction, ROS, KREB’S cycle

INTRODUCTION

Nowadays, it is widely considered that cardiovascular diseases are one of the major causes for
human mortality around the world (1). Particularly, myocardial infarction (MI) affects large
population in both developing and developed countries (2). It characterized with dysfunction
of energy supply and reactive oxygen species (ROS) generation relates to mitochondrial-based
disorder, which leads to pathogenesis of MI and even heart failure (3). Therefore, novel drugs of
protecting the heart against myocardial infarction are urgently needed.

Mitochondrial dysfunction is associated with the pathogenesis of myocardial infarction (4).
Mitochondrial-derived ROS represent a major source of oxidative stress in cardiomyocytes (5).
On the other hand, the primary source of energy generating processes is located at mitochondria
among the cell, which is severe sensitive to free radical occurrence in cardiomyocytes (6). Taken
together, mitochondria maintenance would moderate heart injury after infarction.

Recently, researches indicated that natural productions from some herbals have potential
therapeutic effect for the prevention and treatment of cardiovascular diseases (7). The protective
effects are associated with mitochondrial function, including alleviating mitochondrial oxidative
stress, de-activation of respiratory chain enzymes, postponing mitochondrial Kreb’s cycle, and
maintenance of mitochondrial membrane potential (1ψ) and ATP content (8–10). Dioscin, a
natural steroid saponin isolated from the root bark of wild dioscorea nipponica, is reported to
treat MI by promoting angiogenesis (11). Additionally, it was reported that dioscin maintains
mitochondrial dynamics, which rescues silicosis by reducing mitochondrial-dependent apoptosis
(12). However, whether dioscin protects cardiac injury against MI by rescuing mitochondrial
dysfunction remains unclear.
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Here, our work revealed that dioscin attenuates cardiac
dysfunction induced by myocardial infarction. Administration
of dioscin benefits infarcted hearts could significantly enhance
mitochondrial Kreb’s cycle and activities of respiratory chain
enzymes, reduce ROS by promoting the antioxidant enzyme
activities, and suppress the cardiomyocytes apoptosis by
rescuing mitochondrial member potential. Taken together, our
results showed that dioscin could alleviate MI via attenuate
mitochondrial malfunction.

MATERIALS AND METHODS

Animal Model and Chemicals
Mice were male and at age of 8 weeks old. All male C57BL/6
were from Jiangsu Animal Experimental for Medical and
Pharmaceutical Research Center. The in vivo experiments were
approval of Institutional Animal Care and Use Committees at
the University of NanjingMedical University (Number: 1912034)
and carried out in accordance with the guidelines. Mice were kept
with 12 h light/12 h dark cycle at 23± 3◦C and 30–70% humidity.

Infarction mouse model was generated through ligature of
the left anterior descending (LAD) as described previously with
male mice (11). Briefly, mice were anesthetized with 1.5–2%
isoflurane, and then a left thoracotomy and pericardiotomy was
performed. The left anterior descending was completely occluded
by a knot with 7–0 non-absorbable surgical suture. After the ribs
and skin were closed with 5–0 silk, the mouse remained under
anesthesia until succinylcholine was completely metabolized.
For the procedure of sham surgery, mice underwent the same
procedure without the ligation of the artery.

Dioscin (80 mg/kg/day, Di’ao group, Chengdu, China)
was administrated with mice for 2 weeks beginning on the
day of operation. Briefly, the dioscin was first dissolved in
dimethyl sulphoxide (DMSO) and then added 5% sodium
carboxymethyl cellulose (CMC-Na) to make the volume ratio
for 1:19. Consequently, the mice were given the dissolution
by intragastric administration for continuous 14 days after
myocardial infarction 1 day. The treatment groups were given
dioscin solution and the control groups were given same volume
of 5% CMC-Na vehicle solution. The preparation and application
of the drug’s dissolution should be completed in 1 day.

Echocardiography
Transthoracic echocardiographic analysis was performed 2weeks
after the sham or MI surgery as previously described (13).
Echocardiography on unconscious mice was used with a Vevo
2100 system (VisualSonics). The echocardiography was blinded
to the mice in this study.

Histological Analysis
Hematoxylin and eosin and Masson trichrome staining were
performed as described previously (14). The whole hearts were
collected and fixed in 4% paraformaldehyde, embedded in
paraffin, and then cut into 5-µm serial sections. Image analysis
and quantification of fibrosis was performed by a blinded
investigator using Image J software.

Mitochondrial Isolation
The purification of cardiac mitochondrial fraction from
the heart tissues or cultured primary cardiomyocytes was
followed as previously described (15), using Mitochondrial
Extraction Kit (Solarbio Life Sciences, SM0020) according to the
manufacturer’s instructions.

Estimation of Reactive Oxygen Species
Dihydroethidium (DHE) staining (Beyotime, China) was
performed as described previously (16). Briefly, heart samples
were embedded in OCT compound and transverse sectioned
at 5µm thickness to perform staining and then conserved at
−80◦C. Next, heart sections were set in room temperature for
10min and then washing by PBS three times for 5min. Further,
the sections were incubated with the DHE (1:1,000) for 30min
in wet box at 37◦C. Finally, after washing by PBS three times for
5min, co-stain with DAPI. The imagines are photographed by
confocal, and we use the same intensity of laser.

Estimation of Mitochondrial Enzymatic and
Non-enzymatic Antioxidant
The activity of glutathione peroxidase (GPx), superoxide
dismutase (SOD), glutathione-S-transferase (GST), catalase
(CAT), glutathione (GSH) was determined in cardiac tissues,
using Micro Superoxide Dismutase (SOD) Assay Kit (Solarbio
Life Sciences, BC0175, BC0205, BC1195, BC0355, and BC1175)
according to the manufacturer’s instructions.

TCA Cycle Enzyme Activities and
Respiratory Chain Enzymes
Effect of dioscin on MI-induced mitochondrial damage was
measured by detection of the activities of mitochondrial
enzymes such as malate dehydrogenase (MDH), isocitrate
dehydrogenase (ICDH), and succinate dehydrogenase (SDH)
using Micro Isocitrate Dehydrogenase Mitochondrial (ICDHm)
Assay Kit (Solarbio Life Sciences, BC2165), Micro Succinate
Dehydrogenase (SDH) Assay Kit (Solarbio Life Sciences,
BC0955) andMicroNADP-Malate Dehydrogenase (NAD-MDH)
Assay Kit (Solarbio Life Sciences, BC1055) according to the
manufacturer’s instructions.

The nicotinamide adenine dinucleotide dehydrogenase
(NADH) activity was determined in cardiac tissues as reported
(17), using Micro Nicotinamide Adenine Dinucleotide
Dehydrogenase (NADH) Assay Kit (Solarbio Life Sciences,
BC0635) according to the manufacturer’s instructions.

The cytochrome c-oxidase (NCR) activity was determined in
cardiac tissues, using Micro NADPH-cytochrome C Reductase
Assay Kit (Solarbio Life Sciences, BC2725) according to the
manufacturer’s instructions.

Cell Culture
H9C2 cells were cultured in DMEM (Servicebio) medium
with 10% FBS (Gibco, Life Technologies) and 1%
penicillin/streptomycin (Beyotime). Final concentration of
100µM CoCl2 (Sigma-Aldrich) was added to simulate hypoxia
condition. After 24 h of treatment, the extraction of mRNA
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FIGURE 1 | Dioscin alleviates the mitochondrial injury by CoCl2 in H9C2 cells. (A) The protein level of Pink1 in heart tissue (n = 6). (B) Representative images of the

active mitochondrial, bar = 20µm (n = 3). (C) Representative images of TUNEL staining to detect the anti-apoptosis role of dioscin in vitro, bar = 50µm (n = 3). (D)

The mRNA level of Bax and Bcl2 in vivo (n = 4). (E) The measurable of caspase-1 in vivo (n = 6). Data are mean ± SEM. *P < 0.05 vs. sham group, #P < 0.05 vs. MI

group.

was performed. And after 48 h, the corresponding staining
was performed.

qRT-PCR
Total RNAwas extracted using RNeasyMini Kit (Qiagen). cDNA
was generated using HiScript III 1st Strand cDNA Synthesis
(Vazyme) and then qPCR was performed using on QuantStudio
5 applied biosystems (Thermo Fisher Scientific) with Hifair III
One Step RT-qPCR SYBRGreen Kit (Yeasen), all according to the
manufacturer’s instructions. Actin was regard as control and the
data analysis was using 2CT. Obtaining form three independent
experiments, and each sample was repeated duplicated in each
experiment. Primer sequence are listed below.

For mouse qPCR:
Anp: TTCTTCCTCGTCTTGGCCTTT, GACCTCATCTTC

TACCGGCATCT;

Bnp: CACCGCTGGGAGGTCACT, GTGAGGCCTTGGTC
CTTCAAGGTCACT;

β-mhc: ATGTGCCGGACCTTGGAA, CCTCGGGTTAGC
TGAGAGATCA;

Bax: CCCGAGAGGTCTTTTTCC, GCCTTGAGCACCA
GTTTG;

Bcl2: CCTGGCTGTCTCTGAAGACC, CTCACTTGTGGC
CCAGGTAT;

Actin: CATCGTCCACCGCAAATG, CACCTTCACCGT
TCCAGTT.

Mitochondrial Membrane Potential
Mitochondrial membrane potential was measured by the
method of fluorescent probe, using the MitoTracker R©

Green FM (Yeasen, 40742ES50) according to the
manufacturer’s instructions.
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FIGURE 2 | Dioscin protects mice against infarcted injury. (A) Representative images of echocardiographic measurement (n = 10). (B) Echocardiographic parameters

for left ventricular ejection fraction (LVEF, %) and left ventricular fractional shortening (LVFS, %) (n = 10). (C) Representative images of HE staining, bar = 100µm (n =

3). (D) Representative images of Masson trichrome stained and its quantification, bar = 100µm (n = 3). (E) The mRNA level of heart failure markers for natriuretic

peptide A (Anp), natriuretic peptide B (Bnp) and beta-myosin heavy chain (β-Mhc) (n = 4). Data are mean ± SEM. *P < 0.05 vs. sham group, #P < 0.05 vs. MI group.

TUNEL Staining
TUNEL staining was performed as previously report
(18). The suitable density H9C2 cells were induced to
CoCl2 (100 uM, Sigma, 449776) under the condition of
treatment with dioscin (5 mg/L) for 48 h, compared to
control group. Further, the H9C2 cells were fixed in 4%
paraformaldehyde and stained with One Step TUNEL
Apoptosis Assay Kit (Beyotime, C1086). TUNEL positive
were counted from different images per sample, and the averages
were presented.

Estimation of Caspase-1 Activities
The cysteine-requiring aspartate protease 1 (Caspase-1)
activity was determined in cardiac tissues, using Caspase-1
Reductase Assay Kit (Hypertime, China) according to the
manufacturer’s instructions.

Statistical Analysis
Data were presented as mean ± standard error of the mean
(SEM) using GraphPad Prism 8. Two-tailed unpaired t-test were
used to determine the differences between two groups, and
two-ANOVA was employed for comparisons of the differences
between multiple groups. Statistical significance is indicated
by ∗ p < 0.05.

RESULTS

Dioscin Alleviates the Mitochondrial
Impairment by CoCl2 in H9C2 Cells
Mitochondrial dysfunction is one of the primary causes for
cardiac death in response to infarction. Firstly, we performed
in vivo experiment to assess the mitochondrial injury after
dioscin treatment in MI heart tissues. The protein level of Pink1
revealed that dioscin recovered the expression of Pink1 after
MI, indicating dioscin has a protective role in mitochondria
(Figure 1A). Then, the protective effect of dioscin was evaluated
on mitochondrial membrane potential. The disturbance of
the mitochondrial membrane potential (MMP) caused by
CoCl2, and this injury was mitigated by dioscin (Figure 1B).
Considering the impaired mitochondria could lead to cell death,
the dead cells were detected by using TUNEL assay. This
showed that dioscin recovered the numbers of H9C2 cells
in response to hypoxic condition (Figure 1C). Additionally,
the mRNA levels of Bax and Bcl2 as apoptotic markers were
detected in hypoxic H9C2 cells after dioscin treatment. The
results showed that dioscin exerts anti-apoptotic effects and
prevents cells from death by downregulating Bax expression
and increasing Bcl2 expression (Figure 1D). Furthermore, the
activities of cysteine-requiring aspartate protease 1 (caspase-
1) was repressed in hypoxic cells after dioscin incubation,
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FIGURE 3 | Dioscin prevents cardiac remodeling in response to myocardial

infarction. (A) The analysis of beat per minute (BPM). Echocardiographic

parameters of (B) left ventricular mass (LV Mass; mg), (C) end-diastolic left

ventricular posterior wall (LVPW; d, mm), (D) end-diastolic left ventricular inner

diameter (LVID; d, mm), (E) end-diastolic left ventricular septum (IVS; d, mm),

and (F) left ventricular end-systolic volume (LV Vol; s, µl). (G) The ratio of heart

weight to body weight (HW/BW; mg/g). (H) The ratio of heart weight to tibia

length (HW/TL; mg/mm). n = 10 each group. Data are mean ± SEM.

*P < 0.05 vs. sham group, #P < 0.05 vs. MI group.

suggesting that dioscin repressed apoptosis caused by hypoxia
(Figure 1E). These data suggest that dioscin plays protective
roles against hypoxia induced mitochondrial injury to mitigate
cellular apoptosis.

Dioscin Protects Cardiac Dysfunction
Against Myocardial Infarction
To determine the therapeutic role of dioscin in vivo, mice
were subjected to MI surgery. Two weeks after dioscin
administration, the echocardiography was performed to monitor
cardiac function. Representative echocardiograph showed that
the infarcted mice exhibited left chamber dilation, and dioscin
administration alleviated the cardiac deformation (Figure 2A).
Then, cardiac function analysis showed that the left ventricular
ejection fraction (LVEF) and left ventricular fractional shortening
(LVFS) were recovered after administration of dioscin in
infarcted mice (Figure 2B). Additionally, haematoxylin and
eosin (HE) staining of heart sections from mice in each group
showed that the normal arrangement of cells was destroyed
in infarcted heart increased, which could be prevented by
dioscin (Figure 2C). Representative images exhibited that less
collagen deposition after dioscin treatment by the size of blue
region compared to MI group, which was decreased about 50%

FIGURE 4 | Effect of dioscin on the activities of mitochondrial KREB cycle and

respiratory chain enzymes in hearts after MI. The key enzymes of tricarboxylic

acid cycle (TCA) of (A) isocitrate dehydrogenase (ICDH; U/mg prot), (B)

succinate dehydrogenase (SDH; U/mg prot), and (C) malate dehydrogenase

(MDH; U/mg prot). The measureable of respiratory chain enzymes of (D)

nitotinamide adenine dinucleotide dehydrogenase (the complex I, NADH;

U/mg prot) and (E) cytochrome c-oxidase (the complex III, NCR; nmol/min/mg

prot). n = 6. Data are mean ± SEM. *P < 0.05 vs. sham group, #P < 0.05 vs.

MI group.

(Figure 2D), Suggesting dioscin alleviated cardiac fibrosis in
infarcted hearts. Additionally, the expression level of heart failure
markers was detected in hearts, including natriuretic peptide
A (Anp), natriuretic peptide B (Bnp) and beta-myosin heavy
chain (β-Mhc). It showed that the increased levels of Anp, Bnp
and β-Mhc mRNA levels in heart tissues from infarcted mice
were suppressed by dioscin administration (Figure 2E). These
results indicate that dioscin administration preserved the cardiac
function by alleviating cardiac fibrosis after MI.

Dioscin Prevents Cardiac Remodeling in
MI Mouse Model
Considered the recovery of cardiac function occurs in infarcted
hearts after disocin administration, cardiac remodeling was
measured. There is no significant difference of heart rate
among these four groups (Figure 3A). It was consistent with
previous report that infarction increases left ventricular mass.
Such increase was significantly repressed after administration of
dioscin (Figure 3B). Other cardiac structure parameters, such
as left ventricular posterior wall end-diastolic thickness (LVPW;
d), left ventricular inner diameter end-diastolic thickness (LVID;
d), left ventricular septum (IVS), and left ventricular end-
systolic volume (LV Vol; d) were also sufficiently persevered
after dioscin administration in infarcted hearts (Figures 3C–F).
Additionally, mice subjected to MI showed a significant
increase in heart weight/body weight (HW/BW) ratio and heart
weight/tibia length (HW/TL), which could be ameliorated by
dioscin e (Figures 3G,H). These results demonstrate that dioscin
attenuated MI-induced heart remodeling.
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FIGURE 5 | Dioscin modulates mitochondrial antioxidant status. (A) Representative images of DHE in heart section and its qualification, bar = 50µm (n = 3). The

antioxidant enzymes of (B) superoxide dismutase (SOD; U/mg prot), (C) catalase (CAT; U/mg prot), (D) peroxidase (GPx; U/mg prot), (E) glutathione-S-transferase

(GST; U/mg prot), and (F) glutathione (GSH; U/mg prot) (n = 6). (G) Representative images of DHE in H9C2 cells and its quantification, bar = 50µm (n = 3). Data are

mean ± SEM. *P < 0.05 vs. sham group, #P < 0.05 vs. MI group.

Effect of Dioscin on the Activities of
Mitochondrial Kreb’s Cycle in Heart After
MI
The impaired function of creatine kinase and decreased
mitochondrial respiration are often observed in myocardium
after pathological injury, including myocardial infarction and
hypertrophy (19, 20). In attempt to explore the effect of dioscin in
the process of energy metabolism, the activities of mitochondrial
enzymes were measured in mice hearts. The activities of
isocitrate dehydrogenase (ICDH), succinate dehydrogenase
(SDH) and malate dehydrogenase (MDH) in mitochondria were
significantly downregulated in the infarcted hearts compared
to the sham group (Figures 4A–C). The activities of these
enzymes were remarkable enhanced by treatment with dioscin
in MI group (Figures 4A–C). These proved the beneficial role of
dioscin on Kreb’s cycle enzymes, which are the major source of
ATP production in the cells. We further examined the activities
of respiratory chain enzyme responsible for the synthesis
of ATP. The activities of nicotinamide adenine dinucleotide

dehydrogenase (NADH) (the Complex I) and cytochrome c-
oxidase (the Complex III) were significantly reduced in the
mitochondrial isolated from cardiac tissues obtained from the
mice subjected to MI. Conversely, the decline was inhibited by
treatment with dioscin (Figures 4D,E). Overall, these findings
suggest that dioscin promotes the activities of mitochondrial
Kreb’s cycle in myocardial infarction.

Dioscin Modulates Mitochondrial
Antioxidant Status in Heart
In the infarcted hearts, subcellular organelles undergo stress
caused by the released of reactive oxygen species (ROS) from
mitochondria. Hence, prevention of ROS accumulation in the
subcellular compartments are essential for the restoration of
the normal cardiomyocyte function. Representative images of
dihydroethidium (DHE) staining showed that dioscin attenuated
the increase of ROS in response to MI surgery (Figure 5A).
We further detected the expression of antioxidant enzymes
in mitochondria. Consistently, the activities of superoxide
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dismutase (SOD), catalase (CAT), glutathione peroxidase
(GPx) and glutathione-S-transferase (GST) were declined
in the animals subjected to MI, but recovred after dioscin
treatment (Figures 5B–E). The decrease in the endogenous
antioxidant defense enzyme system was corroborated
to a diminished glutathione (GSH) content (Figure 5F).
Similarly, the ROS accumulation was measured in H9C2 cells.
Consistent with in vivo experiments, dioscin suppressed the
enhancement of ROS caused by CoCl2 (Figure 5G). These
results confirmed that dioscin abrogated the oxidative stress,
enhancing the endogenous antioxidant defense system. Taken
together, our study demonstrates that dioscin protects heart
dysfunction against myocardial infarction by suppressing the
oxidative stress.

DISCUSSION

In this study, the activities of antioxidant enzymes were
obviously enhanced by treatment of dioscin to further
eliminate the production of ROS. Herein, dioscin alleviated
cardiac dysfunction in mouse model of MI via mitochondrial
protection. In detail, dioscin speeds up the Kreb’s cycle by
up-regulating the activities of enzymes in mitochondrial. Our
study further confirmed the therapeutic effect of dioscin in mice
infarcted/hypoxic modelshearts and provided the promising
administration of dioscin for heart diseases in clinics.

It has been reported that the mitochondrial ROS
could be an index of oxidative stress in hearts. Notably,
mitochondrial ROS (mtROS) is the main resource of
oxidative stress. Previous studies showed dioscin protects
against pulmonary injury by inhibition of the mtROS by
activating autophagy (12). Dioscin also activates NRF2 and
SIRT2 signal pathway to suppress ROS in doxorubicin-
induced cardiotoxicity (21). Moreover, dioscin preventing
the accumulation of ROS via activating FXR/LKB1 signal
in ischemia/reperfusion injury (22). Although dioscin could
improve mitochondrial function in pathological condition,
whether it is involved in Kreb’s cycle of mitochondria
remained unclear.

The Kreb’s cycle is a series of complex chemical reaction,
which is occurred in organisms to generate energy (23).
We detected the essential enzyme activities in mitochondrial
Kreb’s cycle and respiratory chain, which were enhanced after
diosicin administration against the infarction/hypoxia injury.
The selective accumulation of the citric acid cycle intermediate
succinate is a typical metabolic issue after infarction in a range
of tissues, responsible for the accumulation of mitochondrial
ROS production after reperfusion (23). The in vivo reduction
in the activities of Kreb’s cycle in infarcted hearts may
represent at an early maladaptive phase in the metabolic

alterations after MI (24). It has been reported that high-
throughput liquid chromatography-mass spectrometry (LC-
MS)-based metabolomics demonstrate that dioscin could be
associated with gluconeogenesis, Kreb’s cycle, and butanoate
metabolism (24). Consistently with the previous results, we
further confirmed that dioscin is involved with Kreb’s cycle.
However, the insight underlyingmechanism between disocin and
Kreb’s cycle requires further study.

Many studies showed that dioscin could, prevent
infarction/hypoxia-induced apoptosis via down-regulating
the Bax expression (25). Furthermore, dioscin is presented
as a therapeutic nature product to maintain mitochondrial
membrane potential (26). Our study suggested that the
mitochondrial member potential was protected by dioscin
administration in response to infarction/hypoxia, and further
suppressed the apoptosis of cardiomyocytes.

In summary, the findings of current study indicate the
cardioprotective role of dioscin against cardiac injury by
suppressing the production of ROS in mitochondria, enhancing
the activities of Kreb’s cycle enzymes and respiratory chain
complexes, and maintaining the structure and function of
mitochondria. Our study could help to better understanding
the mechanism underlying the dioscin treatment of infarcted
heart diseases.
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Myocardial infarction (MI), one type of ischemic heart disease, is a major cause

of disability and mortality worldwide. Currently, extracellular vesicles (EVs) derived

from adipose-derived stem cells (ADSC) have been proven to be a potentially

promising therapeutic treatment for MI. However, the inconvenience of isolation, the

low productivity, and the high cost of EVs greatly limits their application in clinic.

In this study, we constructed novel biomimetic ADSC-derived nanovesicles (ADSC

NVs) to achieve cell-free therapy for MI. Here, we firstly developed a novel Mel@NVs

delivery system consisting of engineered ADSC NVs with melatonin (Mel). Then, the

characterization and properties of Mel@NVs were performed. The effect of Mel@NVs

on cellular oxidative stress and myocardial infarction repair was conducted. The results

showed that Mel@NVs treatment under ischemia mimic condition reduced cell apoptosis

from 42.59± 2.69% to 13.88± 1.77%. Moreover, this novel engineered Mel@NVs could

ameliorate excessive ROS generation, promote microvessel formation, and attenuate

cardiac fibrosis, which further alleviates mitochondrial dysfunction and finally enhance

myocardial repair. Hence, the engineered NVs show a potential strategy for MI therapy.

Keywords: myocardial infarction, melatonin, biomimetic nanovesicles, mitochondrial function, reactive oxygen

species

INTRODUCTION

Myocardial infarction (MI), one type of ischemic heart disease (IHD), is the leading cause of
disability and mortality worldwide (1). Myocardial injury is the most important factor which
results in MI. Evidence has demonstrated that oxidative stress is an important pathophysiological
mechanism ofmyocardial injury, and the production of excessive reactive oxygen species (ROS) can
impair cell function and vitality (2, 3). Therefore, improving the survival rate of cardiomyocytes and
inhibiting the production and accumulation of reactive oxygen species may be essential to improve
the prognosis of ischemic diseases. Recent studies have shown that the application of antioxidant
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drugs could attenuate oxidative stress efficiently. Researchers
have revealed that melatonin can resist oxidative stress damage
in a variety of ways, including direct detoxification and indirect
enzymatic hydrolysis of reactive oxygen species (4–7). In fact,
melatonin is an indole heterocyclic compound secreted by the
pineal gland (8, 9). For its antioxidative purpose to use in diseases,
melatonin was also known as the antioxidant drug because of its
efficacy on myocardial injury, which has been verified by several
studies (10, 11). However, the half-life of the drug in the body
is relatively low, which affects the actual therapeutic effect and
causes side effects. Therefore, various nano-delivery carriers have
been developed to carry drugs and deliver them to the injured site
(12, 13). Unfortunately, the application of nanocarriers for drug
delivery is limited due to their immunogenicity and toxicity, low
loading capacity, and biodistribution problems (14, 15).

Recently, considerable progress has been concentrated on
EVs. EVs are natural microvesicles secreted by many cell
types with excellent biocompatibility, low cytotoxicity, immune
inertness, and long-term circulation capabilities (16, 17). Due
to their nano-scale size and excellent biocompatibility, EVs
have been considered as natural carriers used in drug delivery
applications (18, 19). Compared with commonly used synthetic
carriers, the high biocompatibility of EVs makes them an
ideal choice for drug delivery without causing adverse pro-
inflammatory and immune responses. In addition to its unique
characteristics, EVs are also enriched with specific components
such as proteins, mRNAs, andmiRNAs from parent cells, thereby
playing critical roles in various physiological and pathological
processes to transplant the natural biological functions of original
cells, for example, cell proliferation, differentiation, and virus
spreading, which can be directly used to treat many diseases
(20, 21). Moreover, EVs derived from mesenchymal stem cells
(MSC), such as bone marrow mesenchymal stem cells (BMMSC)
and ADSC, have the capacity to enhance heart function after MI
because EVs are rich in miRNAs (22, 23). MSCs derived EVs’
miR-143-3p could reduce cardiomyocyte apoptosis by inhibiting
chk2-beclin2 pathway to regulate autophagy (24). Meanwhile,
ADSC-derived EVs overexpressing in microRNAs were studied
to observe whether they have a better protective effect on
MI, including miR-126 and miR-146a (25, 26). Therefore, EVs
derived from adipose-derived mesenchymal stem cells not only
have their own therapeutic effects but also have the advantages
of rich sources and convenient access (27). However, the current
extraction and purification of EVs and production efficiency
have certain limitations, which hinder the possibility of EVs
being used in clinical treatment. Recently, EVs mimicking
nanovesicles (NVs), which have similar size and composition
to EVs, have been harvested by continuously extruding cells
through a microfilter (28, 29). EVs obtained by extruding the
cells can not only retain the biological factors of the stem
cells themselves but also greatly increase the productivity of
the vesicles.

In this study, we constructed novel biomimetic ADSC-
derived nanovesicles (ADSC NVs) to achieve cell-free therapy
for MI. Here, we firstly developed a novel system consisting
of engineered ADSC NVs with melatonin (Mel). NVs with
controllable dimensions and high yield were harvested by

continuously extruding ADSCs through filters with different
pore sizes. Then the melatonin was loaded into the NVs by
sonication to fabricate melatonin engineered NVs (Mel@NVs).
Next, Mel@NVs was conducted to test its cardiac protective effect
on cells andMImicemodel both in vitro and in vivo, respectively.
The ROS levels, apoptotic rate, histological morphologies, cardiac
functions, and neovascularization were analyzed in this study.

MATERIALS AND METHODS

Animals
C57BL/6j male mice (Adult, n = 40, 8 weeks old, 22–25 g,
specific-pathogen-free) were obtained from SPF Biotechnology
Co., Ltd. (Beijing, China). All operations were conducted
under the Guidance of National Institutes of Health for the
Care and Use of Laboratory Animals and acclaimed by the
Ethics Committee of the Chinese People’s Liberation Army
General Hospital.

Animals Grouping and Myocardial
Infarction Model
The total animals were randomly divided into four groups (n
= 10 each): (i) Sham surgery group (Sham group); (ii) MI +
PBS group (MI group); (iii) MI + NVs group (NVs group);
(iv) MI+Mel@NVs (Mel@NVs group). The ligation of the left
anterior descending (LAD) artery was performed to establish
the myocardial infarction (MI) model. Finally, mice were
anesthetized by inhalation of isoflurane and received mechanical
ventilation. LAD artery was received permanent ligation with a
6-0 silk suture after left thoracotomy. When the left ventricle
(LV) had pale discoloration and an elevation of the ST segment
on electrocardiographic (ECG) was recorded, it is confirmed that
the vessel was successfully occluded. Mice in the sham-operated
group were only performed thoracotomy without ligation. Then,
NVs andMel@NVs in 20 µl PBS were injected intramyocardially
at three various portions in the area of the infarcted myocardium
with a 30-gauge needle. MI group animals were injected with the
same volume of PBS for control.

Cell Culture
Adipose-derived stem cells (ADSC) were obtained by the
Department of Orthopedics, Peking University People’s Hospital
(acquired from Cellular Biomedicine Group). ADSCs were
cultured in Growth Medium for Human ADSCs (Cyagen
Biosciences, Suzhou, China). The H9C2 cell line was obtained
from Procell Life Science & Technology (Wuhan, China). This
type of cell was cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Hyclone, Logan, Utah, USA) added with 10% fetal
bovine serum (FBS, Gibco, USA) and 1% antibiotic (Invitrogen,
CA). All assays were expressed in a humidified environment full
with 5% CO2 at 37

◦C.

Establishment of H/SD Cell Models in vitro
The hypoxia/serum deprivation (H/SD) cell model was
established by hypoxia/serum deprivation. In short, H9C2 cells
were cultured in Hanks buffer for 24 h and cultured in a 37◦C
hypoxic environment (1% O2, 5% CO2, and 94% N2). The
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control cells group were normally cultured in 95% air and 5%
CO2 for an equal time.

Characterization of ADSCs
The surface specific markers of ADSC were analyzed by flow
cytometry (FACS-Calibur, BD Biosciences, California, USA).
The adipogenic, osteogenic, and chondrogenesis differentiation
of ADSCs were conducted for confirming ADSCs’ multi-cell
differentiation ability. The morphologic images of cells were
obtained using an optical microscope (Olympus Corporation,
Tokyo, Japan).

Preparation of NVs
ADSCs were washed three times with cold PBS and harvested by
cell scrapers and then suspended in PBS with a concentration of
at least 1 × 106 cells/ml. The cell suspensions were sequentially
extruded through 1µm, 400 nm, and 200 nm polycarbonate
membrane (Whatman Inc, USA) using a mini-extruder (Avanti
Polar Lipids) five to six times. Here, we defined the extruded
vesicles as nanovesicles (NVs). The harvested NVs were diluted
in PBS and stored at−80◦C.

Characterization of NVs
The zeta-potential, size distribution and concentration of NVs
were measured using ZetaView (Particle Metrix, Germany). The
morphologic images of NVs were observed via transmission
electron microscopy (TEM, JEM-2000EX, Japan). The number of
proteins in the NVs was analyzed using total proteins using the
BCA Protein Assay Kit (Solarbio, China). The number of specific
EV proteins included were observed by western blot.

Melatonin Loading Into NVs
Melatonin was loaded into the NVs (1mL) and the fluid solution
was conducted under ultrasonic treatment (30) (20% amplitude,
7 cycles, 15 s on/off, 180 s duration, 120 s cooling period between
each cycle). After sonication, the mixture was then cultured
at 37◦C for 240min to allow for recovery of the nanovesicle
membrane to form Mel@NVs. Mel@NVs were obtained by
ultrafiltration and excessive freemelatonin was removed from the
supernatant. The loading efficiency of melatonin encapsulated
into nanovesicles was measured via high-performance liquid
chromatography (HPLC, LC-20AD, Shimadzu, Japan).

Cellular Uptake of Mel@NVs
For observing nanovesicles tracing in H9C2 cells, nanovesicles
were labeled with PKH26 (Sigma Aldrich, USA) by dying with
the staining applied according to the manufacturer’sinstructions.
H9C2 cells incubated in a confocal cell dish were cultured with
PKH26-dyed nanovesicles for 4 h and washed with PBS. Then,
cells were treated with 4% paraformaldehyde for 10min and
rinsed with PBS. After rinsing, 0.5% triton X-100 was used to
permeabilize cells for 300 s, and then PBS was used to wash cells.
Cells were subsequently stained with FITC-phalloidin (Solarbio,
China) for 30min and rinsed with PBS. Finally, cells nuclei
were labeled with DAPI (Beyotime, China). Cellular uptake of
the nanovesicles was obtained by using a confocal microscope
(Nikon, Japan).

Detection of Cellular and Mitochondrial
ROS
The quantity of cellular ROS production was detected by
dihydroethidium (DHE, Beyotime, China) staining in line with
the manufacturer’s instructions. In brief, cells were cultured
with 1mM DHE probe for 30min in darkness at 37◦C, and
then rinsed with PBS three times and subsequently observed.
The quantity of mitochondrial ROS production was determined
by mitochondrial superoxide indicator (MitoSOX, Invitrogen)
corresponding to the instructions. In short, cells were rinsed
twice with PBS and loaded with the probes (4µM) for 10min
in the dark atmosphere at 37◦C. Then cells were rinsed twice
and stained with DAPI. The images were then captured by a
confocal microscope (Nikon, Japan). The fluorescence of DHE or
mitoSOX was analyzed according to previous studies (21, 31, 32).
In general, these obtained fluorescence images were run and
calculated via Image J software.

Cytokines Measurement
Cell supernatant was collected in cold conditions. Enzyme-
linked immunosorbent assay (ELISA) was performed in
accordance with the manufacturer’s instructions to measure
the level of anti-inflammatory cytokines (TGF-β and IL-10)
and pro-inflammatory cytokines (IL-6 and TNF-α) (Xi-Tang,
Shanghai, China).

Western Blot
Cells were rinsed with pre-cooling PBS three times and scraped
and then lysed with RIPA (Solarbio, China) containing 1mM
phenylmethylsulfonyl fluoride (PMSF, Beyotime) on ice for
10min. After centrifugation at 12,000 rpm for 10min at 4◦C,
the supernatant was obtained and the quantity of protein was
analyzed by BCA Protein Assay Kit (Solarbio, China). The
protein extract was separated by 12% SDS-PAGE at 150V for
60min then transferred to the PVDF membrane under 200mA
current for 60min. Under blocking, the membrane was cultured
with the primary antibody for 8 h at 4◦C, washed with TBST, and
treated with a suitable secondary antibody for 60min at room
temperature and rinsed with TBST. The immunoblotting was
observed using an ECL substrate kit (Millipore, Germany). The
using antibodies included Bax antibody (1:1,000, Cell Signaling
Technology (CST), USA), Bcl-2 antibody (1:1,000, CST, USA),
and β-actin antibody (1:5,000, Proteintech, USA).

Flow Cytometry Assay
Cells were harvested and blown for 5min to obtain a single-
cell suspension, washed with cold PBS three times. Then,
cells were cultured with Annexin V-FITC/binding buffer
solution for 30min in the dark atmosphere. Finally, the
mixture was incubated with PI buffer for 10min in line
with the manufacturer’s instructions (BD Biosciences, USA).
The apoptosis and necrosis rate of cells were analyzed by
flow cytometry.

Echocardiogram Detection
All mice were examined by echocardiography 4 weeks after the
operation. After the mice were inhalation-anesthetized, heart
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FIGURE 1 | Characterization of ADSCs and ADSC-derived biomimetic nanovesicles. (A) The morphology of ADSCs by using a microscope. Scale bar = 200µm.

(B–D) Osteogenic, adipogenic, and chondrogenic differentiation of ADSCs. Scale bar = 200µm. (E) Analysis of flow cytometry indicating surface markers of ADSCs.

(F) The characteristic image of ADSC-derived biomimetic nanovesicles under TEM. Scale bar = 100 nm. (G) Western blot analysis of nanovesicles’ positive markers

including CD9, CD63, CD81, Hsp70, and TSG101. Calnexin was used as the negative control. (H,I) Size distribution and zeta potential of nanovesicles.

function was measured by echocardiography. M-mode images
and left ventricular ejection fraction (LVEF) were measured.
All operations and analyses were performed by an experienced
researcher who was unaware of the experimental group.

Heart Tissue Immunofluorescence Staining
The left ventricle including theMI area was embedded in paraffin.
Hematoxylin-Eosin (H&E) staining and Masson staining were
performed separately. An optical microscope (Olympus, Japan)
was used to analyze the morphological changes of the nucleus
and cytoplasm around the MI marginal zone in H&E staining.
Masson staining observed collagen scar tissue and myocardial
fibrosis at 4 weeks postoperatively. Immunofluorescence staining
with anti-CD31 antibody (Abcam, USA) was used to examine
the formation of new blood vessels in the sections. The density
of microvessels was analyzed as the number of vessels per field
under microscope according to Lin’s previous study (11).

Statistical Analysis
All experimental data were expressed as mean ± SEM. Student’s
t-test was used for comparison between two groups, and one-way
ANOVA was performed for multiple comparisons among more
than two groups. These data were analyzed and processed by
GraphPad Prism 9.0 (GraphPad Software, San Diego, California).

When the P-value was < 0.05, the differences were considered
statistically significant.

RESULTS

Characterization of ADSCs and
ADSC-Derived NVs
The morphology of ADSCs was observed using an optical
microscope (Figure 1A). The multipotential differentiation
properties of ADSCs were confirmed through osteogenesis,
adipogenesis, and chondrogenesis experiments in response
to appropriate inducement (Figures 1B–D). To gain further
understanding of ADSCs, the immunophenotype of the ADSCs
was detected by flow cytometry. The positive markers were
CD90 and CD29, meanwhile, the negative markers were CD34
and CD45 (Figure 1E); these features confirmed that the
cells were ADSCs. Next, we prepared NVs by continuously
extruding ADSCs. The morphological image of nanovesicles
derived from ADSCs was then observed by TEM, and the
obtained nano-vesicles showed a morphology similar to typical
exosomes (Figure 1F). Western blot analysis demonstrated that
NVs expressed exosome-specific markers, namely TSG101, CD9,
CD63, CD81, and Hsp70. In contrast, calnexin was not observed
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FIGURE 2 | Preparation and characterization of Mel@NVs. (A) The characteristic images of NVs and Mel@NVs via TEM. Scale bar = 100 nm. (B,C) Size distribution

and zeta potential of Mel@NVs. (D) HPLC analysis of loading efficiency. A different amount of melatonin was added into NVs (10 µg). The loading was sonicated when

40 µg melatonin was added. The results represented the mean ± standard deviation (n = 3).

in isolated exosomes (Figure 1G). Moreover, the average size of
NVs was 141.7 ± 59.2 nm (Figure 1H), and the value of zeta
potential in NVs was−41.1 mV (Figure 1I).

Preparation and Characterization of
Mel@NVs
Next, we loaded melatonin into NVs by sonication. Figure 2A
showed that the morphology of Mel@NVs was similar to that of
NVs, with a characteristic cup-shaped structure. The average size
of Mel@NVs was 142.9 ± 60.4 nm, which was compared to that
of NVs (144.6 ± 59.3 nm) (Figure 2B). Meanwhile, the values
of zeta potential (Figure 2C) in Mel@NVs and NVs were −41.5
and −37.9mV, respectively. Moreover, high-performance liquid
chromatography (HPLC) analysis showed that the melatonin
was loaded successfully, and the loading capacity of Mel was
40.42% (Figure 2D). These results indicated that there were no
big changes in the surface properties of Mel@NVs after loading
melatonin into NVs.

Cellular Uptake and Cardio-Protective
Effects of Mel@NVs in H9C2 Cells
In order to observe the uptake of NVs at a cellular level,
we labeled NVs and Mel@NVs with red-fluorescent protein
PKH26, and labeled the cell cytoskeleton with phalloidin
(green color). H9C2 cells were observed under fluorescence
microscopy after being incubated PKH26-stained NVs and
Mel@NVs (Figure 3A). The fluorescence images showed that
PKH26-labeled NVs and Mel@NVs were taken up by H9C2 cells
and scattered around the nucleus. Even after 24 h of hypoxia
treatment, Mel@NVs can still be taken up by cardiomyocytes.
Flow cytometry analysis quantitatively detected the rates of
apoptosis and necrosis in the four groups. The apoptotic and
necrotic rate of cardiomyocytes was significantly reduced in the

Mel@NVs treatment group (13.88 ± 1.77%) compared to that
in H/SD treatment group (42.59 ± 2.69%) and NVs treatment
group (27.56 ± 3.04%). In order to analyze mitochondrial
apoptotic effect, western blotting was performed to detect
mitochondrial apoptosis-related proteins, such as Bax and
Bcl-2. The western blot results demonstrated that Mel@NVs
significantly down-regulated pro-apoptotic protein (Bax) and
up-regulated anti-apoptotic protein (Bcl-2). Furthermore, the
levels of anti-inflammatory factors (such as TGF-β and IL-10)
and pro-inflammatory factors (such as IL-6 and TNF-α) were
analyzed by ELISA assays. As shown in Figure 3, compared
with the H/SD group, NVs and Mel@NVs groups both showed
higher levels of anti-inflammatory cytokines, but the lower level
of pro-inflammatory cytokines, indicating the effective anti-
inflammatory properties of Mel@NVs on cardiomyocytes under
ischemia mimic condition in vitro. These experiments showed
that Mel@NVs have a better cytoprotective effect than NVs
ascribed to the introduction of melatonin into NVs.

The ROS Scavenge and Mitochondrial
Functional Protection of Mel@NVs in vitro
To observe whether Mel@NVs play a cardio-protective effect
on scavenging ROS, DHE staining was used to detect ROS
levels. Figures 4A–E showed that the red fluorescence intensity,
which represents the level of ROS, was the lowest in the
control group, and the highest in H/SD treatment group. The
fluorescence intensity in the NVs treatment group was lower than
that in H/SD group. Interestingly, Mel@NVs treatment group
showed a significantly reduced intensity than NVs addition.
Moreover, mitoSOX, a mitochondrial ROS detection probe, was
used to observe the production of ROS in mitochondria in
different treatment groups. Figures 4F–J showed that under
H/SD exposure, the level of mitoSOX was the highest compared
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FIGURE 3 | Cellular uptake and cardioprotective effects of Mel@NVs in H9C2 cells. (A) Representative images of NVs and Mel@NVs taken up by H9C2 cells in control

and H/SD conditions. (B) The apoptotic rate of annexin-V/PI staining in different conditions by using flow cytometric detection. (C) The analysis of the quantity of

apoptotic and necrotic cells by flow cytometry (**p < 0.01). (D) Detection of apoptosis-related proteins using Western blotting test. (E) The amount of

anti-inflammatory and pro-inflammatory cytokines using ELISA in H9C2 cells with different treatments (*p < 0.05; **p < 0.01; ns, not significant. n = 3).

to other groups. After the introduction ofMel@NVs, the intensity
of ROS was lower than that in the NVs treatment group. All
the above data showed that Mel@NVs could reduce cellular and
mitochondrial oxidative stress effects, which might be a novel
cardioprotective drug platform for MI.

Therapeutic Effects of Mel@NVs in MI
Model
In order to evaluate the potential cardioprotective effects of
Mel@NVs in vivo, NVs and Mel@NVs were micro-injected
directly into the myocardium of MI mice model. To confirm
whether Mel@NVs inhibited cell apoptosis in vivo, TUNEL
staining was used. As shown in Figure 5A, compared with
the MI group, TUNEL-positive cells were significantly reduced
in the heart sections of Mel@NVs injected-mice (Figure 5B).
After 4 weeks, the cardiac function after myocardial infarction
was measured by M-mode echocardiography (Figure 5C), and
EF% and FS% were evaluated (Figures 5D,E). Compared
with the MI group, the levels of EF% and FS% of mice
injected with Mel@NVs increased significantly after MI. In
addition, the reduction in myocardial remodeling and fibrosis
assessed by H&E staining and Masson staining were observed
among groups (Figures 6A,B), demonstrating that Mel@NVs
treatment could reduce cardiomyocyte fibrosis. In addition,
angiogenesis is an important factor that indicates the repair
of ischemic myocardium. Therefore, we performed CD31-
stained assay to observe the neovascularization. Compared

with MI mice, Mel@NVs treatment significantly increased the
expression level of CD31 (Figures 6C,D). According to the above
experiments, Mel@NVs showed effective cardioprotection in
infarcted hearts by reversing functional decompensation and
pathological remodeling.

DISCUSSION

In this study, we first obtained nanovesicles derived from
ADSC by continuous extrusion method, and then successfully
constructed melatonin engineering biomimetic nanovesicles
after sonication. Both in vitro and in vivo experiments have
illustrated that Mel@NVs could reduce oxidative stress and
improve myocardial injury repair effect.

Previous studies have shown that the obstructed vessels were
unable to supply blood to the heart and then caused MI, leading
to massive death of myocardial cells, followed by inflammation
and oxidative stress (33, 34). The infarcted microenvironment
full of inflammation and oxidative stress were the main reasons
for the low survival rate of cardiomyocytes. The abnormal
mitochondrial metabolism caused by excessive reactive oxygen
species (ROS) severely affects the health of mitochondria in
cardiometabolic diseases such as MI (35). Therefore, inhibiting
oxidative stress has been proven to reduce cardiomyocyte
apoptosis and alleviate cardiac dysfunction (36).

Melatonin has been reported to reduce cell injury in
oxidative stress environments by neutralizing free produced
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FIGURE 4 | The effect of Mel@NVs on reactive oxygen species levels in H/SD condition. (A–D) The ROS levels in cells by using DHE probe and the images were

obtained using fluorescence microscopy. Scale bar = 200µm. (E) The quantification of the DHE fluorescence intensity is shown in a bar graph (*p < 0.05 v.s. control;

#p < 0.05 v.s. H/SD treatment; &p < 0.05 v.s. NVs treatment). (F–I) The oxygen species levels in mitochondria were observed by using a Mito-SOX probe and the

images were obtained using confocal laser scanning microscopy. Scale bar = 25µm. (J) The quantification of Mito-SOX fluorescence intensity is detected in different

assays (*p < 0.05 v.s. control; #p < 0.05 v.s. H/SD treatment; &p < 0.05 v.s. NVs treatment). The results represented the mean ± standard deviation (n = 3).

radicals (37). This drug is anti-apoptotic, anti-inflammatory,
and is widely used in many diseases, including ischemic heart
disease (38). Previous literature has shown that melatonin can
reduce the production and accumulation of ROS, maintain the
structural integrity of mitochondria to protect mitochondria
from ischemic damage (39). Moreover, melatonin can play a
cardioprotective effect with its antioxidant activity and ability
to inhibit neutrophils in myocardial tissue (40). However, its
application in the treatment of MI has been limited because of
the low half-life in the body. In our study, we used a simple
but effective strategy to encapsulate melatonin into biomimetic
stem cell-derived nanovesicles to fabricate a novel engineered
Mel@NVs delivery system.

In recent years, extracellular vesicles (EVs) from various
types of cells have been obtained and further applied in many
diseases. EVs are natural membrane vesicles that participate in
cell-to-cell communication (41). In addition to being loaded with
complex cargo from parental cells, including proteins, mRNAs,
microRNAs (miRNAs), and additional macromolecules, EVs
have become attractive candidates for drug delivery applications

for transferring their contents to recipient cells through
endogenous uptake (42, 43). However, the current common
method for extraction and purification of EVs is complicated
and time-consuming, which limits their application in clinic.
In this study, a serial-filters extrusion approach was conducted
and NVs were obtained which possessed the morphologies and
characteristic biomarkers of EVs, in line with previous studies.
Next, Mel@NVs were designed by using a method of loading
melatonin into nanovesicles via ultrasonic treatment. The results
showed that Mel@NVs were successfully fabricated and the
productivity of drug-loaded vesicles was higher.

In order to detect the effect of Mel@NVs on ROS, we used
a hypoxia and serum deprivation (H/SD) environment, which
could represent an oxidative stress condition. Mel@NVs could
reverse the apoptotic rate after H/SD treatment, reduce pro-
inflammatory factors, and promote anti-inflammatory cytokines,
indicating that this novel Mel@NVs system could establish a
protective milieu for cardiomyocytes under ischemia mimic
condition in vitro. In addition, the DHE staining and mitoSOX
experiments were performed and the results showed that the

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 March 2022 | Volume 9 | Article 789203210

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Zhang et al. Mel@NVs Improve Infarcted Heart Repair

FIGURE 5 | Apoptotic effect and cardiac function at 4 weeks after MI treatment in mice. (A) Representative fluorescence images of TUNEL-stained myocardial

sections. The images showed TUNEL-positive cells (green color), myocardium stained with monoclonal antibody cTnI (red color), and total nuclei stained with DAPI

(blue color). Scale bar = 20µm. (B) M-mode echocardiography for heart function evaluation. (C) The quantification of representative TUNEL-positive apoptotic cells

(**p < 0.01). The results represented the mean ± standard deviation (n = 5). (D) The ejection fraction rate (EF%) standing for heart function is presented as a bar

graph (**p < 0.01). The results expressed the mean ± standard deviation (n = 5). (E) The fractional shortening (FS%) standing for heart function is represented as a

bar graph (*p < 0.05; **p < 0.01). The results represented the mean ± standard deviation (n = 5).

levels of ROS in cells and mitochondria were significantly
reduced in the Mel@NVs treatment than that in NVs treatment.
In vivo experiments showed that Mel@NVs treatment was
able to reduce cardiomyocyte apoptosis and fibrosis, most
importantly, promote the formation of microvessels, and finally
improve cardiac functional recovery. Therefore, our strategy
of combining melatonin and stem cell-derived NVs can not
only inhibit oxidative stress and protect mitochondrial function
through melatonin, but also use the vesicle’s own protein and
other nutritional factors to improve the microenvironment and
ameliorate myocardial infarction.

In fact, previous studies have demonstrated that EVs not
only possess the function of a drug carrier, but themselves
also have anti-apoptotic effects used to treat animals in
myocardial infarction inherited from their parental cells
including ADSCs. EVs released by human cardiac progenitor
cells have cardioprotective effects and improve cardiac function
after myocardial infarction to the same extent as their parental
cells. EVs derived from cardiac progenitor cells are rich
in cardioprotective microRNAs, especially mir-146a-3p (44).
MiRNAs are small, non-coding RNAs that regulate gene
expression in a sequence-dependent manner (45). They play
an important role in cell proliferation, differentiation, and even
tumorigenesis and development (46). In recent years, studies
have demonstrated that miRNAs are dysregulated in response to
ischemic injury of the heart and actively contribute to cardiac
remodeling after MI (47). There was a paper published in 2012
indicating that the therapeutic targeting of miR-15 in mice
reduces infarct size and cardiac remodeling and enhances cardiac
function in response to MI (48). Moreover, EVs of miR-126
overexpressing ADSCs reduce H9C2 cells damage by reducing

the expression of inflammatory factors during hypoxia induction.
Under hypoxic conditions, they can reduce the expression
of fibrosis-related proteins in H9C2 cells and significantly
promote the generation and migration of microvessels. It was
confirmed that EVs rich in miR-126 can significantly reduce the
myocardial injury area of infarction in vivo studies. These results
demonstrated that ADSC-derived EVs overexpressing miR-126
could prevent myocardial injury by protecting cardiomyocytes
from apoptosis, inflammation and fibrosis, and increasing
angiogenesis (25). It was confirmed MSC-derived EVs can
polarize M1 macrophages to M2 macrophages in vivo and
in vitro experiments. MiRNA sequencing and bioinformatics
analysis of MSC EVs suggest that miR-182 is a valuable
candidate mediator for macrophage polarization. Reducing mir-
182 in MSC EVs could partially weaken its regulation of
macrophage polarization. Administration of MSC EVs to mice
by intramyocardial injection after myocardial I/R reduced infarct
area and alleviated Inflammatory levels in heart and serum. The
results showed that MSC EVs changed the polarization state of
macrophages through miR-182 and offered a novel method to
reduce myocardial I/R injury in mice (49). MiRNAs could not
only promote or inhibit cardiomyocyte death but also regulate
angiogenesis after ischemia. MiRNAs that possess stem cell or
progenitor cell-mediated cardioprotection can regulate cardiac
regeneration so that they have great therapeutic potential in the
treatment of acute myocardial infarction. For us, it is necessary
to further explore the miRNAs that play a protective role against
myocardial injury in stem cell-derived EVs and its underlying
mechanism in the future.

Besides those above-mentioned EVs containing miRNAs
possessing cardioprotection, the application of EVs as
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FIGURE 6 | Histological evaluation of the effect of Mel@NVs in MI model at 4 weeks after MI in mice. (A) H&E staining in different groups. (B) Masson’s trichrome

staining in different groups. (C) Representative immunohistochemical dyed for CD31-positive cells in different groups (red color), and DAPI (blue color). (D) Quantitative

analysis of micro-vessels in different groups (**p < 0.01). The results represented the mean ± standard deviation (n = 5).

biomimetic drug carriers has become a significant research
hotspot. EVs contain several desirable properties: the inherent
ability to carry bioactive substances including proteins; immune
tolerance with great biocompatibility; ideal stability in body
fluids; natural targeting characteristics of cells; and the ability to
cross biological barriers (41, 50). On the other hand, the tiny size
of EVs provides favorable benefits for drug delivery, including
reducing phagocytosis of circulating monocytes and passive
accumulation to diseased tissues through imaged blood vessels
(51). The unique characteristics of EVs promote the development
of EVs based drug carriers in clinic. So far, no EV based therapies
are available on the clinical application. Nevertheless, a few
clinical trials were designed to explore the safety of EVs as
drug delivery carriers. A phase I clinical trial (nct01294072) is
currently being studied to explore the ability of plant-derived
exosomes to deliver curcumin to normal and colonic tissues
for the treatment of colon cancer. In another ongoing phase
II clinical trial (nct01854866), the safety and efficacy of using
tumor cell-derived exosomes as chemotherapeutic drug carriers
in the treatment of malignant ascites. The above clinical trials
have proved that autologous administration based on EVs as
drug delivery carriers usually encompass no serious toxicity and

adverse side effects, suggesting the safety and feasibility of this
method. Biomimetic nanotechnology can create drug delivery
systems similar to EVs. Extrusion technology can produce
nanovesicles, which have the ability to produce vesicles more
efficiently, and this method is highly biomimetic (52–54). In our
study, the application of Mel@NVs has a significant therapeutic
effect on infarcted myocardium in vitro and in vivo, further
experimental studies are still needed in the future. The obstacle
in the clinical application of NVs is the need for scalable EVs
separation methods and more effective drug delivery methods
for different therapies. Another challenge is to transform NVs
from non-specific organ accumulation to targeted accumulation
in desired tissues. Therefore, exploring new technological
approaches to produce NVs with high targeting efficiency and
safety will be our main research direction in the future.

In summary, our results showed that Mel@NVs protected the
vitality of myocardial cells in vitro by reducing oxidative stress
damage and apoptosis, and infarcted myocardial tissue in vivo.
Through the use of the myocardial infarction model, it has been
confirmed that the designed Mel@NVs play a therapeutic role in
cardiac repair. Therefore, engineered nanovesicles will provide a
potential strategy for the treatment of myocardial infarction.
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Cardiovascular diseases (CVD) are the leading cause of death worldwide, wherein

myocardial infarction (MI) is the most dangerous one. Promoting angiogenesis is a

prospective strategy to alleviate MI. Our previous study indicated that profilin 2 (PFN2)

may be a novel target associated with angiogenesis. Further results showed higher

levels of serum PFN2 and exosomal PFN2 in patients, mice, and pigs with MI. In this

study, we explored whether PFN2 and endothelial cell (EC)-derived exosomal PFN2

could increase angiogenesis and be beneficial for the treatment of MI. Serum PFN2,

exosomes, and exosomal PFN2 were elevated in rats with MI. PFN2 and exosomes

from PFN2-overexpressing ECs (OE-exo) enhanced EC proliferation, migration, and tube

formation ability. OE-exo also significantly increased the vessel number in zebrafish and

protected the ECs from inflammatory injury. Moreover, OE-exo-treated mice with MI

showed improvement in motor ability, ejection fraction, left ventricular shortening fraction,

and left ventricular mass, as well as increased vessel numbers in the MI location, and

decreased infarction volume. Mechanistically, PI3K might be the upstream regulator

of PFN2, while ERK might be the downstream regulator in the PI3K-PFN2-ERK axis.

Taken together, our findings demonstrate that PFN2 and exosomal PFN2 promote EC

proliferation, migration, and tube formation through the PI3K-PFN2-ERK axis. Exosomal

PFN2 may be a valuable target in the repair of MI injury via angiogenesis.

Keywords: angiogenesis, endothelial cells, exosomes, myocardial infarction, profilin 2

INTRODUCTION

Myocardial infarction (MI) is caused by ischemia, a condition referring lack of oxygen delivery to
heart tissues. Ischemic heart disease is responsible for over 9 million deaths in 2016 according to
the World Health Organization estimates (1). MI leads to cardiac myocyte death and subsequent
necrosis of the tissue in the infarcted area, attracting inflammatory cells that phagocytose dead cells
and debris within the infarcted area (2). Infarct size is a major indicator of post-MI remodeling,
subsequent heart failure (3), and eventually prognosis (4–6), and in the longer term, inflammation
contributes to changes associated with an increased likelihood of heart failure and mortality (7, 8).
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GRAPHICAL ABSTRACT | PFN2-overexpressing ECs (OE-exo) treated MI mice showed improvement in infarction volume, cardiac function and motor ability, and

PFN2/ OE-exo significantly enhanced EC proliferation, migration, tube formation ability and angiogenesis.

During MI, cardiomyocytes die as a result of transmural
ischemia (9). One of the most important biological processes
during myocardial healing after ischemic injury is microvascular
angiogenesis, which consists of the development of new blood
vessels from pre-existing vasculature (10). Angiogenesis is
stimulated by increased levels of vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF), which
are released in response to the infarction. Recent study has
shown that the promotion of angiogenesis in the ischemic
region is the promising therapeutic strategies for preventing
MI (11). Researchers found that irisin exerts a therapeutic
effect against myocardial infarction via promoting angiogenesis
(12) and a novel Ca2+ current blocker promotes angiogenesis
and cardiac healing after experimental myocardial infarction
in mice (13). Therefore, it is particularly important to explore
new molecules and therapy pathways that relieving the adverse
effects of inflammation and promoting angiogenesis after
myocardial infarction.

Exosomes can deliver a wide range of functional molecules
such as proteins, RNAs, and genomic DNA (14–16). Evidence
has shown that exosomes deliver bioactive molecules to
endothelial cells (ECs) to induce angiogenesis (17), and
ECs could also release exosomes to mediate the formation
of blood vessels (18). Recent research has highlighted the
significant potential of pericardial fluid- and plasma-derived
exosomes as therapeutic angiogenesis targets in patients with

MI (19, 20). Although exosomes have been shown to play an
important role in angiogenesis (21), our knowledge of cardiac
repair medicated by vascular EC-derived exosomes post MI is
very limited.

Profilin (PFN), a 12–15 kDa actin-binding protein, is
ubiquitously expressed and highly conservative (22). PFNs
participate in many cellular processes such as cell motility,
metabolism, signal transduction and gene transcription (23).
Among PFN Isoforms, profilin 2 (PFN2) has been known to
play key roles in tumor progression. Zhang H et al. found
loss of PFN2 contributes to enhanced epithelial-mesenchymal
transition and metastasis of colorectal cancer (24) and Tang et
al. reported that PFN2 promoting TGF-β-mediated EMT and
increased VEGF expression (25). But the effects of PFN2 on
the function of endothelial cells and inflammation after MI
have been unknown. Most recently, we found that PFN2 and
exosomal PFN2 could promote small cell lung cancer growth
and metastasis as well as tumor angiogenesis (26), we speculated
that exosomal PFN2 might also promote angiogenesis on cardiac
tissue after MI.

In the present study, we hypothesized that MI release
exosomes carrying PFN2, which promotes angiogenesis.
Therefore, we examined the serum of patients with MI and
found that levels PFN2, exosomes, and exosomal PFN2 were
increased during angiogenesis phase. We further demonstrated
that the beneficial function of PFN2 and endothelial exosomal

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 April 2022 | Volume 9 | Article 781753216

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Li et al. Exosomal Profilin 2 Promote Angiogenesis

PFN2 in the proliferation, migration, and tube formation of ECs.
Moreover, exosomal PFN2 derived from ECs has a significant
therapeutic effect in mice with myocardial infarction. We also
revealed that PFN2 were involved in PI3K -PFN2-ERK axis
during angiogenesis.

MATERIALS AND METHODS

MI Patients
According to the period from symptom onset to diagnosis, we
divided the samples into 2–10 h of MI group (n= 30), 8–15 days
after MI group (n= 30), and healthy controls group (n= 24). All
patients provided informed consent and the patient information
is listed in Supplementary Table 1.

Inclusion Criteria

(1) Meet the diagnostic criteria of acute myocardial infarction;
(2) Patients with unconscious disorder can actively cooperate

with medical staff;
(3) Patients who have informed the purpose, method and

significance of the study, voluntarily participated in the study
and signed the informed consent.

Exclusion Criteria

(1) Complicated with serious organ diseases;
(2) Incomplete clinical data.

Myocardial Infarction Models of Mice, Rats
and Pigs
A total of 15 male Wistar rats (230–280 g, 7–8 weeks old)
were utilized in the study. The animals were maintained under
controlled conditions with a temperature of 24 ± 2◦C, humidity
of 55–65%, a 12 h light/dark cycle, and ad libitum access to
standard laboratory diet and water.

Rodent MI Models

Briefly, surgery was performed under isoflurane (2.5%)
inhalation anesthesia and mechanical ventilation. The MI
model was established by performing a left lateral thoracotomy
and ligating the left anterior descending artery (LAD) using a
10-0 suture. The sera were collected before and after surgery
at different time points to evaluate the expression of PFN2,
exosomes, and exosomal PFN2.

The experimental pigs were anesthetized with ketamine and
maintained with isoflurane. kept in the right lateral position, cut
open the left rib 3–4, exposed the main coronary artery of the
heart, ligated between the second and third branches, and the
chest wall was sutured layer by layer after successful myocardial
infarction confirmed by electrocardiogram. Serum samples from
pigs with MI (n = 4) and their corresponding controls (n = 4)
were collected at different time points after MI.

Reagents
RPMI-1640 medium and phosphate-buffered saline (PBS)
were purchased from Hyclone (USA), and Endothelial Cell
Medium was from ScienCell (USA). MTT and DMSO were
purchased from Beyotime (China). PI3K inhibitor LY-294002
and ERK1/2 inhibitor HY-50846 were from MCE (USA). The

various antibodies used in the experiments were obtained from
Abcam (UK).

Isolation of Exosomes
Exosomes were isolated by the salting-out method (Serum)
and ultracentrifugation (Cells culture medium with exosome-
depleted fetal bovine serum). The serum sample was centrifuged
at 2,000 × g for 20min at room temperature to remove cells and
debris. The supernatant was transferred gently to a new tube and
centrifuged again at 10,000 × g for 20min at room temperature
to remove debris. The clarified serum was transferred to a new
tube and 0.5 volumes of PBS and 0.3 volumes of exosomes
isolation reagent were added. The sample was vortexed and
centrifuged at 10,000× g for 5min at room temperature, and the
supernatant was aspirated and discarded. Finally, the tube was
centrifuged for 30 s at 10,000 × g, and the residual supernatant
was discarded by careful aspiration. PBS was added, and the
exosomes were resuspended by vortex. The cell culture medium
was centrifuged at 300 × g for 10min, and the supernatant
was centrifuged at 2,000 × g for 10 min/ 10,000 × g for 30
min/140,000× g for 90min, PBS was added to the pellet, and the
exosomes were resuspended by vortex. Exosomes were identified
by transmission electron microscopy (TEM). Exosomes were
stored at 4◦C within a week or −80◦C within 3 months. In cell
co-culture experiences, the final concentration of exosomes was
10µg/ml. In animal experiences, mice were injected with 50 µg
exosomes mixed in 100 µl PBS.

Immunofluorescence and Masson’s
Staining
After functional analysis, 21 mice with MI, with or without
exosomes were euthanized, and the heart tissues were fixed
in formalin and embedded in paraffin. Immunofluorescence
analysis was performed on 4µm thick myocardial tissue sections.
The sections were incubated with primary antibodies against
PFN2 (Abcam, ab191054, UK) or CD31+ (Abcam, ab24590,
UK). Alexa Fluor 488- or Alexa Fluor 555-conjugated secondary
antibodies (Invitrogen) were added and incubated for 1 h. After
staining with Hoechst 33342 (Sigma-Aldrich) and sealing with an
anti-fade fluorescence mounting medium (Solarbio), the images
were captured.

For Masson’s staining, the samples were treated with
hematoxylin for 5min, with deionized water for 30 s three times,
and with Masson’s dye (HT15, Sigma, USA) for 7min. Then, the
sections were treated with 2% glacial acetic acid solution and 10%
molybdic acid for 5min. After aniline blue staining for 5min and
gradient alcohol washing, neutral gum was used to seal the slide,
and the sample was observed under a microscope.

Exercise Endurance Capacity
A mouse model of MI was established using 21 mice with 7
animals in each group. The experimental procedure was similar
to that of the rat model of MI. On the 5th day after MI, the
animals were randomly divided into three groups and injected
in the tail vein with profilin 2 overexpressing EC-exosomes (OE-
exo), normal EC-exosomes (exo), and saline. After 21 days of
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injection, all animals were subjected to physical fitness (YLS-
10B) and swimming endurance tests. Cardiac function was
evaluated for ejection fraction (EF), fractional shortening (FS),
left ventricular (LV) mass AW, and LV volume as detected by
type-B ultrasonic test.

Echocardiography
The effects of exosomal PFN2 on the cardiac function of MI
mouse were evaluated using a high-frequency ultrasound system
Vevo2100 (VisualSonics, Canada) equipped with a linear array
transducer (MS250, 13–24 MHz). This transducer is specifically
designed for mouse, guinea pigs or other similar sizes of
small animals. During image acquisition, mice were anesthetized
continuously with 2% isoflurane. All animals were placed in
the dorsal recumbent position for ultrasound imaging. Ejection
fraction (EF) and fractional shortening (FS) were detected by
type-B ultrasonic test.

Transmission Electron Microscopy
For identification of exosomes by TEM, samples were fixed in
0.01M PBS (pH 7.4) at 4◦C overnight. After washing with PBS,
the samples were fixed in 1% OsO4 for 30min, rinsed with
distilled water, precipitated and dehydrated in concentration
gradient alcohol, stained with 1% uranyl acetate for 30min, and
finally embedded in TAAb812. After polymerization at 60◦C
overnight, the precipitate was sliced, and the ultrathin sections
were observed under a Tecnai transmission electron microscope
(FEI, USA).

PFN2 Overexpression and PFN2
Knockdown Endothelial Cells
Human umbilical vein ECs (HUVECs) were cultured in
RPMI-1640 medium (SH30809.01, Hyclone, USA). Rat brain
microvascular ECs (RBMECs) were cultured in Endothelial Cell
Medium (1001, ScienCell, USA) for the first five generations and
then cultured in RPMI-1640 medium.

Lentiviral vectors were used for profilin 2 overexpression
(PFN2-OE or OE) and profilin 2-knockdown (PFN2-KD or
KD) in endothelial cells. The PFN2-OE cells were generated
using pLVX-mCMV-ZsGreen-PGK-Puro vector, and PFN2-
KD cells were infected with pLVX-shRNA2-Puro. The
sequences of profiling 2 primer and profilin 2-shRNA are
listed in Supplementary Table 2. HUVECs and RBMECs were
transduced for 24 h with recombinant lentivirus and cultured for
72 h. The transduction efficacy was verified by GFP expression
as determined by fluorescence microscopy, and subsequently
confirmed by qPCR and western blotting.

Quantitative Polymerase Chain Reaction
(QPCR) Analysis
A total of 15 gerbils at different developmental stages [embryo
(prenatal), brain, and heart (postnatal)] were used for qPCR
analysis (3 samples for each time point) of PFN2 levels during
development. The expression levels of ECs were also analyzed
with qPCR. qPCR was also performed following the earlier
described protocol. Cells were resuspended in medium at a
density of 2,000 cells/well. Total RNA was extracted from

ECs using TRIzol reagent (Tiangen). We synthesized cDNA
using FastQuant RT Kit (Tiangen) following manufacturer’s
instructions. An iQ5 thermal cycler (Bio-Rad, USA) was used
to perform qPCR as follows: pre-denaturation at 95◦C for
15min, 40 cycles of denaturation at 95◦C for 10 s, annealing and
extension at 60◦C for 35 s, and 71 cycles of melt curve analysis at
60◦C for 10 s. Primer sequences for profilin 2 and other genes are
listed in Supplementary Table 2.

Vascular Development of Zebrafish
The zebrafish model was established by microinjection of
exosomes labeled with the fluorescent carbocyanine dye Dil (red),
(Solarbio, D8700-10) into the perivitelline cavity of mp805a
zebrafish embryos at 24 h post-fertilization. The embryos were
cultured at room temperature, and the distribution of exosomes
was observed by fluorescence microscopy from 0 to 48 h after
injection. The zebrafish vascular structure and the number
of vessels were imaged using a confocal microscope (TCS
SP5, Leica).

Inflammatory Models of the Cell
ECs were treated with 1µg/mL of LPS for 24 h.

Real-Time Cell Analyzer (RTCA) Assay
We used a real-time cell analyzer (RTCA) system (ACEA, USA)
to explore the effect of PFN2 on endothelial cell migration and
proliferation, as described in our previous report (27). Briefly,
cells were seeded in E-plates at a density of 1,000 HUVECs/well
and 2,000 RBMECs/well. The E-plates were then transferred to
the RTCA-Dual Purpose instrument for automated real-time
monitoring under standard incubator conditions. Cell index
measurements were collected every 5min. Cellular migration and
invasion were also monitored using the RTCA system on cell
invasion-and-migration (CIM)-plates instead of E-plates. Cell
migration activity was monitored with the impedance readouts.
Migration assays were performed by seeding cells in the upper
chambers of the CIM-plates in serum-free medium at a density
of 10,000 cells/well. The bottom chambers of the CIM-plates
were filled with serum-containing medium to promote migration
across the membranes along the serum gradient. Data were
collected by real-time readouts.

Enzyme-Linked Immunosorbent Assay
(ELISA) and Analysis of Exosomal PFN2
The sera were collected before and after surgery at different time
points and PFN2, basic fibroblast growth factor (bFGF), and
vascular endothelial growth factor (VEGFA) were detected using
ELISA kits. The protein levels in the cell culture supernatant and
serum were verified by ELISA. The proteins in the cell culture
supernatant were determined using a human PFN2 ELISA kit
(Cyagen, USA) and the VEGFA (R&D) kit. The concentrations
of PFN2, bFGF, and VEGFA in the serum samples obtained
from mouse, patient, pig, and rat with MI were determined
using the mouse (Cyagen), human (Cyagen), pig (Cyagen),
and rat ELISA kits (Cyagen), respectively. Exosomal PFN2 and
VEGFA in the serum were identified using mouse or pig PFN2
and VEGFA kit (Cyagen). All experiments were performed

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 April 2022 | Volume 9 | Article 781753218

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Li et al. Exosomal Profilin 2 Promote Angiogenesis

according to the manufacturer’s instructions. The level of rat
exosomes in the serum was detected by Overall Exosomes
Capture and Quantification (Plasma, Colorimetric) kit (NBP2-
49782, Novus, USA).

Endothelial Tube Formation Assay
The in vitro effects of PFN2 on HUVEC and RBMEC cell
angiogenesis and viability were evaluated by tube formation
assay. The tube formation assay was performed using Matrigel R©

(BD Biosciences), according to the manufacturer’s instructions.
Matrigel R© was thawed overnight at 4◦C. The 96-well plate
and 100 µl pipette tips were maintained at 4◦C overnight.
Subsequently, Matrigel R© (30 µl/well) was added to the 96-well
plate and incubated at 37◦C for 1 h. Then, cells were incubated
for 24 h at 37◦C 5% CO2. Tube formation was observed using an
inverted phase-contrast microscope. The total branching length
of the vascular network was determined using ImageJ.

MTT Assay
MTT assay as reported previously (27). Briefly, Target cells were
resuspended in medium at a density of 2000 cells/well and were
allowed to adhere for 6 hours. Wells containing 100-µL medium
alone (without cells) were used as negative controls. MTT assays
were performed at 48 h. The results for the negative control
were used as a baseline. Each experiment was repeated 3 times,
and the results are presented as a percentage of viable cells
as calculated by the following equation: (mean absorbance of
experimental well/mean absorbance of positive control well) ×
100= percentage of viable cells.

Western Blot Analysis
Protein extraction and western blotting were performed as
reported previously (27). The primary antibodies used were as
follows: PFN2 (Abcam, ab191054, UK), PI3K (Abcam, ab32089,
UK), p-ERK (CST, 4372, USA), VEGFA (Abcam, ab214424, UK),
PCNA (Abcam, ab92552, UK), Alix (Abcam, ab186429, UK),
and GAPDH (Abcam, ab181602, UK), and were diluted 1:1000.
The secondary antibodies were diluted 1:5000. The membranes
were washed thoroughly, and protein bands were visualized with
enhanced chemiluminescence (ECL) immunoblotting detection
reagent (Thermo Fisher Scientific, USA). Semi-quantitative
results were normalized to the expression of the housekeeping
gene GAPDH, after gray scanning.

Statistical Analysis
Statistical analysis was performed using SPSS 16.0 (SPSS Inc.,
USA). After the normality test and variance homogeneity test
of measured data, comparisons between different groups were
performed using Student’s t-test, one-way ANOVA, or repeated-
measures ANOVA (Tukey). Bar charts show the mean± SEM. A
p ≤ 0.05 indicated a significant difference.

RESULTS

PFN2 and Exosomal PFN2 Levels
Increased in the Serum of Post-MI Patients
and the MI Animal Models During
Angiogenesis Phase
VEGFA and bFGF are well-known markers for the establishment
of collateral circulation after MI (28, 29). We measured the
PFN2, VEGFA and bFGF levels in the serum of patients with
MI and in pig animal model to explore the relationship between
serum PFN2 level and angiogenesis after MI. The results showed
increased PFN2 levels in the serum of patients withMI, especially
in patients after 8–15 days post-MI (p = 0.021) compared to
their corresponding CTL, consistent with the levels of VEGFA
and bFGF (Figure 1A). We also observed significantly higher
levels of PFN2, VEGFA, and bFGF in pigs with MI compared to
healthy CTL on days 7 and 14 post-MI, respectively (Figure 1B).
These data showed a positive correlation between serum PFN2
levels and markers for the establishment of collateral circulation,
which suggested the possible relationship between PFN2 and
angiogenesis after MI. Besides, we found that PFN2 was negative
associated with creatinine kinase-myocardial band (CK-MB)
(Pearson correlation = −0.321, p = 0.012) and diastolic blood
pressure (DBP) (Pearson correlation = −0.300, p = 0.020)
(Supplementary Figure 1), which both indicated poor prognosis
of MI (30, 31).

To examine if PFN2 was delivered intracellularly by exosomes
in serum, we isolated exosomes from the serum of patients
with MI and, after identification by TEM, tested the exosomal
PFN2 level between the CTL and MI groups. The data indicated
that exosomes were present in the MI serum (Figure 1C). In
addition, the exosomal CD31 and PFN2 levels in the MI group
were significantly higher than those in the CTL group (p =

0.035/p = 0.025) (Figures 1D,E), which suggested that elevated
PFN2 content might be associated with endothelial cells derived
exosomes increasing in MI patients serum.

We established a rat model of MI by coronary artery
ligation and then analyzed the dynamic changes in serum PFN2,
exosomes, and exosomal PFN2 at different time points after
surgery. Intriguingly, serum exosomes, serum exosomal PFN2
levels, and serum PFN2 levels increased significantly after MI
on the 3rd day (p = 0.037), 9th day (p = 0.028), and 18th day
(p = 0.043), respectively (Figure 1F). These data implicate the
association of PFN2 as well as exosomal PFN2 with MI.

Exosomal PFN2 Reduces Infarction in
Post-MI Mouse Hearts and Enhances
Exercise Endurance Capacity in Post-MI
Mice
We tested the cardiac function and repair of infarction in
mice with MI 30 days after injecting exo, OE-exo, and saline
by physical fitness tests and echocardiography. The results
showed significantly improved EF and FS (two critical indicators
reflecting cardiac function) in the OE-exo-injected group, higher
than the exo and saline groups (Figure 2A). The running time
in exo- and saline-injected mice with MI were lower than in
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FIGURE 1 | Increased PFN2 and exosomal PFN2 levels in the serum of patients with MI and in animal models. (A) Enhanced PFN2 levels, VEGFA and bFGF levels in

patients with MI (patients with MI 2–20 h, n = 30; MI 8–15 d, n = 30; CTL, n = 24). (B) Enhanced PFN2 levels, VEGFA and bFGF levels in pigs with MI (pigs with MI, n

= 4; CTL, n = 4). (C) Identification of serum exosomes in patients with MI by electron microscopy. (D) Exosomal PFN2 between CTL (n = 3) and MI groups (n = 3).

(E) Exosomal PFN2 levels between CTL (n = 3) and MI groups (n = 3) (The protein level was normalized to control). (F) Serum PFN2 levels, Exosomal PFN2 levels and

Exosomes in rats (n = 13) before and after MI. *p < 0.05, one-way ANOVA and repeated-measures ANOVA (Tukey).
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FIGURE 2 | Exosomal PFN2 repairs infarction in mouse with MI and restores cardiac function. (A) The cardiac function of mouse with MI as evaluated by type-B

ultrasonic test EF and FS after treatment with exosomes demonstrated the benefit to MI impairment. (B) Physical fitness was evaluated by fatigue test after treatment

with exosomes in mouse with MI which displayed significant improvement of heart function, n = 7. (C) Infarction volume (Masson’s staining) decreased and PFN2

(green)/CD31 (red) staining increased in heart tissue of mouse with MI after treatment with exosomes. (D) Statistical results of (C). n = 3, normalized to control.

*p < 0.05, one-way ANOVA (Tukey).

OE-exo-injectedmice (Figure 2B). These data indicated that OE-
exo injection could improve global cardiac function. Masson’s
staining, echocardiography and Immunofluorescence staining

results showed decreased infarction volume and increased
vasculature as well as PFN2 (merged with CD31) levels in the
heart vessels of OE-exo-injected mice with MI (Figures 2C,D).
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FIGURE 3 | PFN2 protects ECs after LPS treatment. (A) PFN2 and Alix expression levels in LPS-treated EC exosomes, n = 3, normalized to control. (B) PCNA

expression levels of ECs under LPS stimulus after treatment with various exosomes, n = 3, normalized to control. (C) Viability of ECs under LPS stimulation after

treatment with various exosomes. n = 8. *p < 0.05, one-way ANOVA (Tukey).

Together, these results demonstrate that exosomal PFN2
treatment effectively promotes the recovery of cardiac function.

Exosomal PFN2 Protects Endothelial Cells
Against Inflammation
Since PFN2 and exosomal PFN2 enhance the proliferation
and migration of ECs, we hypothesized that PFN2 might

protect ECs from inflammatory stimulus. First, our
results showed that LPS stimulation increased the levels
of both PFN2 and the exosomes marker Alix, indicating
elevated exosomes secretion by ECs after LPS treatment
(Figure 3A).

When HUVECs were treated with exo, OE-exo, or KD-exo
under LPS stimulus, proliferation of the cells increased in the
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OE-exo group compared to that in the exo group (Figures 3B,C).
Compared to normal cells, LPS could block the proliferation of
HUVECs (Figure 3B), but this blocking effect could be reduced
by exo, especially the exosomes from OE cells, while KD-exo had
limited effects. Overexpression of PFN2 could partially prevent
the blocking of proliferation induced by LPS treatment in ECs
(Figure 3B). Taken together, our results suggest that exosomal
PFN2 could increase the viability of ECs after LPS treatment.

Exosomal PFN2 Increases Angiogenic
Ability in vitro and in vivo
To determine whether exosomal PFN2 promotes angiogenesis,
we first overexpressed the PFN2 in the endothelial cells
(Supplementary Figure 2) followed by isolation of the exosomes.
We labeled OE-exo with Dil (red) and co-cultured them with
HUVECs to explore if exosomes could be internalized by ECs.
Next, we treated the endothelial cells with the exosomes carrying
overexpressed PFN2.

We isolated exosomes from EC culture medium and identified
them by TEM and western blotting. We detected the secretion
of PFN2-containing exosomes by ECs (Figures 4A,B); the
exosomes secreted by OE-ECs had significantly higher PFN2
protein levels than the control ECs (Figure 4B) (p = 0.042).
And the results showed internalization of OE-exo into the
perinuclear compartment in HUVECs (Figure 4C). Then the
effect of exosomes isolated from normal ECs (exo), and PFN2-
overexpressing ECs (OE-exo) on the proliferation of ECs was
investigated. The results showed that the level of PCNA increased
in ECs in the OE-exo group (p = 0.048) compared to the exo
group (Figure 4D).

However, when ECs were directly treated with PFN2 protein,
it could not increase the proliferation and migration of ECs
(Supplementary Figure 3), implying that exosomes are crucial
for PFN2-induced angiogenic ability in ECs.

Larval zebrafish are commonly used in vascular research
because they are transparent, and their vessels can be visualized
directly. We explored the effect of OE-exo on angiogenesis in
zebrafish. The results showed increased angiogenesis in larval
zebrafish after treatment with exosomes, and OE-exo showed the
highest effect (Figure 4E). These data suggest that transportation
of PFN2 by exosomes increases HUVEC proliferation and
migration as well as angiogenesis.

Elevation of PFN2 Is Associated With
Vascular Development and Promotes the
Tube Formation
To understand the relationship between PFN2 and angiogenesis,
we explored the role of PFN2 in gerbil embryo development using
VEGFA as a positive control. The results showed that both PFN2
and VEGFA reached maximal expression levels on day 10 of the
embryo stage (Figure 5A). Since day 10 (embryo) is a critical time
point for vascular development, this result shows the important
association of PFN2 with vascular formation.

To investigate the role of PFN2 in angiogenesis and

its influence on the proliferation and migration of both

venous and arterial ECs, we established PFN2 overexpression

(OE) and knockdown (KD) EC lines using HUVECs
(venous ECs) and RBMECs (arterial ECs). PFN2 RNA
expression (Supplementary Figure 2A) and protein levels
(Supplementary Figure 2B) increased significantly in OE
cells, with a significant decrease in KD cells. We performed
experiments using PFN2-OE and PFN2-KD in both HUVECs
and RBMECs by RTCA analysis (Figure 5B). The results
showed that OE-HUVECs exhibited greater proliferation and
migration ability (p = 0.044; p = 0.035), while KD-HUVECs
showed reduced proliferation (p = 0.037) and migration (p
= 0.030). Similar results were observed in OE-RBMECs (p
= 0.040; p = 0.038) as well as KD-RBMECs (p = 0.040 and
p = 0.029, respectively). The results of the tube formation
test demonstrated that compared to the control and KD-ECs,
OE-ECs showed a significantly increased tube length (p= 0.038)
(Figure 5C). These results indicate that PFN2 could significantly
increase the proliferation, migration and the angiogenic ability
of ECs.

PFN2 Regulates Angiogenesis via the PI3K
and ERK Signaling Pathways
We further explored the potential signaling pathways through
which PFN2 was involved in angiogenesis. We identified the
regulatory relationship between angiogenesis-related proteins
and PFN2. When PI3K was inhibited, PFN2 expression level was
reduced (p = 0.024), while PFN2 overexpression increased the
expression of ERK (p = 0.025) and its knockdown decreased
ERK expression (p = 0.031) (Figures 6A,B). However, VEGFA
had no influence on PFN2 levels in HUVECs. Similarly, PFN2
overexpression or knockdown also had no effect on VEGFA levels
in ECs (Supplementary Figure 4).

Importantly, we found ERK (merged with PFN2) levels were
increased in the post-MI murine hearts treated with OE-exo
(Figures 6C,D).

These data demonstrate that PFN2 promotes angiogenesis
through the PI3K-PFN2-ERK axis, and is not associated with
VEGFA. Moreover, we performed a rescue experiment to
determine whether the PI3K-PFN2-ERK axis contributed to
EC angiogenesis. PI3K or ERK inhibition in OE-EC cells was
mimicked by LY294002 or HY-50846, respectively. These data
further confirm that PFN2 enhances EC angiogenesis through the
PI3K-PFN2-ERK axis (Graphical Abstract).

DISCUSSION

The present study, for the first time, demonstrates an increased
level of serum PFN2 and exosomal PFN2 in patients and
animals with MI, which positively correlated with bFGF
and VEGFA levels. PFN2 and exosomal PFN2 impact the
angiogenic ability of ECs in vitro, and exosomal PFN2 treatment
significantly increased the vessel number in zebrafish in vivo.
More importantly, endothelial exosomal PFN2 dramatically
improved cardiac function and physical motion in mice with
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FIGURE 4 | Exosomal PFN2 enhances the proliferation ability of ECs and OE-exo treated zebrafish showed significantly increased vessel number than exo and

control. (A) The exosomes secreted from ECs were identified by electron microscopy. (B) PFN2 expression in exosomes (n = 3, the expression levels were normalized

(Continued)
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FIGURE 4 | to control). (C) Exosomes could be internalized by ECs. (D) PFN2 and PCNA expression levels in CTL, exosomes from normal ECs (exo),

PFN2-overexpressing ECs (OE-exo), and PFN2 knockdown ECs (KD-exo), n = 3, and the expression levels were normalized to control. (E) OE-exo-treated zebrafish

showed significantly increased vessel number than exo and control. Exo, exosomes from normal ECs; OE-exo, exosomes from PFN2-overexpressing ECs; CTL, PBS

as control. *p < 0.05, one-way ANOVA (Tukey).

MI, thereby repairing MI injury. It is known that current
clinical treatments for MI aim to alleviate symptoms by surgical
interventions and by dissolving arterial blockage by injection
of thrombolytic or clot-dissolving drugs. However, due to the
patient’s clinical condition or limitation of available technology,
a significant number of MI cases would be ineligible to
receive therapy either by surgical interventions or by clearance
of arterial blockage (32). As a result, the development of
advanced strategies based on improving angiogenesis in some
cases is critical to prevent or decrease MI injury (33, 34).
Our results which focus on enhancing the proliferative and
migratory ability of ECs by endothelial exosomal PFN2 may be
a promising strategy for therapeutic angiogenesis treatment for
MI. Since endothelial exosomes are relatively safe, our current
strategy is feasible and efficient for future clinical treatment
of MI.

PFN2 is a member of the profilin family and shares 80%
similarity with PFN1. We selected PFN2 due to its association
with variations in the circle of Willis (35). An earlier report
described that PFN2 is specifically expressed in neuronal cells
and kidney cells (36). Unlike reports on other profilin family
members such as PFN1, studies on PFN2 are quite few and
are mainly related to tumors (37, 38). Studies on the role of
PFN2 in angiogenesis are rare. Very recently, we found that
exosomal PFN2 from small cell lung cancer (SCLC) cells could
promote the growth of these cells, as well as significantly improve
the proliferation, migration, and tube formation of ECs (37).
Furthermore, we found that PFN2 reached maximum levels in
10-day gerbil embryos, which is the critical vascular development
time point in animals. To explore the effect of PFN2 on
angiogenesis, we showed that overexpression of PFN2 enhanced
the proliferative, migratory, and tube formation abilities of
ECs. Moreover, endothelial exosomal PFN2 ameliorated cardiac
function after MI. The effect of PFN2 on angiogenesis explored
in the current study is similar to PFN1, which is expected
to be a new target for the treatment of MI as reported in
a recent study (39). Our current results partly corroborate
the findings in this report, but more adequately confirmed
that exosomal PFN2 could improve angiogenesis and thereby
restore cardiac function. We showed that the PFN2-enriched
exosomes from ECs increased the number of vessels in zebrafish,
a compelling evidence that PFN2 may be regarded as a novel
angiogenic molecule. Moreover, our study revealed that serum
PFN2 levels increased in patients, rats, mice, and pigs, with MI
accompanied with increased levels of VEGFA and bFGF, well-
known growth factors for angiogenesis (28, 29), suggesting that
PFN2 might be an effective complementary marker for collateral
vessel development in MI. We monitored the dynamic changes
in PFN2, exosomes, and exosomal PFN2 after coronary artery
occlusion, all of which increased in the serum of rats with

MI and reached maximal exosomes numbers earlier than the
exosomal PFN2, and PFN2. Thus, we established 7-days post-
MI as the time point for injection of OE-exo for maximum
exosomal PFN2 expression. The above strategy using OE-exo
resulted in a comparable, suitable and efficient therapy for mice
with MI.

Several molecular pathways are involved in angiogenesis
during MI repair (40, 41). VEGFA is the most common
contributor to angiogenesis and manifests cardioprotective
effects in the repair of infarcted heart (40, 42). Therefore,
we explored whether the angiogenic function of PFN2 was
via the VEGFA pathway. However, our results illustrated that
overexpression or knockdown of PFN2 in ECs had no impact on
the level of VEGFA, and vice versa (Supplementary Figure 3).
These results showed that PFN2 was involved in angiogenesis
independent of the VEGFA pathway in ECs. However, these
findings are different from that reported by Tang YN et al.
where they observed that PFN2 promoted tumor growth of non-
small cell lung cancer by PFN2-SMAD2/3-VEGFA pathway (36).
Further, our investigation regarding the molecular mechanism
indicated that the PI3K-PFN2-ERK axis is involved in PFN2-
mediated angiogenesis. These data are consistent with our work
in SCLC which showed that exosomal PFN2 from SCLC cells
activated Smad2/3 in these cells and pERK in ECs. Interestingly,
Hao P et al. reported significantly higher PFN1 levels in the heart
tissues of rats with MI than in control animals, and together
with pERK levels positively correlated with the levels of CK-
MB, EMP, and others (43). Our present results preliminarily
confirm that PFN2 could enhance ERK levels as well as suggests
a novel mechanism that affects EC angiogenesis by the PFN2-
ERK axis.

As an emerging therapeutic candidate for MI treatment,
exosomes have been described to mediate local and distant
micro-communication between cardiomyocytes and endothelial
cells (44). Todorova et al. reported that exosomes were involved
in EC proliferation, migration, sprouting, branching, and tube
formation (17). Accumulating literature has proved that the
exosomes involved in the repair ofMI, as an angiogenic mediator,
could be secreted from bone marrow cells (45), cardiomyocytes
(46), and endothelial progenitor cells (47). Exosome cargos
vary from miRNAs (48), LncRNAs (49), and proteins (19). It
has been reported that cardiomyocytes and endothelial cells
could interact or communicate with exosomes and promote
angiogenesis in ECs (50). Furthermore, targeting endothelial
exosomes is beneficial for the prevention of cardiovascular
diseases (51). Considering that PFN2 is an intracellular protein,
we hypothesized that it may need a medium to be delivered
from donor cells to recipient cells. As we expected, PFN2-
enriched exosomes (OE-exo) derived from ECs could promote
angiogenesis in vivo and in vitro, repair EC injury under
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FIGURE 5 | PFN2 promotes proliferation and migration of ECs, as well as tube formation and reaches the maximum level in 10-day embryo. (A) The mRNA levels of

PFN2 and VEGFA at different developmental stages of gerbils (n = 15) embryo (prenatal), brain and heart (postnatal). (B) PFN2 significantly promoted proliferation of

HUVECs (n = 3) and RBMECs (n = 3), as well as showed a positive effect on migration of HUVECs (n = 3) and RBMECs (n = 3). (C) The tube length in

PFN2-overexpressing ECs (OE) was significantly increased than that in blank CTL and PFN2 knockdown ECs (KD), n = 3. *p < 0.05, one-way ANOVA and

repeated-measures ANOVA (Tukey).
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FIGURE 6 | PFN2 involved molecular signaling pathway. (A) PFN2 expression level in HUVECs treated with PI3K inhibitor and PI3K expression level in OE and KD, n

= 3, normalized to control. (B) PFN2 expression level in HUVECs treated with ERK inhibitor and ERK expression level in OE and KD, n = 3, normalized to control. (C)

ERK and PFN2 expression levels in the heart tissue of MI mice treated with different exosomes, n = 3, normalized to control. (D) Statistical result of (C). *p < 0.05,

Student’s t-test and one-way ANOVA (Tukey).

inflammatory stimulus, and significantly attenuate MI injury.
However, in contrast to exosomal PFN2, PFN2 protein could
not directly increase, even slightly, the viability and migration
of ECs (Supplementary Figure 3), implying that exosomes
are critical mediators for PFN2-mediated angiogenic ability.
Recently studies have provided insights into the exosomal
cancer-homing behavior of different tumor cell lines, indicating
that exosomes have the ability to target their parental cells
(52). In the current study, the exosomes we focused on were
from the normal human endothelial cell line, which had a
higher target efficiency in angiogenesis than other types of
cells. Song et al. reported that extracellular vesicles loaded with
miRNA-21 isolated from HEK293T cells could effectively inhibit
apoptosis of cardiomyocytes and ECs, therefore used for rescue
of MI, showing no inflammation with 293T-exosomes (53). Our
endothelial cell-derived exosomes might have more biological
safety. Moreover, OE-exo from the EC line is available more
readily and has less immunological risk than exosomes from
explant-derived cardiac stromal cells from heart failure patients
and normal donor hearts (54). Taken together, this study provides
a new insight into the role of exosomes and for the first
time confirms the potential use of endothelial OE-PFN2-exo in
treating myocardial infarction (Graphical Abstract).

CONCLUSIONS

In summary, PFN2 and endothelial exosomal PFN2 promoted
EC angiogenic ability and protected ECs from inflammation,
consequently alleviating infarction and enhancing cardiac
function in MI, mediated by the PI3K-PFN2-ERK axis. This
study, for the first time, showed that PFN2 plays a role in
angiogenesis and that endothelial exosomal PFN2 could be a
prospective therapeutic strategy for treating MI.
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Chronic Diseases, Wuhan, China

Objective: Neuraminidase 1 (NEU1) participates in the response to multiple receptor

signals and regulates various cellular metabolic behaviors. Importantly, it is closely

related to the occurrence and progression of cardiovascular diseases. Because ischemic

heart disease is often accompanied by impaired mitochondrial energy metabolism and

oxidative stress. The purpose of this study was to investigate the functions and possible

mechanisms of NEU1 in myocardial remodeling and mitochondrial metabolism induced

by myocardial infarction (MI).

Methods: In this study, the MI-induced mouse mode, hypoxia-treated H9C2

cells model, and hypoxia-treated neonatal rat cardiomyocytes (NRCMs) model were

constructed. Echocardiography and histological analysis were adopted to evaluate the

morphology and function of the heart at the whole heart level. Western blot was

adopted to determine the related expression level of signaling pathway proteins and

mitochondria. Mitochondrial energy metabolism and oxidative stress were detected by

various testing kits.

Results: Neuraminidase 1 was markedly upregulated in MI cardiac tissue.

Cardiomyocyte-specific NEU1 deficiency restored cardiac function, cardiac hypertrophy,

and myocardial interstitial fibrosis. What is more, cardiomyocyte-specific NEU1

deficiency inhibited mitochondrial dysfunction and oxidative stress induced by

MI. Further experiments found that the sirtuin-1/peroxisome proliferator-activated

receptor γ coactivator α (SIRT1/PGC-1α) protein level in MI myocardium was

down-regulated, which was closely related to the above-mentioned mitochondrial

changes. Cardiomyocyte-specific NEU1 deficiency increased the expression of

SIRT1, PGC-1α, and mitochondrial transcription factor A (TFAM); which improved

mitochondrial metabolism and oxidative stress. Inhibition of SIRT1 activity or

PGC-1α activity eliminated the beneficial effects of cardiomyocyte-specific NEU1

deficiency. PGC-1α knockout mice experiments verified that NEU1 inhibition

restored cardiac function induced by MI through SIRT1/PGC-1α signaling pathway.
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Conclusion: Cardiomyocyte-specific NEU1 deficiency can alleviate MI-induced

myocardial remodeling, oxidative stress, and mitochondrial energy metabolism disorder.

In terms of mechanism, the specific deletion of NEU1 may play a role by enhancing the

SIRT1/PGC-1α signaling pathway. Therefore, cardiomyocyte-specific NEU1 may provide

an alternative treatment strategy for heart failure post-MI.

Keywords: neuraminidase 1, myocardial infarction, mitochondrial metabolism, SIRT1, oxidative stress

INTRODUCTION

Heart failure (HF) is the terminal stage of many cardiovascular
diseases (myocardial infarction (MI), arrhythmia), with high
morbidity and mortality worldwide, and is a major challenge
to human health (1). Despite various treatment strategies such
as drug therapy (2), left ventricular assist device (3), artificial
heart (4), and heart transplantation (5), the progression of heart
failure after MI is still fundamentally irreversible. Among the
plethora of mechanisms related to the onset and progression
of MI, mitochondria are the most concerned (6–8). Due to
the heart’s high demand for energy, mitochondria are highly
enriched in myocardial tissue, which is essential for the function
of the heart (9). Mitochondria plays an important role in ATP
production, reactive oxygen formation, cell apoptosis, and signal
transduction in the metabolic process of cardiomyocytes. The
generation of mitochondrial reactive oxygen species (ROS) is an
important early driver of MI damage, but it has been considered
to be a non-specific result of the interaction between respiratory
chain dysfunction and oxygen in MI (10). In fact, mitochondrial
dysfunction is an important predictor of cell death (11). Thus, the
involvement of mitochondrial in MI is complex, and a detailed
understanding of the pathogenic and reparatory mechanisms
triggered by mitochondrial mediators is a prerequisite for the
development of mitochondrial-targeted therapies.

Peroxisome proliferator-activated receptor γ coactivator-1α
(PGC-1α) is a key booster of mitochondrial function and
metabolism. PGC-1α is highly expressed in tissues with high-
energy demands (such as heart, and adipose tissue), and regulates
downstream signal pathways and mitochondrial oxidative stress-
related proteins (such as components of the electron transport
system) (12). PGC-1α is abnormally expressed in cardiac
hypertrophy, heart failure, chronic cardiomyopathy, etc. (13).
The deficiency of PGC-1α promotes mitochondrial dysfunction
in the progression of various diseases (14). Mammalian sirtuin
1 (SIRT1) belongs to the sirtuin protein family. It is an enzyme
responsible for protein deacetylation in cell regulation. It is
closely related to the pathophysiological process of inflammation,
mitochondrial biogenesis, cell aging, and subsequent aging (15).
Under nutrient-restricted conditions, SIRT1 regulates PGC-1α
target genes and is essential in dealing with increased fatty acid
oxidation (16). The deficiency of SIRT1 promotes mitochondrial
dysfunction and causes dilated cardiomyopathy in mice (17).

The properties of new signal mediators related to MI and
mitochondrial function are the key focus for exploring new
drug targets to improve clinical outcomes. Neuraminidases
(NEUs), also known as sialidase, is a family of enzymes that

decompose sialic acid on the cell surface. Four mammalian
NEU species (NEU1, NEU2, NEU3, and NEU4) have been
identified based on differences in subcellular localization and
enzyme properties, of which NEU1 is the most abundant.
NEU1 has a catabolic function and participates in the
structural and functional regulation of cell receptors (18). Recent
research found that neuraminidase 1 (NEU1) colocalizes with
some but not all mitochondria within platelets (19). Studies
have shown that NEU1 upregulation in infiltrating cardiac
monocytes andmacrophages leads to heart failure after ischemia-
reperfusion by promoting inflammation (20). In addition, plasma
neuraminidase activity increased after MI compared with healthy
controls (21). NEU1 is a key driver of myocardial hypertrophy,
and anti-influenza drugs zanamivir and oseltamivir (viral NEU
inhibitors) can significantly alleviate myocardial hypertrophy
(22). However, the role of NEU1 in mitochondrial dysfunction in
MI remains unknown. Based on limited clues, we hypothesized
that NEU1 is involved in mitochondrial function and metabolic
changes in MI.

Therefore, this study aims to determine (i) the specific effects
(if any) of NEU1 on cardiac function, mitochondrial function,
and metabolism post-MI; (ii) what is the mechanism of NEU1 on
the changes in cardiac mitochondrial energy metabolism?

METHODS

Animals Experimental Model
All animal management is based on the “Guidelines for the
Care and Use of Laboratory Animals” published by the National
Institutes of Health (NIH publication number 85–23, revised in
2001), and is supported by the Animal Care and Use Committee
of Renmin Hospital of Wuhan University. C57/BL6 mice (8–10
weeks) were purchased from the Institute of Laboratory Animal
Science (Beijing, China). After 7 days of adaptation, we use
continuous inhalation of 1.5% isoflurane to anesthetize mice,
and MI was established as described previous (23). Simply put
in order to accurately expose the heart, a left thoracic incision
was made in the fifth intercostal space. Permanently ligate the
anterior descending branch of the left coronary artery with
6-0 silk thread. In total 4-0 nylon thread is used to suture
the skin after ligation, except for ligating the LAD coronary
arteries, sham-operated mice used the same procedure. Place
these mice in a 37◦C constant temperature cage until they
recover. According to the manufacturer’s manual, 4 weeks before
LAD ligation, the adeno-associated virus 9 (AAV9)-targeted
to NEU1 and injected directly into the myocardium at three
different locations in the ischemic area. The dose was 1 × 1010
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VP (24).Mice were randomized into four groups: Sham+AAV9-
shRNA, Sham+AAV9-shNEU1, MI+AAV9-shRNA, andMI+
AAV9-shNEU1 groups.

Conditional PGC-1α deletion was generated by crossing PGC-
1αflox/flox mice (Cyagen, China) with mice carrying α-MHC-
MEM-Cre transgene (Jackson Laboratory, USA). For cardiac
specific-knockout of PGC-1α, pharmaceutical-grade tamoxifen
dissolved in corn oil was injected into 6-week old mice for five
consecutive days (50 mg/kg per day, i.p.). The PCR method
was used to identify the genomic DNA of the tail of PGC-1α-
cKO mice. Perform functional data and gene expression level
analysis in pairs of male a-MHC-PGC-1α-KO (cKO) and male
littermates (Cre), PGC-1α knockout male mice (8–10 weeks old)
that weighed between 22 and 27g were used in all experiments
and maintained a 12/12-h light–dark cycle in a temperature and
humidity-controlled room.

Echocardiography
All the mice were anesthetized with 1.5% isoflurane and placed
supine on a heating pad (37◦C). The echocardiography was
performed with MyLab 30CV ultrasound (Biosound Esaote Inc.)
with a 10-MHz linear array ultrasound transducer to evaluate the
cardiac function of mice after MI or sham treatment (25).

Western Blot
Heart tissues and cultured cardiomyocytes were collected and
lysed by RIPA lysis buffer. In a subset of the experiment, the
previously described method was used to separate mitochondria
and cytoplasmic components in heart tissue samples (26). The
same amount of protein was transferred to the PVDF membrane
after electrophoresis. The membrane was blocked, and the
primary antibody was incubated overnight under 4◦C. The
primary antibodies used are listed as follows: NEU1(#ab233119;
1:1000, Abcam); Mitofusin 2 (MFN2) (#9482S; 1:1,000, CST);
dynamin-related protein 1 (DRP1) (# SC-32898, 1:500, SANTA);
SIRT1 (# ab110304, 1:1000, Abcam); PGC-1alpha (# ab191838,
1:1,000, Abcam); transcription factor A, mitochondrial (TFAM)
(#7495, 1:1,000, CST); voltage-dependent anion channels
(VDAC) (#ab191440, 1:1,000, Abcam);. GAPDH (#2722, 1:1,000,
CST). Then incubated with the secondary antibody for 1 h at
room temperature. The protein bands were observed using
ChemiDoc XRS (Bio-Rad Laboratories, Inc.)+ system with ECL
reagents, and the intensity of bands was quantified by using
Image J, and the protein abundance was normalized to the levels
of GAPDH or VDAC.

Real-Time PCR
Extract total RNA from mouse myocardial tissue or H9C2
cells with TRIzol reagent (Roche, 11667165001). Use 2 µg total
RNA and transcript First Stand cDNA Synthesis Kit (Roche,
04897030001) for cDNA synthesis reaction. The LightCycler 480
real-time PCR system (Roche) is used to perform a real-time
quantitative PCR reaction with a volume of 20 µl. The gene
expression level was normalized to the GAPDH gene expression
level, and the relative mRNA level was quantified with the
internal control. The primers used are presented as follows:

Mice-TGFβ1: 5′-ATCCTGTCCAAACTAAGGCTCG-3′(F), 5′-
ACCTCTTTAGCATAGTAGTCCGC-3′(R); Mice-Col1: 5′-CCC
AACCCAGAGATCCCATT-3′(F), 5′-GAAGCACAGGAGCAG
GTGTAGA-3′(R); Mice-Col3: 5′- GATCAGGCCAGTGGAAAT
GT-3′(F), 5′-GTGTGTTTCGTGCAACCATC-3′(R);

Mice-GAPDH: 5′- TCATCAACGGGAAGCCCATC-3′(F),
5′- CTCGTGGTTCACACCCATCA-3′(R).

Histological Analysis
Take out the heart and immediately place it in 10% potassium
chloride solution, squeeze out the blood in the heart cavity,
and place it in 10% formalin. The hearts were dissected into
5µm slices.Wheat germ agglutinin (WGA) for histopathology to
determine the myocyte cross-sectional area (CSA). Picro-Sirius
red (PSR) for determining cardiac fibrosis.

Mitochondrial Isolation and Mitochondrial
Respiratory Chain Complex Activity
According to the manufacturer’s instruction, heart mitochondria
was isolated by Tissue Mitochondria Isolation Kit (C3606,
Beyotime). The specific activity of complex I (27), complex
II (28), complex III (29), and complex IV (30) in myocardial
tissues was determined by the methods previously contributed
by investigators.

Analysis of Mitochondrial ROS
The MnSOD Assay Kit with WST-8 (Beyotime, S0103) was
used to detect the MnSOD activities of fresh heart or NRCMs
according to the manufacturer’s instructions.

Stain NRCMs with mitochondria-specific superoxide
indicator triphenylphosphonium-linked hydroethidium
(MitoSOX) (M36008, Thermo Fisher Scientific) to detect
the production of mitochondrial superoxide. The mitochondrial
subcellular location of MitoSOX was confirmed by co-labeling
with 50 nM MitoTracker Green (C1048, Beyotime). ROS
production in the fresh heart was assessed by dihydroethidium
(DHE) staining (31). A fluorescence microscope (OLYMPUS
DX51) and DP2-BSW software (version 2.2) were used to obtain
the representative images.

ATP Content
According to the manufacturer’s instruction, an ATP content kit
(S0026, Beyotime) was used to detect cellular ATP content. ATP
level was further normalized to protein content.

Quantification of mtDNA
According to the manufacturer’s instructions, use the DNeasy
Blood and Tissue Kit (Qiagen, 69504) to collect heart tissue or
cells to isolate total DNA. Mitochondrial DNA (mtDNA) was
quantified by mitochondrial NADH-ubiquinone oxidoreductase
chain 1 (MT-ND1) and nuclear DNA (nDNA) named GAPDH.
Mouse primers are presented as follows: MT-ND1: 5′-TCT
AATCGCCATAGCCTTCC-3′(F), 5′-GCGTCTGCAAAT
GGTTGTAA-3′(R); GAPDH: 5′-GTCAAGGCAGAGAACGG
GAA-3′(F), 5′-GGTTCACGCCCATCACAAAC-3′(R).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 April 2022 | Volume 9 | Article 821317232

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Guo et al. NEU1 in Mitochondrial Energy Metabolism

Cell Culture and Treatments
To examine the levels of mitochondrial biogenesis and function
in vitro, neonatal rat cardiac myocytes (NRCMs) were isolated
and cultured in Dulbecco’s modified Eagle’s/F-12 (11330,
Gibco, Grand Island, NY, USA), supplemented with 15% fetal
bovine serum (10099, Gibco) as previously described (25).
We ordered H9C2 cells from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultured them in
DMEM containing 10% fetal bovine serum and 1% penicillin-
streptomycin. There was no mycoplasma contamination in the
cells. This study did not use common misidentified cells.

Adenoviral vectors carrying NEU1 small hairpin RNAs
(shNEU1) or the scrambled shRNA were used to infect NRCMs
or H9C2 cells at an MOI of 100 for 4 h to produce transfected
cells with stable NEU1 knockdown expression. NRCMs or H9C2
cells are hypoxic at 1% oxygen concentration to simulate MI
injury in vivo. To examine the functional role of SIRT1 or
PGC-1α in vitro, NRCMs or H9C2 cells were treated with
SIRT1 inhibitor EX5727 (40µM, HY-15452, MCE) (32) or PGC-
1α inhibitor SR-18292 (10µM; HY-101491, MCE) (33) was
added to the cell medium to determine its inhibitory effects
on mitochondrial.

Statistical Analysis
The data were expressed as mean ± SEM. Survival data were
analyzed by the Kaplan–Meier method followed by a Mantel–
Cox log rank test. Student’s unpaired t-test was used to compare
the two groups. One-way ANOVA followed by Tukey’s post hoc
test was used among multiple groups. P < 0.05 indicates that the
difference is statistically significant.

RESULTS

NEU1 Expression Was Increased in MI
Tissues
First of all, immunoblot showed dramatically elevated NEU1
expression in the mice hearts 3 days after MI, compared with
sham-operated controls. Moreover, the NEU1 protein level in
infarct area ofmouse hearts 3 days afterMI increased greater than
in the non-infarct area (Figure 1A). Similar results were obtained
in regard to the effect of MI on mRNA expression of NEU1
(Figure 1B). ELISA data further confirmed that MI stimulation
increased NEU1 expression in mice hearts (Figure 1C). Our
finding of elevated NEU1 expression after acute MI model is
consistent with previous observations (34). Next, we further
investigated confirmed NEU1 expression in the mice hearts 8
weeks after MI. However, for the acute MI model, significant
increased NEU1 expression was observed in mice in acutely
infarct area, but restore baseline 8 weeks after MI. Western
blot, RT-PCR, and ELISA data showed the expression of NEU1
were increased in the non-infarct area of mouse hearts 8 weeks
after MI (Figures 1D–F). In summary, these data suggested that
NEU1 contributed to cardiac ischemic injury at the early stage,
as well as chronic pathological after MI. Highly expressing NEU1
accumulate in the non-infarct heart during the chronic phase of
MI, suggesting a potential role for NEU1 in regulating cardiac
remodeling in an MI setting.

NEU1 Knockdown Improved Survival Rate
and Cardiac Function in Mice Post-MI
Next, we hypothesized that the knockdown of NEU1 may
exert functional effects on the chronic phase of post-MI. We
used small hairpin RNA (shRNA) delivered by cardiotropic
adeno-associated virus (AAV) 9 vectors to cardiac region-
specific NEU1 knockdown mice. As shown in Figure 2A, AAV9-
shNEU1#2 significantly inhibited NEU1 mRNA level in mice
hearts compared with others. The efficiency of AAV9-shNEU1
is presented in Figure 2B. The specific inhibitory expression of
NEU1 is achieved in the heart, not in other tissues (lung, liver,
etc.) (Supplementary Figure 1A). To determine the functional
role of NEU1 in MI tissue, mice were subjected to permanent
LAD ligation for 4 weeks after AAV9 injection. At 0, 3, 28, and
56 days after MI, the ejection fraction (EF), fractional shortening
(FS), end-systolic volume (ESV), and left ventricular diameter
(LVIDs) of shNEU1 mice were significantly better than those
of shRNA mice. Besides, LV chamber dilation was attenuated
in shNEU1 mic 8 weeks post-MI, as demonstrated by a drastic
decline in end diastolic volume (EDV), ESV, LV internal diameter
at end diastole (LVIDd), and LVIDs (Supplementary Figure 1B,
Figure 2C). Remarkably, knockdown of NEU1 in cardiac
robustly improved post-MI survival (Figure 2D). Collectively,
our data illustrate the beneficial effects of cardiac-specific NEU1
loss on MI.

NEU1 Knockdown Prevented Cardiac
Hypertrophy and Fibrosis Post-MI
After MI, the infarcted myocardium increases the workload
of the non-infarcted myocardium, leading to hypertrophy and
fibrosis (35). WGA stained heart sections showed that NEU1
deficiency reduced the CSA of cardiomyocytes (Figures 3A,C).
and significantly reduced the heart weight/body weight ratio
(HW/BW) (Figure 3B) post-MI. PSR data showed that NEU1
deficiency mice significantly attenuated myocardial fibrosis
caused by MI compared with mice injected with shRNA
(Figures 3A,D). Compared with the MI+shRNA group, the
hypertrophy genes (ANP, BNP, etc.) RNA level was significantly
downregulated in the hearts of MI+shNEU1 group mice
(Figure 3E). In addition, RT-PCR showed that NEU1 knockdown
inhibited MI-induced increases in Col1a1, Col3a1, and Ctgf
(Figure 3F). Collectively, the improvement in heart function in
the MI + shNEU1 group of mice was consistent with alleviated
cardiac remodeling as evidenced by suppression of cardiac
hypertrophy and fibrosis in infarcted hearts.

NEU1 Knockdown Attenuated
Mitochondrial Deficiencies and Enhanced
SIRT1/PGC-1α Pathway Activation Post-MI
Mitochondrial dysfunction and structural changes that occur
during ischemia are critically implicated in pathophysiology
in the infarcted myocardium (36). We measured the
respiratory chain enzyme activities. Under basic conditions, the
mitochondrial respiratory chain complexes enzyme activities in
the Sham group and shNEU1 group did not change significantly,
while the enzyme activities of complexes I, III, and IV in the
MI group were significantly reduced when compared with
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FIGURE 1 | NEU1 expression was increased in mice heart post-MI. (A) Immunoblot analysis of NEU1 protein (n = 6) in the mouse heart 3 days after LAD surgery. (B)

RT-PCR analysis of NEU1 mRNA in the mouse heart 3 days after MI. (C) Cardiac NEU1 expression detected by ELISA (n = 6). (D) Immunoblot analysis of NEU1

protein (n = 6) in the mouse heart 28 days after LAD surgery. (E) RT-PCR analysis of NEU1 mRNA in the mouse heart 28 days after MI. (F) Cardiac NEU1 expression

detected by ELISA (n = 6). *p < 0.05 vs. corresponding group. n.s., non-significant.

the Sham group. Most importantly, the enzyme activity of
complex II did not decrease significantly in the shNEU1-MI
group because it is only encoded by nuclear DNA (Figure 4A).
mtDNA copy number data showed that, the mtDNA:nDNA
ratio in the MI group was reduced when compared with the
Sham group, while the NEU1 knockdown increased the ratio
(Figure 4B). ATP, as the most important energy molecule, plays
an important role in various physiological and pathological
processes of cardiomyocytes. The significant decrease in ATP
levels of ischemic myocardium indicates impaired or decreased
mitochondrial function, and is related to the irreversible
changes in myocardial cells because the cells exhaust their
energy storage and cannot sustain cellular vital activities (35).
ATP content was significantly lower in 8 weeks post-MI mice
hearts, and NEU1 knockdown significantly increased the
ATP content in the context of MI (Figure 4C). Manganese
superoxide dismutase (SOD2 or MnSOD) is a mitochondrial
matrix antioxidant enzyme responsible for removing free
radicals generated locally (37). The activity of MnSOD decreased
in 8 weeks post-MI, while NUE1 inhibition can improve
the decreased MnSOD activity induced by MI (Figure 4D).

Mitochondria are responsible for the production of ATP, which
can produce a small amount of ROS. Therefore, we determined
the mitochondrial ROS production in mice hearts. NEU1
knockdown attenuated oxidative stress in mice hearts with MI
surgery (Figure 4E).

Transcription factor A plays a vital role in the maintenance
of mtDNA and thus, ATP production (38). SIRT1 and PGC-1α
are key regulators involved in processes such as myocardial
mitochondrial biogenesis and energy metabolism. Western
blots showed that SIRT1, PGC-1α, and TFAM expression levels
decreased after MI surgery for 8 weeks. Meanwhile, NEU1
knockdown increased cardiac expression of these proteins in
MI mice (Figures 4F,G). The imbalance between mitochondrial
division and fusion is closely related to the pathology of
myocardial I/R injury (39). MFN2 and DRP1 are essential
mitochondrial protein, which mediates mitochondrial functions.
The expression of MFN2 decreased, and the expression of DRP1
increased in MI tissues, however, NEU1 knockdown reversed the
above-mentioned protein changes (Figures 4F,H). In summary,
these findings indicate that NEU1 inhibition alleviated ischemia-
associated mitochondrial damage and exerted cardioprotective
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FIGURE 2 | NEU1 knockdown improved survival rates and cardiac function post-MI. (A) mRNA levels of NEU1 after AAV9-shRNA or AAV9-shNEU1 injection in mice

heart (n = 6). (B) NEU1 protein expression and quantitative data (n = 6). (C) Echocardiographic measurements of left ventricular internal diameter at end-systole

(LVIDs), left ventricular internal diameter at end-diastole (LVIDd), fractional shortening (FS), ejection fraction (EF), end-diastolic volume (EDV), and end-systolic volume

(ESV) in shRNA and shNEU1 hearts after sham operation or 1, 3, 28 and 56 (n = 12 per group) days post-MI. (D) Kaplan–Meier survival analysis of mice after MI (n =

12). *p < 0.05 vs. corresponding group. n.s., non-significant.

effects by enhancing the SIRT1/PGC-1α signaling
pathway in vivo.

NEU1 Inhibition Attenuated
Hopoxia-Induced Mitochondrial
Deficiencies and Enhanced SIRT1/PGC-1α

Pathway Activation in vitro
We transfected NRCMs with shRNA or shNEU1 and then
cultured NRCMs in a hypoxia or normoxia environment.
There are no significant changes in the enzymatic activity of
complex I, II, III, and IV between normxia+shRNA group
and normxia+shNEU1 group. Hypoxia treatment significantly
decreased the enzymatic activities of complex I, III, and IV,
while NEU1 inhibition blocked these enzyme activity changes.
Consistent with results in vivo, the enzymatic activity of
complex II was not altered in either group (Figure 5A).
mtDNA copy number data showed that compared with
the normxia+shRNA group, the mtDNA:nDNA ratio in the
hypoxic+shRNA group decreased, while NEU1 knockdown
increased the ratio (Figure 5B). ATP content and MnSOD

activity were significantly decreased by administrated with
hypoxia but increased withNEU1 inhibition (Figures 5C,D). The
fluorescence intensity of the mitoSOX among groups proved that
NEU1 knockdown attenuated oxidative stress in NRCMs with
hypoxia treatment (Figure 5E).

Consistent with in vivo experiments, hypoxia treatment
significantly decreased SIRT1, PGC-1α, and TFAMprotein levels,
but increased by adding of shNEU1 in H9C2 cells (Figures 5F,G).
Hypoxia decreased the MFN2 level and increased the DRP1
level, however, NEU1 knockdown increased the MFN2 level and
decreased the DRP1 level in H9C2 cells (Figures 5F,H).

SIRT1 or PGC-1α Inhibition Abolished
ShNEU1-Mediated Mitochondrial
Biogenesis and Function Improvement in
Hypoxia-Administrated NRCMs or H9C2
Cells
Use SIRT1 inhibitor EX-527 to verify whether shNEU1-mediated
mitochondrial metabolism and functional enhancement are
mediated by SIRT1 activation. As shown in Figures 6A,B,
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FIGURE 3 | NEU1 knockdown prevented cardiac hypertrophy and fibrosis post-MI. (A) WGA staining and PSR staining of shNEU1 and shRNA in mice hearts 8

weeks post MI or sham (n = 12). (B) Statistical results of heart weight/body weight (HW/BW, n = 12). (C) Statistical results for the cross-sectional areas of myocytes

(CSA, n =100 cells/sample, n = 6 per group). (D) Quantification of fibrotic areas in mice hearts 8 weeks post-MI. (E,F) RT-PCR analyses of fetal gene (Anp, Bnp,

Myh7) and fibrotic markers (Col1a1, Col3a1, Ctgf ) in each group (n = 6). *p < 0.05 vs. corresponding group. n.s., non-significant.

shNEU1 enhanced the SIRT1, PGC-1α, and TFAM protein
levels in H9C2 cells cultured under a hypoxia environment.
Meanwhile, EX527 eliminated the increase in these protein
expressions induced by shNEU1. We next detected the mtDNA
level, the content of ATP production, complex IV activity, and
mitochondrial oxidative stress in NRCMs. We noted that NEU1
inhibition reversed the hypoxia-induced decrease in mtDNA
level, ATP levels, complex IV activity, and MnSOD activity,
whereas EX527 partly abrogated these effects (Figures 6C–F).

Next, to test whether that PGC-1α is a key regulator
in shNEU1-mediated mitochondrial biogenesis and functional
improvement, we examined the alterations in PGC-1α and
TFAM through exposure to the PGC-1α inhibitor SR-18292.
Similar to EX-527, the PGC-1α inhibitor abolished the
shNEU1-induced increase in protein expressions in H9C2
cells (Figures 7A,B). We next detected the expression of
mtDNA, the content of ATP production, complex IV activity,
and mitochondrial oxidative stress in NRCMs. We noted

that NEU1 inhibition reversed the hypoxia-induced decrease
in mtDNA level, ATP levels, complex IV activity, and
MnSOD activity, whereas SR-18292 partly abrogated these
effects (Figures 7C–F). These results strongly suggest that
shNEU1 relieves MI by activating SIRT1/PGC-1α and enhancing
mitochondrial biogenesis, thereby improving cardiomyocyte
mitochondrial function.

PGC1α Deficiency Offset the
Cardio-Protective Effects of NEU1
Knockdown in vivo
To explore its mechanismmore deeply, we further used PGC-1α-
cKO mice to study the effects of PGC-1α on shNEU1-induced
cardioprotection. Consistent with in vitro experimental data, we
observed that NEU1 inhibition lost the protective effect in PGC-
1α-cKO mice, as evidenced by the indistinguishable survival
rate between the cKO+MI group and cKO+MI+shNEU1 group
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FIGURE 4 | NEU1 knockdown attenuated mitochondrial deficiencies and ROS accumulation post-MI. (A) Enzymatic activity of mitochondrial electron transport chain

enzymes (I, II, III, and IV) in isolated mitochondria from four groups of mice (n = 6). (B) Relative mitochondrial DNA content (mtDNA: nDNA) of heart (n = 6). (C) ATP

content of cardiomyocytes in fresh heart (n = 6). (D) Mitochondrial ROS is assessed by MnSOD activity of fresh heart (n = 6). (E) ROS production in myocardial

detected by DHE in fresh heart tissues. (F–H) Western blot image and quantitative results of the SIRT1/PGC1α pathway, the MFN2, and DRP1 of each group in vivo (n

= 6). *p < 0.05 vs. Sham+shRNA group, #p < 0.05 vs. MI+shRNA group.

(Figure 8A). Besides,WGA staining andHW/BW results showed
that NEU1 knockdown does not countermyocardial hypertrophy
induced by MI in PGC-1α-cKO mice (Figures 8B–D). PSR
staining results showed that NEU1 inhibition cannot alleviate
cardiac fibrosis in consistent with the findings in vitro,
shNEU1 lost its protective effects on inflammatory response in
cKO+MI+shNEU1 group mice (Figures 8B,E). Furthermore,
the heart function (determined by FS, EF, and LVIDd), showed
no significant differences between the cKO+MI group and the
cKO+MI+shNEU1 group (Figures 8F–H). Collectively, these
data indicated that PGC-1α ablation completely eliminated the
cardioprotection of NEU1 knockdown.

DISCUSSION

In this study, we demonstrated a novel role for NEU1 in MI.
We observed that NEU1 is significantly elevated in mice hearts
post-MI. Cardiac region-specific NEU1 inhibition prevented
the development of cardiac dysfunction and remodeling
in chronic MI hearts, via improving mitochondrial energy
metabolism and decreasing mitochondrial oxidative stress in
myocardial tissue post-MI. Mechanistically, through in vivo

and in vitro experiments, NEU1 knockdown ameliorated
cardiomyocytes injury by regulating the SIRT1/PGC-1α signaling
pathway, thereby enhancing the biogenesis and function
of mitochondria. Together, these data reveal a previously
unappreciated mechanism that governs mitochondrial energy
metabolism switch and chronic MI-induced cardiac remodeling.

In our study, we found that NEU1 is dramatically elevated
in the infarct area of acute ischemic cardiac injury, which is
consistent with previous findings (34). However, the increased
NEU1 in the infarct area was declined to the baseline during
the chronic phase of MI. In the infarcted area, scar tissue was
formed during chronic MI, with few viable cardiomyocytes,
leading to NEU1 decreasing. While, for the chronic MI model,
NEU1 expression was significantly increased in non-infarct areas
of mice, suggesting a potential role of NEU1 in regulating MI-
induced cardiac remodeling.

As a member of the neuraminidases family, NEU1 is
known to participate in multiple cellular processes (26, 40–
42) and inherited disease (43). Collectively, NEU1 is closely
related to inflammation and promotes the occurrence and
development of atherosclerosis and HF (44). In the human
hypertrophic cardiomyopathy or rodent myocardial hypertrophy
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FIGURE 5 | NEU1 knockdown attenuated mitochondrial deficiencies and ROS accumulation post-hypoxia in vitro. (A) Enzymatic activity of mitochondrial electron

transport chain enzymes (I, II, III, and IV) in isolated mitochondria from four groups of NRCMs (n = 6). (B) Relative mitochondrial DNA content (mtDNA: nDNA) of

NRCMs (n = 6). (C) ATP content of NRCMs in each group (n = 6). (D) Mitochondrial ROS is assessed by MnSOD activity of NRCMs (n = 6). (E) Superoxide

production in mitochondria detected by MitoSOX staining in NRCMs. (F–H) Western blot image and quantitative results of the SIRT1/PGC1α pathway, the MFN2 and

DRP1 of each group in H9C2 cells (n = 6). *p < 0.05 vs. normoxia + shRNA group, #p < 0.05 vs. hypoxia + shRNA group.

model, NEU1 was significantly increased, and targeted inhibition
of NEU1 expression effectively prevented the development
of cardiac hypertrophy and remodeling (22). There was a
similar article recently published mentioned that after the
myocardium is exposed to I/R, the NEU1 protein level and
activity in myocardial cells and infiltrating monocytes increase,
and cause inflammation, hypertrophy, and HF. However,
systemic inhibition of NEU1 can alleviates myocardial injury
and dysfunction after I/R injury (20). Similar to this study, the
expression of NEU1 is elevated in myocardial tissue of MI, and
NEU1 knockdown can significantly improve cardiac dysfunction

and myocardial remodeling. Importantly, the difference and
novelty of our work are that, NEU1 knockdown is a protective
effect produced by improving cardiac mitochondrial dysfunction
and mitochondrial oxidative stress. While the previous research
direction is that NEU1 promotes the increased level and duration
of monocyte inflammation after reperfusion of an infarcted heart.
In our hands, NEU1 level was increased in the ischemic heart
while NEU1 inhibition preserved cardiac function and improved
myocardial morphology post-MI.

More and more evidence showed that SIRT1 can induce
nuclear localization and deacetylation to increase the
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FIGURE 6 | SIRT1 inhibition abolished shNEU1-induced mitochondrial biogenesis and function improvement in hypoxia-administrated NRCMs or H9C2 cells. (A,B)

Western blot image and quantitative results of SIRT1, PGC1α and TFAM of each group in H9C2 cells (n = 6). (C) Relative mitochondrial DNA content (mtDNA: nDNA)

of NRCMs (n = 6). (D) ATP content of NRCMs (n = 6). (E) Enzymatic activity of mitochondrial complex IV in isolated mitochondria from four groups of NRCMs (n = 6).

(F) Mitochondrial ROS is assessed by MnSOD activity of NRCMs (n = 6). *p < 0.05 vs. corresponding group, n.s., non-significant.

FIGURE 7 | PGC1α inhibition abolished shNEU1-induced mitochondrial biogenesis and function improvement in hypoxia-administrated NRCMs or H9C2 cells. (A,B)

Western blot image and quantitative results of PGC1α and TFAM of each group in H9C2 cells (n = 6). (C) Relative mitochondrial DNA content (mtDNA: nDNA) of

NRCMs (n = 6). (D) ATP content of NRCMs (n = 6). (E) Enzymatic activity of mitochondrial complex IV in isolated mitochondria from four groups of NRCMs (n = 6).

(F) Mitochondrial ROS is assessed by MnSOD activity of NRCMs (n = 6). *p < 0.05 vs. corresponding group, n.s., non-significant.

transcriptional activity of PGC-1α, and has an important role
in promoting the function and structure of mitochondria
(45, 46), which is associated with improved metabolic
regulation and antioxidant stress (47). PGC-1α is a key
regulator of mitochondrial structure and function, which
controls the expression of mitochondrial and nuclear-encoding
mitochondrial genes, and regulates the transcription of TFAM

(48). In fact, overexpression of SIRT1 and subsequent activation
of PGC-1α protects against metabolic decline and cardiovascular
disease (49, 50). In our work, we found that under MI or hypoxia
conditions, the SIRT1, PGC-1α, and TFAM levels downregulated
significantly. While NEU1 knockdown prevented the decline of
SIRT1/PGC-1α signaling proteins in MI, or in hypoxia-treated
H9C2 cells. Since the inhibition of SIRT1/PGC-1α axis protein
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FIGURE 8 | PGC1α deficiency offset the protective effects of shNEU1 in vivo. (A) Kaplan–Meier survival analysis of each group in 2 weeks after MI (n = 20). (B) WGA

staining and PSR staining of each group mice heart (n = 12). (C) Statistical results for the cross-sectional areas of myocytes (CSA, n =100 cells/sample, n = 12 per

group). (D) Statistical results of HW/BW (n = 20). (E) Quantification of fibrotic areas in 8 weeks post-MI (n = 12). (F) FS of mice in 8 weeks post MI (n = 20). (G) EF of

mice in 8 weeks after MI (n = 20). (H) LVIDd diameter (n = 20). *P < 0.05 vs. corresponding group; n.s., non-significant.

by NEU1 was eliminated by independent inhibition of SIRT1
activity (EX527) or PGC-1α expression (SR-18292). Our data
show that there is a strong correlation between NEU1 and
the mitochondrial biogenesis mediated by the SIRT1/PGC-
1α pathway, and it has an important potential impact on
myocardial remodeling during MI. Since the effects of NEU1
inhibition on SIRT1/PGC-1α axis protein are eliminated by
independently inhibiting SIRT1 activity (EX527) or PGC-1α
expression (with SR-18292), our data indicated that there is a
strong association between SIRT1/PGC-1α pathway-mediated
NEU1 and mitochondrial biogenesis, with important potential
implications for HF post-MI.

A large number of reports have revealed the adverse effects
of mitochondrial damage in the onset and progression of
acute MI (51), which is well-related to our results. Previous
studies have shown a close link between mtDNA damage
and reduced mitochondrial electron transport complex enzyme
activity (52). Because the maintenance of mtDNA is essential for
mitochondrial protein expression, the reduction of mtDNA copy
number can lead tomitochondrial dysfunction and loss. Evidence
shows that mtDNA defects, mitochondrial structural changes
and dysfunction promote the occurrence and progression of HF

(53). PGC-1α acts on the upstream of TFAM and can increase
mtDNA levels in cells and mice (54). Our study showed that the
relative amounts of TFAM and mtDNA decreased significantly
in the mouse heart failure model after MI, and clearly proved
that NEU1 inhibition can limit the decline of mtDNA levels
and keep it at a normal level in the heart tissue of MI mice.
Consistent with the changes in mtDNA and transcription levels,
the activity of complexes I, III, and IV is significantly reduced
in the heart after MI because part of it is encoded by the
mtDNA gene; while the complex II activity is not affected because
it is entirely composed of nuclear DNA coding. Knockdown
of NEU1 can significantly improve the adverse changes in
the mitochondrial complexes I, III, and IV activity caused by
MI or hypoxia. Transgene expression of PGC-1α or the use
of peroxisome proliferator-activated receptor agonist benzoate
to treat mitochondrial myopathy can promote mitochondrial
biogenesis, improve respiration, and prolong lifespan (55). We
found that inhibition of NEU1 maintained the ATP levels
of cardiomyocytes in MI, and these beneficial outcomes were
eliminated independently by EX527 or SR-18292.

The stability of the dynamic balance between mitochondrial
fusion and division is very important to maintain the
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biological function of mitochondria (56). MFN2 and DRP1
are important proteins regulating mitochondrial fusion and
division (56, 57), and MFN2 can participate in cell proliferation
and apoptosis and maintains mitochondrial DNA stability by
regulating mitochondrial fusion and division and changing the
morphology and function of mitochondria (58). Overexpression
of DRP1 protein can promote mitochondrial division and
damage themitochondrial network structure. Inhibition of DRP1
promotes mitochondrial fusion, increases network structure,
and repairs damaged mitochondria (59). In this study, the
MFN2 protein level was decreased and the DRP1 protein level
was increased in the pathological state, suggesting that MI-
induced decreased release of the mitochondrial fusion protein
and increased production of mitotic protein. While NEU1
knockdown blocks undesirable changes in mitochondrial fusion
and division proteins, suggesting that NEU1 inhibition may
prevent mitochondrial damage by promoting MFN2 expression
and inhibiting DRP1 expression, inhibiting the occurrence of
mitochondrial division.

This study has some limitations. First, NEU1 was elevated in
MI mice hearts, while, we did not explore why and how NEU1
increased. Second, in our work, we mainly used AAV9-NEU1
to verify its effect, and did not use genetically engineered mice
related to NEU1. Third, the study only investigated the inhibitory
effect of NEU1 but did not study the role of overexpression
of NEU1.

In summary, the evidence we provide shows that the
expression of NEU1 in the myocardial tissue of MI mice
is significantly upregulated, and the biogenesis and function
of mitochondria are impaired. At the same time, the signal
molecules in the SIRT1/PGC-1α pathway are downregulated.
Through in vivo and in vitro experimental analysis, we proved
that NEU1 inhibition promotes the biogenesis and function
of mitochondria by enhancing the SIRT1/PGC-1α signaling
pathway, thereby improving poor myocardial remodeling after
MI. NEU1 inhibition opens up a whole new field of treatment
after myocardial infarction. Existing NEU1 inhibitors (antiviral

drugs such as zanamivir and oseltamivir) have good safety
and pharmacokinetic properties and may be used to ameliorate
mitochondrial metabolism and oxidative stress in myocardial
infarction or heart failure.
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