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Calenduloside E (CE) is a natural triterpenoid saponin isolated from Aralia elata (Miq.) Seem., a well-known traditional Chinese
medicine. Our previous studies have shown that CE exerts cardiovascular protective effects both in vivo and in vitro. However, its
role in myocardial ischemia/reperfusion injury (MIRI) and the mechanism involved are currently unknown. Mitochondrial
dynamics play a key role in MIRI. This study investigated the effects of CE on mitochondrial dynamics and the signaling
pathways involved in myocardial ischemia/reperfusion (MI/R). The MI/R rat model and the hypoxia/reoxygenation (H/R)
cardiomyocyte model were established in this study. CE exerted significant cardioprotective effects in vivo and in vitro by
improving cardiac function, decreasing myocardial infarct size, increasing cardiomyocyte viability, and inhibiting cardiomyocyte
apoptosis associated with MI/R. Mechanistically, CE restored mitochondrial homeostasis against MI/R injury through improved
mitochondrial ultrastructure, enhanced ATP content and mitochondrial membrane potential, and reduced mitochondrial
permeability transition pore (MPTP) opening, while promoting mitochondrial fusion and preventing mitochondrial fission.
However, genetic silencing of OPA1 by siRNA abolished the beneficial effects of CE on cardiomyocyte survival and
mitochondrial dynamics. Moreover, we demonstrated that CE activated AMP-activated protein kinase (AMPK) and treatment
with the AMPK inhibitor, compound C, abolished the protective effects of CE on OPA1 expression and mitochondrial function.
Overall, this study demonstrates that CE is effective in mitigating MIRI by modulating AMPK activation-mediated OPA1-
related mitochondrial fusion.

1. Introduction

Myocardial ischemia/reperfusion injury (MIRI), which
occurs due to blood restoration after a critical period of cor-
onary artery obstruction, causes increased myocardial dys-
function and further cardiomyocyte death, in particular
myocardial infarction [1]. Currently, bedside therapies to
mitigate ischemia/reperfusion- (I/R-) mediated myocardial
damage remain limited largely due to the complex mecha-
nisms that contribute to I/R.

Aralia elata (Miq.) Seem. (AS) is traditionally used as a
tonic for antiarrhythmic, antiarthritic, antihypertensive,
and antidiabetic purposes in traditional Chinese medicine
[2]. The total saponins of AS were developed as a new drug
called A. elata Xinmaitong capsules for the treatment of cor-

onary heart disease which has successfully completed phase
III clinical trials in China [2]. Calenduloside E (CE) is one
of the major natural pentacyclic triterpenoid saponins pres-
ent in a wide variety of Aralia plants [3]. A number of studies
indicate that CE possesses considerable cardiovascular regu-
latory effects. We previously demonstrated that CE exerts an
antiarrhythmic effect [4] and protects against oxidative
stress-induced injury in cardiomyocytes [5]. We also found
that CE protects endothelial cells from injury and reduces
apoptotic endotheliocytes [6, 7]. However, the protective
effect of CE on myocardial I/R (MI/R) injury and its underly-
ing mechanism are still not fully understood.

Mitochondria are enriched in cardiomyocytes and have
been considered key organelles for controlling cardiac func-
tion and cardiomyocyte viability via constant fission and
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fusion under physiological and pathological conditions [8].
Normal mitochondrial fission promotes mitochondrial redis-
tribution, while mitochondrial fusion enhances the supple-
mentation of mitochondrial components and keeps the
mitochondrial network in a healthy state. The imbalance of
mitochondrial fission and fusion, which results in mitochon-
drial dysfunction, plays a crucial part in the pathogenesis of
MI/R injury [8]. Excessive mitochondrial fission and reduced
mitochondrial fusion have been shown to lead to the activa-
tion of apoptotic cell death during MI/R injury. Accordingly,
several strategies that strengthen the mitochondrial fusion or
inhibit excessive mitochondrial fission have been reported to
preserve mitochondrial function of the heart against MI/R
injury [9, 10]. Therefore, targeting the proteins that regulate
mitochondrial dynamics is a potential strategy to prevent
I/R-induced cardiac injury.

Optic atrophy 1 (OPA1), a protein embedded in mito-
chondrial inner membranes, primarily controls mitochon-
drial fusion [11]. The reduced expression of OPA1 in MI/R
injury aggravates mitochondrial fragmentation and results
in mitochondrial dysfunction and mitochondrial apoptosis,
which contribute to the development of MI/R injury [12].
Increased OPA1 is associated with active mitochondrial
fusion, and overexpression of OPA1 has been shown to
reverse mitochondrial function and improve cardiac perfor-
mance in the I/R heart [13]. Increasing evidence suggests that
AMP-activated protein kinase (AMPK) acts as a hub to
bridge mitochondrial dysfunction, and OPA1 expression is
potentially regulated by the AMPK pathway [13, 14]. Thus,
it is very worthwhile to explore whether CE alleviates MI/R
injury by activating OPA1-related mitochondrial fusion in
an AMPK-dependent manner.

In this study, we investigated the therapeutic effects of CE
using a model of MI/R injury in rats and a cellular hypoxia/r-
eoxygenation- (H/R-) induced H9c2 cardiomyocyte injury
model, especially focusing on mitochondrial dynamics and
function via modulating AMPK/OPA1 expression.

2. Materials and Methods

2.1. Animals. Adult male Sprague-Dawley (SD) rats weighing
230-250 g were purchased from Beijing Vital River Labora-
tory Animal Technology Co., Ltd., Beijing, China. The ani-
mals were housed under standard laboratory conditions
(temperature of 25 ± 1°C, humidity of 50 ± 10%, and 12 h
photoperiod) and allowed free access to sterile food and
water. All experiments were approved by the Laboratory Ani-
mal Ethics Committee of the Institute of Medicinal Plant
Development, Peking Union Medical College, and con-
formed to the Guide for the Care and Use of Laboratory Ani-
mals published by the US National Institutes of Health (NIH
Publication, the 8th Edition, 2011).

2.2. Cardiac I/R Injury Model and Treatment. The rat model
of myocardial I/R was performed as described previously
[15]. Briefly, rats were anesthetized with an intraperitoneal
injection of sodium pentobarbital (40mg/kg). A lead II elec-
trocardiograph was monitored throughout the surgical pro-
cess. After tracheal cannulation, a miniventilator was used

to maintain gas exchange in the lungs. Following thoracot-
omy, the left anterior descending coronary artery was revers-
ibly ligated with a 6-0 silk suture (except in the sham and
sham+CE groups). After 30min of ischemia, the heart was
allowed 48 h of reperfusion by carefully releasing ligation.
Rats were randomly divided into four groups (n = 12): the
sham, sham+CE, I/R, and I/R+CE groups. The sham and
I/R groups were administered an equal volume of ultrapure
water containing 0.5% sodium carboxymethylcellulose by
oral gavage for three days. In the drug treatment groups,
15mg/kg CE was administered for three days. The last treat-
ment was completed 60min before vascular ligation. The
concentration of CE used was selected based on our prelimi-
nary experiments.

2.3. Echocardiographic Assessment of Cardiac Function. Car-
diac function was assessed using M-mode echocardiography
according to the methods described in our previous study
[16]. Briefly, rats were anesthetized with 2% isoflurane, and
echocardiography was performed using a Vevo 770 high-
resolution in vivo imaging system (FUJIFILM VisualSonics,
Inc., Toronto, Ontario, Canada). M-mode tracing of the left
ventricle was obtained from the parasternal long-axis view.
Left ventricular ejection fraction (LVEF) and left ventricular
fractional shortening (LVFS) were calculated using computer
algorithms. All measurements represent the mean of 5 con-
secutive cardiac cycles.

2.4. Determination of Myocardial Infarct Size. Assessment of
infarct size was determined by triphenyl tetrazolium chloride
(TTC) staining, as described previously [15]. Briefly, at the
indicated time point, the rat heart was sliced into five equal
pieces at a line parallel to the coronary sulcus and below
the ligation of the heart. The slices were then incubated with
1% TTC solution at 37°C for 15min. Image-Pro Plus 5.0 soft-
ware (Media Cybernetics, Rockville, MD, USA) was used to
analyze the infarct (white) and noninfarct (red) areas after
the images were captured using a high-resolution camera.
The percentage of myocardial infarct was calculated as the
infarct area divided by the total area.

2.5. Measurement of Serum Myocardial Enzymatic Levels.
Blood samples were collected by abdominal aortic blood col-
lection and centrifuged at 3600 rpm for 10min. The serum
was used for the detection of cTnI using a rat-specific ELISA
kit (Beijing Expandbiotech Ltd., Beijing, China) according to
the manufacturer’s protocol.

2.6. Transmission Electron Microscopy. Isolated fresh heart
tissue was fixed with 2.5% glutaraldehyde in phosphate buffer
(0.1M, pH7.4) for 2 h at 4°C. After washing in the same
buffer 5 times, the tissue samples were postfixed in 1%
osmium tetroxide in 0.1M phosphate buffer, dehydrated
with a graded series of ethanol to 100%, and infiltrated with
propylene oxide to embedding media (Epon 812 resin,
SERVA, Heidelberg, Germany). Ultrathin sections were
stained with uranyl acetate and lead citrate and observed
under a JEOL JEM-1230 transmission electron microscope
(JEOL Ltd., Tokyo, Japan) [17]. Digital images were analyzed
using ImageJ [18] to manually generate masks of
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mitochondrial contours that were then used for the calcula-
tion of the mitochondrial area and total mitochondrial
number.

2.7. Determination of ATP Content. The ATP content was
determined using an enhanced ATP assay kit (Beyotime Bio-
technology, China) according to the manufacturer’s instruc-
tions. Briefly, 100μL of ATP detection working solution with
10μL of the supernatant sample was added to a white 96-well
plate for luminescence analysis using the Tecan Infinite
M1000 (Hombrechtikon, Switzerland) microplate reader.
Protein concentrations were determined using a BCA protein
assay kit to normalize the relative ATP content.

2.8. Isolation of Cardiac Mitochondria. Mitochondria were
extracted from heart tissue using a tissue mitochondria isola-
tion kit (Beyotime Institute of Biotechnology, China) accord-
ing to the manufacturer’s instructions. Briefly, the fresh
cardiac tissue and mitochondria extraction reagent were fully
mixed and stirred in a homogenizer, and the suspension was
centrifuged at 1000 × g for 5min at 4°C. The supernatant
obtained was centrifuged at 3500 × g for 10min at 4°C. The
precipitate was mitochondria, resuspended in a stock solu-
tion, and stored at -80°C.

2.9. Cell Culture and Treatment. Rat embryonic
cardiomyoblast-derived H9c2 cardiomyocytes (Cell Bank of
the Chinese Academy of Sciences, Shanghai, China) were
cultured in high-glucose DMEM supplemented with 10%
(v/v) fetal bovine serum, 1% penicillin/streptomycin (v/v),
and 2mM L-glutamine at 37°C with 5% CO2 incubation.
For all experiments, the cells were plated at an appropriate
density in accordance with the experimental design and were
grown for 24 h to reach 70% to 80% confluence before exper-
imentation. The H/R model was built according to previously
published methods [19]. Briefly, H9c2 cardiomyocytes were
cultured in DMEM without glucose under hypoxia for 6 h
in an anaerobic glove box (Type C, Coy Laboratory, CA,
USA) and then transferred to a regular incubator with the
medium replaced by a normal medium to mimic reperfusion.
In the CE-treated group, H9c2 cardiomyocytes were pre-
treated with CE for 4 h prior to H/R. In the inhibitor-
treated group, cells were preincubated with 10μM com-
pound C (CC) for 1 h before they were treated with CE.
The concentration of CC was determined based on our pre-
vious experiments [20].

2.10. Cell Viability Analysis. Cell viability was determined
using an MTT assay, as previously described [19]. H9c2 cells
were seeded at a density of 1 × 104 cells/well in 96-well plates.
After different treatments, the cells were incubated with
20μL of MTT (5mg/mL) each well for 4 h. The supernatant
was subsequently removed, and formazan crystals were dis-
solved in dimethyl sulfoxide (DMSO). Absorbance was
detected at 570nm using a microplate reader (Infinite
M1000, Tecan).

2.11. Measurement of LDH Release. The lactate dehydroge-
nase (LDH) release was measured using an LDH cytotoxicity
detection kit, according to the manufacturer’s instructions

(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Briefly, the cell medium was removed for the activity
analysis of extracellular LDH, which catalyzes the conversion
of lactate to pyruvate, and then reacted with 2,4-dinitrophe-
nylhydrazine to give the brownish red color in basic solution.
After the reaction, each sample was detected and the absor-
bance was read at wavelength 450nm. The results are
expressed as U/L.

2.12. Flow Cytometric Detection of the Cell Apoptosis Rate.
The percentages of early apoptosis and necrosis were
detected using an Annexin V-FITC/PI apoptosis kit as
described in our previous study [19]. Following drug treat-
ment, the cells were harvested, washed twice with cold PBS,
and incubated in the dark with 5μL of FITC-Annexin V
and 1μL of PI working solution (100μg/mL) for 15min at
room temperature. The apoptosis rate was measured using
a FACSCalibur flow cytometer (BD Biosciences, CA, USA).

2.13. Determination of Mitochondrial Transmembrane
Potential. Mitochondrial membrane potential (ΔΨm) was
measured using the JC-1 assay kit (Beyotime Biotechnology,
China) according to the manufacturer’s instructions. After
treatment, cells were incubated with JC-1 (2μM final concen-
tration) at 37°C in the dark for 30min. Cells were then
washed three times with buffer and observed using fluores-
cence microscopy (EVOS® FL Color, Life Technologies,
Carlsbad, CA, USA). For further analysis, freshly isolated
mitochondria were incubated with an equal volume of JC-1
staining solution (10mg/mL) for 20min at 37°C in the dark
and rinsed twice with buffer. JC-1 fluorescence was measured
using a microplate reader (Infinite M1000, Tecan). The green
JC-1 signal was detected at excitation wavelengths of 490nm
and emission wavelengths of 530nm. The red signal was
detected at excitation wavelengths of 525nm and emission
wavelengths of 590nm. The ratio of red and green fluores-
cence intensities indicated changes in the mitochondrial
membrane potential.

2.14. Determination of Mitochondrial Permeability
Transition Pore (MPTP) Opening. The MPTP opening in
H9c2 cardiomyocytes was measured via calcein AM staining
using a living cell MPTP fluorescence detection kit (Genmed
Scientifics Inc., Shanghai, China). After treatment, the cells
were washed twice with reagent A and then incubated with
an intermixture of reagent B and reagent C for 20min at
37°C in the dark. After staining, cells were washed twice with
reagent A, followed by image acquisition using fluorescence
microscopy (EVOS® FL Color, Life Technologies). The fluo-
rescence intensity of the mitochondria was determined using
a microplate reader (Infinite M1000, Tecan) at an excitation
wavelength of 488nm and an emission wavelength of
505 nm.

2.15. siRNA Transient Transfection. The siRNA against
OPA1 and the negative control siRNA were purchased from
Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). To transfect siRNA into cardiomyocytes, Opti-
Minimal Essential Medium (Gibco, Thermo Fisher Scientific,
Inc., USA) without serum or antibiotics was used to incubate
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Figure 1: Effect of CE on I/R-induced cardiac dysfunction. (a) Representative trace of M-mode echocardiography performed 24h after MI/R
injury in a rat study. (b) Quantitative analysis of left ventricular ejection fraction (EF) and (c) fractional shortening (FS) using
echocardiography. LVEF: left ventricular ejection fraction; FS: fractional shortening. (d) Representative images of TTC staining. Red-stained
areas represent normal tissue, while unstained pale areas depict infarcted tissue. (e) Quantitative analysis of infarct size. (f) Measurement of
serum cTnI levels. Data are presented as the mean ± SEM (n = 6). #P < 0:05 vs. sham; ##P < 0:01 vs. sham; ∗P < 0:05 vs. I/R; ∗∗P < 0:01 vs. I/R.
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Figure 2: CE suppresses I/R-induced mitochondrial morphological damage and dysfunction. (a) Representative transmission electron
microscopy (TEM) images of cardiac mitochondria. Scale bar ðupperÞ = 2 μm. Scale bar ðlowerÞ = 0:5 μm. (b) Mean size of the
mitochondria. (c) Myocardial ATP content. (d) Changes of mitochondrial permeability transition pore opening. (e) Cytochrome c oxidase
activity. Data are presented as the mean ± SEM (n = 6). #P < 0:05 vs. sham; ##P < 0:01 vs. sham; ∗P < 0:05 vs. I/R; ∗∗P < 0:01 vs. I/R.
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the cells for 24 hours. The cells were then transfected with
siRNA (20nM) diluted by Lipofectamine RNAiMAX (Invi-
trogen, Thermo Fisher Scientific, Inc.) for 24 h according to
the manufacturer’s instructions. The knockdown efficiency
of the target proteins was evaluated via western blotting.

2.16. Western Blotting Analysis. Heart tissues or H9c2 cells
were lysed on ice with tissue or cell protein extraction reagent
containing 1% phenylmethylsulfonyl fluoride. Equal
amounts of protein from each sample were separated by
SDS-PAGE and then transferred onto a nitrocellulose mem-
brane. After blocking with 5% (w/v) nonfat milk powder, the
membranes were incubated overnight at 4°C with appropri-
ate primary antibodies. The primary antibodies (Abcam,
Cambridge, UK) used were as follows: rabbit monoclonal
anti-OPA1 antibody, rabbit monoclonal anti-Drp1 antibody,
rabbit monoclonal anti-Mitofusin 2 antibody, mouse mono-
clonal anti-AMPK antibody, rabbit polyclonal anti-p-AMPK
antibody, and rabbit polyclonal anti-beta actin antibody.
After washing, the membranes were incubated for 1 h with
the respective horseradish peroxidase-conjugated secondary
antibodies at room temperature. Finally, the membranes
were developed by enhanced chemiluminescence using a
Bio-Rad imaging system (Bio-Rad, Hercules, CA, USA) [21].

2.17. Statistical Analysis. Results are expressed as the mean
± standard error of mean ðSEMÞ of three independent exper-
iments. Comparisons between two groups were performed

by Student’s t-test, while one-way ANOVAwith Tukey’s post
hoc test was used for multigroup comparison. Statistical sig-
nificance was set at P < 0:05.

3. Results

3.1. CE Attenuates I/R Injury-Induced Cardiac Dysfunction in
Rats. To determine the protective effects of CE on cardiac
function, M-mode echocardiography was used to measure
cardiac parameters (Figure 1(a)). As shown in Figures 1(b)
and 1(c), I/R severely impaired myocardial function, as dem-
onstrated by significant decreases in EF and FS. However, CE
treatment significantly improved I/R-induced cardiac dys-
function. An increase in myocardial infarct size was observed
in MI/R rats compared with the sham group. However, CE
treatment significantly decreased infarct size in comparison
with the MI/R group (Figures 1(d) and 1(e)). In addition,
the serum cTnI level, an indicator of myocardial injury, rap-
idly increased in MI/R hearts. CE treatment reduced the level
of cTnI after MI/R (Figure 1(f)).

3.2. CE Inhibits I/R Injury-Induced Myocardial
Mitochondrial Damage. The ultrastructure of cardiac mito-
chondria was evaluated by TEM. In the I/R-induced cardio-
myocyte, the mitochondrial arrangement was irregular,
with clusters of mitochondrial fragments and high diversity
in shape and size. CE treatment significantly reduced these
morphological changes (Figures 2(a) and 2(b)). Total ATP
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Figure 3: Effects of CE on apoptosis in I/R-injured hearts. (a) Changes in the expression of cytochrome c and Bax in the mitochondrial and
cytosolic fractions and (b) changes in the expression of cleaved caspase-3 and cleaved PARP in isolated rat hearts. β-Actin expression was
examined as a protein loading control. Data are presented as the mean ± SEM from three independent experiments. #P < 0:05 vs. sham;
∗P < 0:05 vs. I/R.
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Figure 6: Effects of OPA1 on the protection of CE against H/R-stimulated mitochondrial injury and apoptosis. The siRNA against OPA1 was
used to knock down the expression of OPA1. (a) Western blot assay and quantitative analyses of mitochondrial fission-related (Drp1 and
Fis1) and fusion-related (OPA1 and Mfn2) proteins in H/R cardiomyocytes with CE and OPA1 siRNA pretreatment. (b) Effects of CE
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expression was examined as a protein loading control. Data are presented as the mean ± SEM from three independent experiments.
##P < 0:01 vs. control; ∗P < 0:05 vs. H/R; ∗∗P < 0:01 vs. H/R; &P < 0:05 vs. H/R+CE; &&P < 0:01 vs. H/R+CE.
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levels were significantly decreased in the I/R group, while CE
significantly increased ATP levels (Figure 2(c)). Moreover,
the mitochondrial permeability transition pore (MPTP)
opening and cytochrome c oxidase activity explained the
effects of CE on mitochondrial function. I/R significantly
increased the MPTP opening and decreased the cytochrome
c oxidase activity. However, CE effectively improved I/R-
induced mitochondrial dysfunction (Figures 2(d) and 2(e)).

3.3. CE Decreases I/R-Induced Myocardial Apoptosis in Rats.
Mitochondrial dysfunction is one of the main pathways of
apoptosis and thus contributes to I/R injury [22]. CE
decreased the expression of Bax in the mitochondrial fraction
and inhibited mitochondrial cytochrome c release into the
cytosol, which was induced by I/R (Figure 3(a)). In line with
this, CE also significantly reduced the expression of cleaved
caspase-3 and its substrate cleaved PARP compared with
the I/R group (Figure 3(b)).

3.4. CE Attenuated H/R-Induced Injury and Apoptosis in
Cardiomyocytes. The protective effects of CE against H/R-
induced cell injury were detected by the MTT and LDH
assays. As shown in Figure 4(a), CE dose-dependently atten-
uated H/R-induced reduction in cell viability. H/R-induced
LDH release was also significantly decreased when the cells
were pretreated with AsC in a dose-dependent manner
(Figure 4(b)). CE at 4μM, which exhibited the most signifi-
cant protective effect, was selected for further experiments.

The Annexin V-FITC/PI staining assay demonstrated
that the number of early apoptotic cells significantly
increased in H/R-treated H9c2 cardiomyocytes compared
with the control group, while incubation with CE effectively
alleviated H/R-induced early apoptosis (Figures 4(c) and
4(d)).

3.5. CE Regulates the Balance of Proteins Related to
Mitochondrial Fission and Fusion in I/R Rats. To determine
the possible mechanisms through which CE protects the
mitochondria against I/R injury, the expression levels of
Drp1 (a protein that regulates fission events), OPA1 (which
regulates mitochondrial inner membrane fusion), and
Mfn1/2 (which controls outer membrane fusion) were mon-
itored. As shown in Figure 5, in the I/R group, the level of
Drp1 protein was significantly elevated, whereas Mfn1/2
and OPA1 were decreased compared with the sham group.
CE treatment not only inhibited Drp1 expression but also
recovered Mfn1/2 and OPA1 levels in comparison with the
I/R group, indicating that CE improves the balance between
fission and fusion following I/R injury.

3.6. Silencing of OPA1 Abolishes the Protective Effects of CE on
Mitochondrial Homeostasis and Apoptosis in H/R-Treated
Cardiomyocytes. To determine the role of OPA1 in the bene-
ficial effects of CE in cardiomyocytes, we used small interfer-
ing RNA (siRNA) to silence OPA1 in cardiomyocytes. We
found that CE treatment enhanced the profusion proteins
(OPA1 and Mfn2) and reduced the levels of profission pro-
teins (Drp1 and Fis1). However, the loss of OPA1 abolished
the regulatory effects of CE on mitochondrial fusion and fis-
sion (Figure 6(a)). As shown in Figures 6(b) and 6(c), OPA1

ablation reversed the protection against H/R injury by
decreasing cell viability and ATP production. We then mea-
sured mitochondrial membrane potential (ΔΨm) in cardio-
myocytes. As shown in Figures 6(d) and 6(e), H/R injury
impaired ΔΨm, while CE treatment improved the stability
of ΔΨm. Notably, the effects of CE were negated when
OPA1 was knocked down. Additionally, cardiomyocyte apo-
ptosis was detected by analyzing the expression of cleaved
caspase-3 and PARP (Figure 6(f)). Compared to the control
group, the presence of H/R-activated caspase-3 and PARP
could be inhibited by CE. However, OPA1 silencing abro-
gated the antiapoptotic effects of CE on cardiomyocytes.

3.7. CE Activates AMPK Following Myocardial I/R Injury. To
determine whether CE protects the heart against myocardial
I/R injury through the AMPK signaling pathway, we exam-
ined the effect of CE on the cardiac AMPK signaling path-
way. Figure 7 shows that CE significantly increased the
phosphorylation of AMPK compared with the I/R group,
whereas no change was detected in the levels of total AMPK.

3.8. CE Regulates OPA1 via the AMPK Signaling Pathway.
Western blotting analysis demonstrated that CE treatment
upregulated the levels of p-AMPK and OPA1 in H/R-treated
cardiomyocytes. However, the inhibition of AMPK by com-
pound C (CC) caused a decline in OPA1 expression
(Figure 8(a)), which suggests that OPA1 expression was
modulated by the AMPK signaling pathway.

To confirm whether AMPK is also involved in cardio-
myocyte survival and mitochondrial homeostasis, we ana-
lyzed cell viability, mitochondrial membrane potential, and
MPTP opening. As shown in Figure 8(b), the H/R-induced
loss of ΔΨm was also suppressed by CE, and this beneficial
effect was inhibited after blockade of the AMPK pathway.
Moreover, the H/R group displayed calcein fluorescence loss,
which indicated that the MPTP was opening. CE treatment
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reduced the MPTP opening induced by H/R, but this effect
was not observed following treatment with CC (Figure 8(c)).

4. Discussion

In the present study, several important observations were
made. First, we further confirmed that CE significantly pre-
served cardiac function in rats subjected to MI/R injury as
well as increased the viability of cardiomyocytes under H/R.
Second, CE improved mitochondrial function and inhibited
apoptosis by enhancing OPA1-related mitochondrial fusion
during I/R injury. Third, we found that CE increased AMPK

phosphorylation, while AMPK inhibitor compound C miti-
gated the positive effects of CE on mitochondrial dynamics
and apoptosis. Taken together, our study provides direct evi-
dence that CE enhances mitochondrial function and exerts
powerful protection against myocardial I/R damage via the
AMPK-OPA1 pathway.

Mitochondrial dysfunction plays a crucial role in MI/R
injury; this includes decreasing mitochondrial metabolic
enzymes and ATP content and opening the mitochondrial
permeability transition pore (MPTP) which contributes to
mitochondrial Ca+ overload and oxidative bursts, leading to
apoptosis or necrosis [22]. Given the pivotal role of
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mitochondria in the heart, we determined mitochondrial
function during MIRI. Consistent with the literature [23],
our study showed that I/R destroyed mitochondrial mor-
phology, resulting in mitochondrial swelling and crista mor-
phological disorder. Meanwhile, ATP production declined,
MMP reduced, and apoptotic expression increased during
MIRI. However, CE attenuated I/R-induced mitochondrial
ultrastructural damage and maintained mitochondrial
function.

Mitochondria are dynamic organelles continually under-
going fission and fusion, a process referred to as mitochon-
drial dynamics [8]. Mitochondrial function depends heavily
on the alteration of mitochondrial ultrastructure and mor-
phology, which are tightly linked to mitochondrial fission
and fusion. Mitochondrial dynamics are regulated by specific
fusion and fission proteins [24]. The proteins that play roles
in helping fusion of the outer and inner membranes are
Mitofusin 2 (Mfn2) and optic atrophy 1 (OPA1), respec-
tively, whereas the protein that plays a role in membrane
constriction during fission is dynamin-related protein 1
(Drp1). There is abundant evidence that the imbalance of
mitochondrial fusion and fission results in abnormal mito-
chondrial structure and disrupted mitochondrial function
during MI/R injury [24]. Inhibition of the expression of
mitochondrial fission-associated proteins, such as dynamin-
related protein 1 (Drp1) and fission 1 (Fis1), has been shown
to reduce infarct size and improve left ventricular dysfunc-
tion during MIRI [25, 26]. Concomitantly, promoting mito-
chondrial fusion can ameliorate abnormal mitochondrial
morphology, increase ATP production, and reduce
mitochondrial-derived apoptosis in MIRI [10]. In recent
years, increasing evidence has shown that OPA1, which plays
a crucial role in regulating mitochondrial fusion, has protec-
tive effects in various cardiac diseases, especially in I/R [24,
27]. Elevating the expression of OPA1 by drug precondition-
ing or overexpression of OPA1 could improve the morphol-
ogy and function of mitochondria and reduce myocardial
injury [12, 13, 28]. However, conditioned OPA1 knockdown
aggravates mitochondrial dysfunction and cell damage [13,
29]. In the present study, we found that the expression of
mitochondrial fission proteins Drp1 and Fis1 was remark-
ably increased, whereas that of fusion proteins OPA1 and
Mfn1/2 was decreased in the I/R group when compared to
the sham group. In contrast, CE rectified I/R-induced turbu-
lence in mitochondrial dynamics, subsequently improving
mitochondrial dysfunction and decreasing cardiomyocyte
apoptosis. However, these effects of CE were abolished by
OPA1 deletion, suggesting that OPA1-related mitochondrial
fusion is related to the cardioprotection of CE against MIRI.

Moreover, we found that OPA1 expression increased by
CE was associated with AMPK phosphorylation. AMPK, a
sensor of cellular energy shortage, plays a key role in regulat-
ing cell survival and death in response to pathological stress
[30]. Recent studies have shown that OPA1-related mito-
chondrial activity and dynamics are regulated by AMPK
[31]. Pharmacological activation of AMPK prevents mito-
chondrial dysfunction and cardiomyocyte death by promot-
ing OPA1-related mitochondrial fusion during cardiac I/R
injury [13]. As expected, our findings illustrated that CE acti-

vated AMPK in I/R-induced myocardial damage. Mean-
while, the effects of CE on promoting OPA1 expression and
mitochondrial function were repressed after the inhibition
of AMPK by CC, which suggests that AMPK is necessary
for CE-mediated protection of mitochondrial dynamics and
function during MI/R injury.

5. Conclusions

Our findings demonstrated that CE alleviated MI/R-induced
mitochondrial dysfunction and mitochondrial dynamic
imbalance by enhancing OPA1-related mitochondrial fusion
via the activation of AMPK signaling pathways. This study
unveiled the molecular mechanisms responsible for the ben-
eficial effects of CE and provided a promising therapeutic
strategy for the treatment of myocardial I/R injury.
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