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Corosolic acid attenuates cardiac ischemia/reperfusion
injury throughthePHB2/PINK1/parkin/mitophagypathway

Jun Zhang,1,3 Yongjian Zhao,1,3 Lin Yan,1,3 Mingyue Tan,1,3 Yifeng Jin,1 Yunfei Yin,1 Lianhua Han,1 Xiao Ma,1

Yimin Li,1 Tianke Yang,2,* Tingbo Jiang,1,* and Hongxia Li1,4,*
SUMMARY

Despite advances in treatment, myocardial infarction remains the leading cause of heart failure and death
worldwide, and the restoration of coronary blood flow can also cause heart damage. In this study, we
found that corosolic acid (CA), also known as plant insulin, significantly protects the heart from
ischemia-reperfusion (I/R) injury. In addition, CA can inhibit oxidative stress and improve mitochondrial
structure and function in cardiomyocytes. Subsequently, our study demonstrated that CA improved the
expression of the mitophagy-related proteins Prohibitin 2 (PHB2), PTEN-induced putative kinase
protein-1 (PINK1), and Parkin. Meanwhile, through molecular docking, we found an excellent binding be-
tween CA and PHB2 protein. Finally, the knockdown of PHB2 eliminated the protective effect of CA on
hypoxia-reoxygenation in cardiomyocytes. Taken together, our study reveals that CA increases mitoph-
agy in cardiomyocytes via the PHB2/PINK1/Parkin signaling pathway, inhibits oxidative stress response,
and maintains mitochondrial function, thereby improving cardiac function after I/R.

INTRODUCTION

One of the main causes of death in elderly adults is acute myocardial infarction (AMI), which is brought on by a sudden embolism of the cor-

onary arteries.1,2 The main clinical strategy for treating myocardial infarction is regarded to be the prompt restoration of blood supply to the

ischemic heart. In spite of the fact that the reperfusion strategy was effective in decreasing the mortality associated with AMI, re-introduction

of fresh blood often leads to additional harm to the post-ischemic myocardium, which is known as myocardial ischemia-reperfusion (I/R)

injury.3 Cardiomyocyte oxidative stress, apoptosis, and inflammation are primarily linked to cardiac I/R damage and result in malignant

arrhythmia and constriction dysfunction.4–7 To create new therapeutic medications that lessen I/R-induced cardiac injury, greater research

into the mechanisms underlying the pathophysiology of myocardial I/R injury is thus required.

Cardiomyocyte function and extracellular damage signals are synchronized by the mitochondria, which account for more than 30% of the

total volume of cardiomyocytes.8,9 Recent observations depicted that mitochondria are crucial to the pathological development of myocar-

dial I/R damage.10–12 In cardiomyocytes, the rate of oxidative phosphorylation is controlled by mitochondria, which are metabolic organ-

elles.13 Insufficient energy cannot be produced by abnormal mitochondria to support the needs of heart tissue.14,15 In addition, mitochondria

are also involved in oxidative stress, inflammatory response, calcium homeostasis, autophagy, and cell death.11,16–19 The capacity of cardio-

myocytes to contract and relax is decreased by mild mitochondrial dysfunction because it results in the accumulation of reactive oxygen spe-

cies (ROS) and affects the synthesis and release of adenosine triphosphate (ATP).20–22 Severe mitochondrial damage can release pro-

apoptotic factors and lead to programmed cell death.23 Because adult human cardiomyocytes rarely divide, the number of dysfunctional

mitochondria cannot be easily diluted by cell division. Therefore, efficient degradation of dysfunctional mitochondria is essential to maintain

cellular function.24

Mitophagy is an evolutionally conserved cellular process that selectively removes damaged or aging mitochondria through the lysosome

pathway, which determines its protective effect on mitochondrial homeostasis and cardiomyocyte apoptosis. In a host of pathophysiological

circumstances involvingmyocardial I/R damage, doxorubicin (DOX)-relatedmyocardial damage, andmyocardial damage brought on by dia-

betic cardiomyopathy, mitophagy has been shown to protect both the structure and the function of cardiomyocytes.25–27 One of the most

well-studied mitophagy mechanisms involves the removal of damaged mitochondria via PTEN-induced putative kinase protein-1 (PINK1)/

parkin labeling.28 In a healthy situation, PINK1, a mitochondrial serine/threonine kinase, is transported to mitochondria and then sheared

by the inner membrane protease presenilin-associated rhomboid-like (PARL). Sheared PINK1 is discharged into the cytoplasm, where it is

degraded by the proteasome. When mitochondria are damaged, PINK1 cleavage is inhibited. Full-length PINK1 builds up in the mitochon-

drial outer membrane and attracts parkin, followed by ubiquitination to label damaged mitochondria for selective clearance.29,30 RhoA, a
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Figure 1. Protective effect of corosolic acid on myocardial I/R injury in rats

Rats were divided into the sham operation group and themyocardial I/R injury group. Rats in the treatment group were given corosolic acid (10 mg/kg/d) 14 days

before surgery.

(A) Construction of the animal model and schedule of experimental measurements.

(B) Representative echocardiographic images of rats in each group, n = 8.

(C) Analysis of echocardiogram to obtain a quantification of LVEF% and LVFS%, n = 8.

(D and E) Determination of cTn-T and BNP content in rat serum, n = 8.

(F) Observation of cellular morphology in cardiac tissue using HE staining, n = 5.
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Figure 1. Continued

(G) Heart was stained by TTC/Evans Blue double staining, n = 5. The red area represents the dangerous area (TTC staining), the blue area represents the

unaffected area (Evans Blue staining), and the white area represents the infarction area.

(H) Quantitative analysis of infarcted area (white): dangerous area (red+white). Experiments were repeated at least three times and the data are shown asmeanG

SD. two-way ANOVA was used to compare differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represent not significant.
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small GTPase, promotes the stabilization of PINK1 independently of mitochondrial depolarization in cardiomyocytes, thereby promoting mi-

tophagy and protecting the heart against ischemia.24,31 Prohibitin 2 (PHB2) is an evolutionarily conservedmitochondrial innermembrane pro-

tein. In previous studies, PHB2 was shown to be an inner mitochondrial membrane mitophagy receptor. PHB2 binds the autophagosome

membrane-associated protein LC3 via the LC3-interaction region (LIR) domain during mitochondrial depolarization and proteasome-depen-

dent outer membrane rupture.32 However, recent studies have shown that PHB2 modulates PARL activity, which in turn promotes PINK1/

Parkin-mediated mitophagy.33 In addition, it has been shown that myocardial ischemia will lead to reduced levels of PHB2 in mitochondria.

And enforced expression of PHB2 leads to a decrease in mitochondrial fission and apoptosis and improves the area of cardiac infarction after

I/R.34 However, the role of PHB2-mediated mitophagy in myocardial I/R injury remains unclear.

Corosolic acid (CA), a pentacyclic triterpenoid found in the leaves of the Banaba tree (Lagerstroemia speciosa), significantly reduces blood

sugar levels.35 CA has started a phase III clinical pharmacodynamic evaluation for the American Food and Drug Administration (USA) to pre-

vent and treat diabetes.36 Interestingly, the heart-protective properties of CA have recently gotten a growing attention. For instance, in mice

with the ligation of the left anterior descending branch of the coronary artery, CA reduces myocardial infarction-induced heart fibrosis and

dysfunction via controlling inflammation and oxidative stress linked to AMPKa. In addition, in amousemodel of pressure overload induced by

aortic banding surgery, CA can reduce myocardial hypertrophy by regulating AMPK-dependent autophagy.37 In the streptozotocin-induced

rat diabetes model, CA had a significant ameliorating effect on isoproterenol-induced acute myocardial injury, which was associated with the

activation of the peroxisome proliferator-activated receptor gamma (PPAR-g) pathway.38 Regarding mitochondrial biology, CA has been

found to activate transcription factor EB (TFEB) in an AMPKa2-dependent manner to inhibit mitochondrial oxidative stress induced by

DOX and promote ATP production in cardiomyocytes.39 Based on these results, CA appears to be a viable new target for the treatment

of cardiovascular disease. Therefore, we looked into whether CA could shield cardiac I/R damage bymaintainingmitochondrial homeostasis.

Particularly, we looked at whether CAmay activatemitophagy to lessen I/R-inducedmitochondrial unbalance in the cardiomyocyte and inves-

tigated its molecular mechanisms in I/R damage.

RESULTS

Corosolic acid protected the heart from ischemia-reperfusion-induced injuries

In this experiment, rats were processed according to the time nodes on the animal experiment flow chart (Figure 1A). The results of echo-

cardiography showed that cardiac function was compromised after I/R. Specifically, following CA therapy, both LVFS% and LVEF%

elevated (Figures 1B and 1C). Following CA pretreatment, cardiac troponin T (cTn-T) and brain natriuretic peptide (BNP) decreased in

accordance with the results of the echocardiogram (Figures 1D and 1E). The results of HE staining in the ischemic area showed that

compared with the sham-operated group, the I/R group showed myocardial structural damage, disorganized cell distribution, cell

swelling, and vacuole formation. However, CA treatment alleviated the myocardial structural damage caused by I/R. I/R-treated rats

had a myocardial structural injury, unordered fiber distribution, decreased myocardial cells, and nuclear shrinkage compared to sham-

operated control rats, according to H&E staining of the heart. However, CA prevented these alterations in cardiac muscle tissue (Figure 1F).

Additionally, The I/R group had a considerably greater infarct area than the sham group, which may be reversed by CA treatment, accord-

ing to TTC/Evans Blue double staining (Figures 1G and 1H). Together, these data indicated that CA enhances cardiac function and reduces

myocardial I/R injury in rats.

Corosolic acid safeguarded the heart from ischemia-reperfusion-induced mitochondrial dysfunction

Excessive ROS, which are primarily produced by mitochondria, are known to exacerbate mitochondrial dysfunction. We employed an elec-

tron microscope to study the mitochondrial ultrastructure of the heart tissue in order to assess the impact of CA on I/R-induced mitochon-

drial dysfunction. In contrast to control rats who underwent a sham operation, I/R-treated rats typically displayed enlarged mitochondria

with scant cristae and empty vacuoles. The complete cristae mitochondriale in the drug-treated group showed that CA blocked these

alterations in the mitochondrial ultrastructure (Figures 2A and 2D). Additionally, we noticed that following I/R therapy, there were fewer

mitochondria, which could be seen by TOMM20 staining. CA treatments significantly restored the number of mitochondria (Figures 2B

and 2E).

Subsequently, we confirmed the impact of CA on apoptosis. TUNEL staining of the ischemic area revealed that apoptosis in the I/R

group was much more than that in the sham group, and CA treatment reduced the increase of myocardial apoptosis (Figures 2C and

2F). Furthermore, we measured the amount of ATP present in the tissue to ascertain the contribution of CA to mitochondrial function.

In the CA treatment group, the level of ATP was higher than that in the injury group (Figure 2G). In order to assess oxidative stress,

we also evaluated the MDA, a product of lipid peroxidation, concentration in the tissue of rats. The content of MDA decreased following

CA administration (Figure 2H). These findings imply that CA ameliorates the in vivo imbalance in mitochondrial structure and function

brought on by I/R.
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Figure 2. Corosolic acid attenuates cardiac mitochondrial damage induced by I/R

Rats were divided into a sham group and a myocardial I/R injury group with or without CA treatment.

(A and D) The changes of mitochondria in reperfused heart cardiomyocytes were observed by transmission electron microscopy, n = 3. In the I/R group, the

mitochondria were enlarged, the cristae were ruptured, and the vacuoles were increased.

(B and E) Immunofluorescent staining of rat heart tissue with anti-TOMM20 antibody, observed under a fluorescence microscope, n = 3.

(C) Representative images of rat myocardial TUNEL staining, red fluorescent spots represent apoptotic cells, green fluorescent represent WGA, n = 3.

(F) Quantification of TUNEL fluorescent staining results, n = 3. (G) Determination of tissue ATP content, n = 8.

(H) Determination of tissueMDA level, n= 8. Experiments were repeated at least three times and the data are shown asmeanG SD. two-way ANOVAwas used to

compare differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represent not significant.
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Corosolic acid induced prohibitin 2/PTEN-induced putative kinase protein-1/parkin-dependent mitophagy in the heart

Next, we tried to clarify the mechanism through which CA enhances mitochondrial structure and function. Mitophagy plays a protective role

by removing damaged mitochondria.40 Unfortunately, a complicated process occurs following cardiac I/R injury to impede mitophagy.41

Interestingly, CA has been shown in studies to improvemitochondrial function.42 Based on this, we discussedwhether CA can triggermitoph-

agy to shield cardiomyocytes from I/R harm. The electron microscope image indicated that in comparison to the sham group, the mitochon-

dria wrapped by autophagosome decreased in the I/R group, while themitochondria wrapped by autophagosome increasedmarkedly in the

CA group. This is similar to the alleviative function of CA on myocardial I/R damage (Figure 3A).

According to a western blotting examination of mitophagymarkers, rats treated with I/R had lower levels of PINK1 and Parkin in mitochon-

dria of cardiac tissue, but rats treated with CA had higher levels of PINK1 and Parkin after I/R damage. Consistent with this, the expression of

LC3B displayed dramatically down-regulated in the myocardial tissue of I/R rats. Rats receiving CA therapy showed increased LC3B. Addi-

tionally, PHB2 levels significantly decreased after I/R injury in mitochondria, but they returned to normal after CA therapy (Figures 3B and

3C). According to these findings, CA caused mitophagy via the PINK1/Parkin/PHB2 pathway.

CA protected H/R-injured cardiomyocytes and enhanced the expression of PHB2

To find the ideal concentration for an in vitro test, we examined the impact of various CA concentrations on cardiomyocyte viability with or

without H/R. The cell survival of cardiomyocytes without H/R injury was unaffected by 5–20 mg/mL of CA (Figure 4A). Contrarily, H/R-damaged

cardiomyocytes treated with 5–20 mg/mL of CA showed observably improved viability, and CA treatment inhibited LDH release (Figures 4B

and 4C). Therefore, for subsequent tests, 10 mg/mL and 15 mg/mL CAwas used. Damage to H/R causes cardiomyocytes to produce excessive

amounts of reactive ROS.43 Therefore, the level of ROS in cells can reflect the degree of cell damage. Immunofluorescence images made the

reduction of ROS formation in hypoxia-reoxygenated H9C2 cells more visually (Figures 4D and 4E).

Next, we concentrated on the expression of proteins connected to mitophagy. Western blotting analysis displayed that the expression of

PINK1, Parkin, and LC3B reduced, indicating that H/R suppressed the PINK1/Parkin-related mitophagy. These outcomes were altered by CA

therapy. Additionally, CA treatment boosted PHB2 expression, which is downregulated during H/R (Figures 4F and 4G). According to these

findings, CA controlled mitophagy linked to PINK1/Parkin and shielded cardiomyocytes from H/R damage.

Corosolic acid alleviates hypoxia/reoxygenation-induced mitochondrial dysfunction of myocardial cells

H/R-induced cardiomyocyte injury has been linked tomitochondrial damage, according to reports. We performed an electronmicroscope to

observe mitochondrial structure, which demonstrated that H/R injury contributed to mitochondrial swelling with sparse cristae and empty

vacuoles. CA treatment reduced the number and extent of damaged mitochondria in NRVMs (Figures 5A and 5D).

We employed JC-1 staining to find out how CA affected mitochondrial membrane potential, which is a crucial determinant of mito-

chondrial function. Red fluorescence signifies the polymer, and green fluorescence signifies the monomer. A lower polymer/monomer

ratio showed that H/R caused the depolarization of the mitochondrial membrane potential in NRVMs, but CA processing can reverse

this change (Figures 5B and 5E). Additionally, the Mito-SOX fluorescence signal was reduced by CA according to the fluorescent staining

results, which suggests that CA reduced the buildup of Mito-ROS in the H/R-treated NRVMs (Figures 5C and 5F). Mitochondria are the

body’s energy factories. Therefore, when they suffer damage, the amount of ATP in the cell changes. According to the results of the ATP

test, CA therapy increased the level of ATP during H/R while H/R decreased its amount in the myocardial cells compared to the control

group (Figure 5G). These consequences suggested that CA plays a significant part in preserving mitochondrial function and structure

during H/R.

Corosolic acid regulated PTEN-induced putative kinase protein-1/parkin-dependent mitophagy through prohibitin 2

In order to determine the downstream target and binding mode of CA in myocardial reperfusion injury, we carried out molecular docking

using AutoDock Vina1.1.2 and visualized the results using PyMOL2.3.0 and Discovery Studio 2019. The binding energy between Corosolic

acid and PHB2 is�6.9 kcal/mol, which has high binding stability. The analysis of the interactionmodebetweenCorosolic acid and PHB2 found

that there are mainly hydrogen bonds and hydrophobic interactions between the two. They form hydrogen bonds with GLU-38 and ARG-71,

and the lengths of the hydrogen bonds are 3.3 Å and 2.9 Å, respectively; they have hydrophobic interactions with PRO-78, ILE-80, and PHE-41

(Figure 6A). Furthermore, to further prove whether the regulatory effect of Corosolic acid on PINK1/Parkin-associated mitophagy is exerted

through PHB2, we knocked down the expression of PHB2 using siRNA. According to the western blotting results, siPHB2 reduced PHB2
iScience 27, 110448, August 16, 2024 5



Figure 3. Corosolic acid increases mitophagy through the PHB2/PINK1/Parkin pathway

Rats were divided into a sham group and a myocardial I/R injury group with or without CA treatment.

(A) Transmission electron microscopy of reperfused cardiac myocardium, n = 5. Red arrows indicate mitochondria wrapped by autophagosomes.

(B and C) Presentative immunoblots and quantitative data of PHB2, PINK1, Parkin, and VDAC1 in the mitochondrial fractions and LC3B in heart tissue, n = 3.

Experiments were repeated at least three times and the data are shown as mean G SD. One-way ANOVA was used to compare differences. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001, ns represent not significant.

ll
OPEN ACCESS

iScience
Article
expression (Figure 6B). PHB2 knockdown appeared to block CA’s effects on PINK1 and Parkin protein expression when compared to the CA

group, indicating that CA controlled PINK1/Parkin through PHB2. PHB2 knockdown also eliminated CA’s effects on the expression of the

LC3B proteins, indicating that CA controlled mitophagy through PHB2 (Figures 6B and 6C). In addition, we used immunofluorescence co-

localization to assess the extent of mitophagy. The red fluorescence representsmitochondria, and the green fluorescence is LC3B, which rep-

resents autophagosomes. The results demonstrated that siPHB2 decreased the increase in the co-localization of the mitochondria and
6 iScience 27, 110448, August 16, 2024



Figure 4. In cardiomyocytes, corosolic acid attenuates H/R-induced oxidative stress injury and enhances PINK1/Parkin-associated mitophagy

In vitro experiments, H9C2 cells were divided into the normal group and the H/R group. Different concentrations of corosolic acid were pretreated 24 h before

H/R injury.
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Figure 4. Continued

(A) The drug toxicity of corosolic acid at different concentrations (5, 10, 15, 20, 30, 40, 60 mg/mL) on H9C2 cells was detected under normoxia with CCK-8 detection

kit, n = 8.

(B) The therapeutic effect of corosolic acid at different concentrations (5, 10, 15, 20 mg/mL) on H/R injury was detected by CCK-8 detection kit, n = 8.

(C) LDH of H/R injured H9C2 cell levels, n = 8.

(D and E) DHE and DCF levels of H9C2 cardiomyocytes detected by immunofluorescence microscopy. Red fluorescence is DHE staining and green fluorescence

is DCF staining, n = 5.

(F and G) The expression of PHB2, PINK1, Parkin, and VDAC1 in mitochondria of H9C2 cells and the expression of LC3B in H9C2 cells, n = 3. Experiments were

repeated at least three times and the data are shown as mean G SD. (A, B, C, G) One-way ANOVA was used to compare differences. (E) two-way ANOVA was

used to compare differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represent not significant.
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autophagosomes generated by CA (Figure 6D). To further explore the colocalization of mitochondria and lysosomes, we used MitoTracker

Green and LysoTracker red co-staining. As shown in the Figures S2B and S2C, mitochondria and lysosomes robustly co-localized within H/R

treatment in CA-pretreated cells. However, mitochondria-lysosome associations were significantly reduced in similarly treated PHB2 deficient

cells. These findings revealed that CA controlled PINK1/Parkin-dependent mitophagy through PHB2.
Prohibitin 2 was required for the mitochondrial protective effect of corosolic acid

Finally, we explored the protective capability of CA, andwhether it depends on PHB2.We utilized siPHB2 to block the transcription of PHB2 in

NRVMs and explored the mitochondrial protection provided by CA following H/R injury. We examined mitochondrial membrane potential,

mitochondrial ROS, and ATP levels to evaluate the role of PHB2 in mitochondrial protection by CA. Results from JC-1 staining revealed that

the CA group displayed considerably greater red fluorescence than the H/R group. However, CA + siPHB2 therapy reversed these modifi-

cations (Figures 7A, 7C, and 8). In addition, we isolated mitochondria in H9C2 cells for mitochondrial membrane potential detection. The re-

sults showed that PHB2 deletion significantly reducedmitochondrial membrane potential, which strongly supported that the protective effect

of CA onmitochondria was partly through PHB2 (Figure S2E). Furthermore, the fluorescent staining results show that red fluorescence, which

representsMito-SOX, was observably reduced by CA treatment compared with the control group. However, siPHB2 is effective in eliminating

the decreasing effect of CA onMito-SOX (Figures 7B and 7D). Simultaneously, ATP content in the CA + siPHB2 group was considerably lower

than that in the CA group during H/R (Figure 7E). We further investigated whether knocking down PHB2 would have an impact on mitochon-

drial function by measuring OCR. The results showed that PHB2 knockdown blocked the protective effect of CA on mitochondrial function

(Figure S2D). Overall, this part of the study implies that CA improved mitochondrial function and oxidative stress partly depend on PHB2.
DISCUSSION

A prominent area of research in the realm of perioperative cardioprotection is cardiac I/R damage. There aren’t many medications that can

protect the heart from cardiac I/R injury since the molecular basis of I/R-induced myocardial damage is rather complex. In the current study,

we revealed the PHB2/PINK1/Parkin mitophagy pathway’s potential therapeutic utility for preserving the structure and functionality of cardi-

omyocytes during myocardial I/R injury. Additionally, we discovered that CA improved mitochondrial behavior by boosting mitophagy and

preventing I/R-induced cardiomyocyte dysfunction. This is the first investigation, as far as we are aware, on the therapeutic ability of CA for

cardiac I/R injury. Especially, these CA functions appeared to be dependent on mitophagy and the PHB2/PINK1/Parkin pathway, which pro-

tect mitochondria.

Cardiomyocytes require large amounts of energy to maintain cardiac contractile function. And under reperfusion conditions, mitochon-

drial-derived ROS production is increased, which in turn leads to lipid peroxidation, increased cell membrane permeability, and altered cy-

toarchitecture. Therefore, protection of cardiomyocyte mitochondria is critical to mitigate the damage caused by reperfusion. Previous

studies have shown that the mitochondria-targeted S-nitrosothiol MitoSNO protects against I/R injury by inhibiting the reactivation of mito-

chondrial complex I during the first few minutes of reperfusion of ischemic tissue.44 Malonate, a competitive succinate dehydrogenase inhib-

itor, effectively prevents succinate accumulation.45 Malonate also prevents succinatemaintaining a reduced CoQ pool and removes a driving

force for RET to occur, preventing I/R injury by slowing succinate oxidation.46 In addition, it has been reported that ischemic preconditioning

(IPC) reduces the area of cardiac infarction after reperfusion. And mitochondria are the most important effector of IPC to exert its effect.47

Although there are active preclinical studies that are constantly discovering new treatments for myocardial I/R injury, these approaches

have not translated well into clinical practice.48 Therefore, there is a need to discover new cardioprotective strategies with a view to their clin-

ical application.

CA, an herbal extract, hasmulti-target andmulti-pathway characteristics, stable efficacy, low toxicity, and promising clinical applications. In

recent years, the role of CA in cardiomyocyte protection has been continuously explored. CA inhibited Dox-induced cardiotoxicity through

AMP-activated protein kinase a2 (AMPKa2)/transcription factor EB (TFEB) mediated the restoration of autophagic flux and improvement of

mitochondrial function.39 Through regulating AMPK-dependent autophagy, CA exerted its cardiomyocyte protective benefits in a pressure

overload-induced cardiac hypertrophy model.37 CA demonstrated its protective effects in myocardial infarction mice by reducing oxidative

stress, inflammation, and apoptosis to reduce heart fibrosis and dysfunction, which are linked to AMP-activated protein kinase (AMPK) activ-

ity.49 Additional, CA also had defensive functions against non-alcoholic steatohepatitis brought on by a high-fat diet and carbon tetrachlo-

ride,50 cerebral I/R injury, liver cancer, and colorectal cancer.51–53 The studies revealed that CA has numerous biological impacts and merits
8 iScience 27, 110448, August 16, 2024



Figure 5. Corosolic acid alleviates mitochondrial dysfunction in cardiomyocytes induced by H/R injury

Cardiomyocytes were divided into the normal group and the H/R group. The treatment group was pretreated with corosolic acid (10 mg/mL) 24 h before H/R

injury.

(A and D) The changes of mitochondria in H/R primary cardiomyocytes were observed by transmission electron microscopy, n = 3. In the H/R group, the

mitochondria were enlarged, the cristae were ruptured, and the vacuoles were increased.
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Figure 5. Continued

(B and E) Mitochondrial membrane potential of NRVMs was detected and quantified by immunofluorescence, n = 8.

(C and F) Representative images of Mito-SOX and MitoTracker-Green in NRVMs. Fraction of Mito-SOX that overlaps with MitoTracker-Green labeled

mitochondria was quantified by Manders’ colocalization coefficient, n = 3.

(G) ATP levels in cardiomyocytes, n = 8. Experiments were repeated at least three times and the data are shown as mean G SD.

(D) One-way ANOVA was used to compare differences.

(E–G) two-way ANOVA was used to compare differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represent not significant.
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further, in-depth investigation. We anticipated that CA had protective effects against heart harm caused by I/R in light of the cardiomyocyte

protection it provided in other studies. In this work, CA prevented apoptosis, decreased oxidative stress, and protected the heart from I/R-

induced histopathological injury. It also enhanced heart function, as seen by higher levels of LVEF% and LVFS%. These findings validated the

role of CA in preventing cardiac damage brought on by I/R. The potential mechanism to explain these effects was also looked into.

Our animal experiments showed that CA improves the structure and function of the heart after reperfused myocardial infarction, and

reduces apoptosis as well as mitochondrial function damage. In order to better control the experimental conditions and avoid confound-

ing the effects of circulating factors, such as hormones, neurotransmitters, and cytokines, we performed in vitro experiments. Cardiomyo-

cytes (�50%) represent the largest proportion of ventricular cells with the highest mitochondrial content (�30%).54 This means that cardi-

omyocytes play a very important role inmaintaining heart function. But that the isolated cardiomyocyte culture approach only targets these

and no other cell types, which can be an advantage but also a disadvantage. Freshly isolated cardiomyocytes eliminate potential con-

founding factors for phenotypic transformation in culture and are a better choice for in vitro experiments.55 Freshly isolated cardiomyo-

cytes include freshly isolated adult rat cardiomyocytes and NRVMs. Although freshly isolated adult rat cardiomyocytes are more consistent

with the clinical situation that ischemic heart disease occurs almost exclusively in adults, adult rat cardiomyocytes are difficult to isolate and

do not survive long in cell culture.55 Whereas in our study the cells were subjected to drug pretreatment, H/R, and transfection for a longer

time span. Therefore, NRVMs that are relatively easy to isolate and survive for a longer period of time are a better choice for us in this case.

In addition, in the mechanism study part, we chose another commonly used cell in H/R experiments, H9C2 cells,55 which are a cell line

cloned from rat cardiomyocytes. H9C2 cells are convenient to obtain in large quantities, which facilitates the exploration of themechanism.

Experiments using both NRVM andH9C2 cells can complement each other’s strengths and show the accuracy of the experiments in amore

comprehensive way.

Anaerobic glycolysis and the accumulation of acidic metabolites brought on by cardiac I/R damage compromise mitochondrial activity

and cause the loss of dynamic homeostasis in the mitochondria. Energy metabolism’s primary byproduct is ROS, which is mostly created

by mitochondria and removed by mitochondrial antioxidant proteins. Whenmitochondria are dysfunctional or ROS are overproduced, redox

is out of balance, and the excess ROS, in turn, can further aggravate mitochondrial damage. In our investigation, we found that the I/R group

had an accumulation of ROS and MDA, as well as more swollen mitochondria. The findings also suggested that I/R caused a metabolic mal-

function in the heart’s mitochondria, which was supported by an accumulation of Mito-SOX and a diminishment of ATP contents. By correct-

ing these modifications, CA therapy enhanced mitochondrial function.

Mitophagy, which uses the lysosomal pathway to remove damaged or old mitochondria, is crucial for preserving mitochondrial homeo-

stasis.56 However, mitophagy is largely blocked during prolonged ischemia and subsequent reperfusion as a result of a number of pro-

cesses.23,41,57 Interestingly, we discovered that CA reduced rat mitochondrial damage by restoring mitophagy during I/R injury via starting

the PHB2/PINK1/Parkin pathway. However, when PHB2 was knocked out, CA failed to increase PINK1/Parkin-associated mitophagy and alle-

viate mitochondrial damage. These results showed that CA largely preservedmitophagy under I/R injury to sustain myocardial mitochondrial

performance.

One of themost significantmitophagy processes, PINK1/Parkin-mediatedmitophagy, is involved in the removal of defectivemitochondria

after cardiac I/R-induced damage.58 Under normal circumstances, Parkin adopts an autoinhibited shape, and the cytosolic ligase is deacti-

vated.59 Following the depolarization of themitochondria, PINK1 builds up at the innermembrane, where it attracts Parkin from the cytoplasm

and turns on E3 ligase activity. Parkin then ubiquitinates a number of outer membrane proteins to trigger the onset of mitophagy.60 PHB2, an

inner mitochondrial membrane protein, is involved in targeted mitochondrial autophagy degradation.32 Depletion of PHB2 destabilizes

PINK1 in the mitochondria, which prevents PRKN/Parkin and ubiquitin from being recruited to the mitochondria after the depolarization

of the mitochondrial membrane or the aggregation of misfolded proteins and inhibits mitophagy.33 The significance of PHB2/PINK1/

Parkin-mediated mitophagy in CA-induced cardiomyocyte protection is not well clear.

Our current research manifested that CA activated PHB2 to induce PINK1/Parkin-dependent mitophagy (Figure 8). This is the first proof

that CA and the PHB2/PINK1/Parkin mitophagy pathway are connected. Our in vitro genetic knock-down experiments and biochemical an-

alyses unequivocally demonstrated that this pathway enhanced mitochondrial integrity and cardiac cell function. Thus, the PHB2/PINK1/

Parkin mitophagy pathway may be a crucial coordinator of the response to CA in the pathophysiology of heart I/R damage.

Limitations of the study

The current study has a number of flaws. First, although we achieved PHB2 knockdown using siPHB2 in vitro experiments and investigated the

corresponding mechanism, in vivo experimental evidence is lacking. Second, even though we described how PHB2 affected PINK1/Parkin-

relatedmitophagy in I/R-induced cardiac damage, more investigation is still required to pinpoint the specific regulatory mechanism between

PHB2 and PINK1/Parkin.
10 iScience 27, 110448, August 16, 2024
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Figure 6. Knockdown of PHB2 prevents the corosolic acid regulation of PINK1/Parkin-associated mitophagy in H/R cardiomyocytes

The siPHB2 cardiomyocytes were divided into the normal group and the H/R group. The treatment group was pretreated with corosolic acid (10 mg/mL) 24 h

before H/R injury.

(A) Interaction mode analysis of corosolic acid and PHB2 protein using PyMOL2.3.0 and Discovery Studio 2019.

(B and C) H9C2 cells were treated with CA at 10 mg/mL andmitochondrial fractions were isolated for western blotting analysis of PHB2, PINK1, Parkin, and VDAC1,

and LC3B was detected in H9C2 cells, n = 3.

(D) Mitochondria were stained red (mito-Red) with a mitochondria-specific dye, followed by immunofluorescent staining with an anti-LC3B antibody. DAPI stains

nuclei. Observe under a fluorescence microscope. The line chart on the right shows the pixel intensity of mito-Red and LC3B on one line. Experiments were

repeated at least three times and the data are shown as mean G SD. One-way ANOVA was used to compare differences. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, ns represent not significant.
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Figure 7. Knockdown of PHB2 prevented the protective action of corosolic acid on mitochondria in H/R NRVMs

The siPHB2 cardiomyocytes were divided into the normal group and the H/R group. The treatment group was pretreated with corosolic acid (10 mg/mL) 24 h

before H/R injury.

(A and C) Immunofluorescence detection of mitochondrial membrane potential in NRVMs, n = 8.

(B and D) Representative images of Mito-SOX and MitoTracker-Green in NRVMs. Fraction of Mito-SOX that overlaps with MitoTracker-Green labeled

mitochondria was quantified by Manders’ colocalization coefficient, n = 3.

(E) ATP levels in NRVMs, n = 8. Experiments were repeated at least three times and the data are shown as mean G SD. two-way ANOVA was used to compare

differences. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represent not significant.
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Figure 8. In cardiomyocytes, corosolic acid regulates the mode of action on the PHB2/PINK1/Parkin/mitophagy pathway

Corosolic acid can increase PHB2 in myocardial I/R injury. PHB2 binds to PARL to prevent PGAM5 from being cleaved. Full-length PGAM5 protects PINK1 from

translocating to the mitochondrial outer membrane rather than being cleaved. Full-length PINK1 recruits Parkin to mitochondria. The mitochondrial outer membrane

is subsequently ubiquitinated and degraded by the proteasome. Subsequently, PHB2 located in the inner mitochondrial membrane is recognized by LC3B on the

autophagosometo initiatemitophagy.PARL:presenilinassociated rhomboid like,PGAM5:PGAMfamilymember5,mitochondrial serine/threonineproteinphosphatase.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

LC3B Abcam Cat#ab192890; RRID: AB_2827794

TOMM20 Abcam Cat#ab186735; RRID: AB_2889972

Parkin Abcam Cat#ab77924; RRID: AB_1566559

VDAC1 Abclonal Cat#A19707; RRID: AB_2862746

PINK1 Abclonal Cat#A11435; RRID: AB_2758558

PHB2 Abclonal Cat#A4504; RRID: AB_2765720

b-Actin Abclonal Cat#AC026; RRID: AB_2768234

Chemicals, peptides, and recombinant proteins

Corosolic acid MedChemExpress Cat#HY-N0280

Triphenyltetrazolium chloride solarbio Cat#G3005

Evans blue Shyuanye Cat#R20616

DAPI solution Beyotime Cat#C1002

GP-transfect-Mate Gene-Pharma Cat#G04008

Other

H&E Staining kit Beyotime Cat#C0105S

CCK-8 Dojindo Cat#CK04

LDH kit Beyotime Cat#C0016

Enhanced ATP Assay Kit Beyotime Cat#S0027

MDA Kit Beyotime Cat#S0131S

TUNEL apoptosis assay kit Beyotime Cat#C1088

Mitochondrial isolation reagents Beyotime Cat#C3601 and C3606

MitoSOX� Red Invitrogen Cat#M36008

ROS kit Beyotime Cat#S00635

JC-1 kit Beyotime Cat#C2003

Mito-Tracker Red CMXRos Beyotime Cat#C1035

Mito-Tracker Green Beyotime Cat#C1048

LysoTracker red Beyotime Cat#C1046

Oxygen Consumption Rate Plate Assay Kit Dojindo Cat#E297

Wheat germ agglutinin (WGA) Sigma Cat#L4895
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled or facilitated by the lead contact Hon-

gxia Li (shrimp@suda.edu.cn).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� Data: The data sources of this study are presented in the ‘‘STAR methods’’ sections.

� Code: This paper does not report the original code.
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� All data related to our conclusions in current study are presented in the main text and/or supplemental information. Additional data

related to this article is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Male Sprague-Dawley rats, weighing between 250 and 300 g, about 8 weeks old, were purchased from Shanghai Slaughter Laboratory An-

imals Co. The rats were housed at room temperature of 22�C–24�C and relative humidity of about 50%, 4 rats per cage, fed with sterile water

and standard chow, in accordance with the Principles of Laboratory Animal Ethics and Care and Use of Laboratory Animals of Soochow

University.

METHOD DETAILS

Rat model of myocardial I/R injury

All experiments were carried out in accordance with the Soochow University’s ethical committee’s standards for using animals in research.

Four groups of adult male Sprague-Dawley (SD) rats (aged 8–12 weeks and weighing 270 G 20 g) were created at random: Sham+DMSO

group, Sham+CA group, I/R + DMSO group, and I/R + CA group. In agreement with prior work, rats were administered corosolic acid

(10 mg/kg/d) or DMSO 14 days prior to myocardial I/R damage. Corosolic acid (MedChemExpress, HY-N0280) was administered via intraper-

itoneal injection with DMSO as the vehicle. After 14 days, the rats were subjected to myocardial ischemia for 45 min and then reperfusion for

120min. Specifically, we used a standard limb II lead electrocardiogram for continuousmonitoring of the rats throughout the experiment. The

tracheal incision and intubation were performed, then connected to a mechanical ventilator for ventilation support. Subsequently, a left

thoracic incision was made, and a 6-0 silk thread was carefully ligatured the root of the anterior descending branch of the left coronary artery

(LAD), precisely positioned 2 mm below the intersection of the left atrial appendage and arterial conus. Following a period of 45 min of

induced ischemia, the slip-knot was untied, initiating a 120 min reperfusion phase.55,61 The same thoracotomy technique was carried out

in the sham group, but the coronary arteries were not strangulated.

TTC and Evans blue staining

At the end of the perfusion of the rat heart, the coronary artery was ligated at the original ligation site, and the heart was clipped at the root of

the aorta and rinsed clean with PBS. Next, 2 mL of 1% Evans Blue solution was drawn up with a syringe and slowly injected into the aortic root,

and the heart was observed to turn blue, repeated 3–4 times to ensure adequate staining. Subsequently, the hearts were rinsed twice with

PBS, and the stained hearts were placed in a refrigerator at�20�C for 30min. The frozen hearts were removed, and five slices of approximately

2 mm thickness were cut along the long axis of the left ventricle from the apex to the base of the heart, and the slices were placed at room

temperature to rewarm. After the slices were returned to room temperature, they were carefully placed in 1% TTC solution, allowing the so-

lution to fully cover the slices, and placed in a 37�C thermostat for 15 min. At the end of staining the sections were washed with PBS and then

fixed in 4% paraformaldehyde solution overnight. The next day pictures were taken with a camera for subsequent analysis.

Transthoracic echocardiography

Two-dimensional echocardiography was performed in rats utilizing a Vivid 7 Dimension (GE Medical system). An independent observer who

was not aware of the treatment groups captured and later examined the parasternal short-axis echocardiographic pictures. Left ventricular

ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) were measured.

Transmission electron microscopy

Cardiac tissues were fixed with 2.5% glutaraldehyde for 2–3 h at room temperature and then placed at 4�C. 0.1M phosphate buffer PB (PH7.4)

formulatedwith 1%OsO4 acid was fixed for 2 h at room temperature away from light. Tissues were fixed in 1%OsO4 in 0.1Mphosphate buffer

PB (PH7.4) for 2 h at room temperature away from light. After the tissue had undergone gradient dehydration, acetone and EMBed 812 were

applied for penetration for 4, 16, and 6 h at a ratio of 1:1, 1:2, and 0:1, respectively. The samples were placed in EMBed 812 overnight at 37�C
and then placed in a 60�Coven for 48 h. An ultrathin slicer (Leica UC7) was used to slice the resin blocks into sections that were between 60 and

80 nm thick. Stained with 2% uranium acetate saturated alcohol solution and 2.6% Lead citrate staining in turn.62–64 After being dried by the

filer paper, sections dried overnight at room temperature. Observed under an HT-7800 transmission electron microscope (HITACHI).

Hematoxylin and Eosin (H&E) staining

Taken advantage of standard methods to fix the heart tissues in 4% paraformaldehyde and embed them in paraffin. The tissue sections were

deparaffinized, then rehydrated, and H&E staining was done. A light microscope (NIKON ECLIPSE E100) was used to capture the images.

Immunofluorescence and immunohistochemistry

Myocardial tissues were fixed with 4% paraformaldehyde for 24 h and embedded in paraffin. The tissue blocks were cut into 4-mm-thick sec-

tions. Then, the sections were dewaxed and rehydrated for immunofluorescence and immunohistological staining. Cells were fixed with 4%
18 iScience 27, 110448, August 16, 2024
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paraformaldehyde for 15 min, followed by permeabilization with 0.5% Triton X-100 for 10min. It was then blocked with 3% BSA for 1 h at room

temperature. After removing the sealing solution, the sections were covered with a drop of primary antibody and stored at 4�C overnight.

After three washes with phosphate-buffered saline (PBS), the cells were incubated with secondary antibodies for 1 h in the dark. Images

are captured under a microscope (NIKON ECLIPSE E100). The primary antibodies utilized in the present experiment were as follows:

LC3B (1:150, Abcam, #ab192890), PINK1 (1:100, Abclonal, #A11435), Parkin (1:300, Servicebio, #GB114834).
CCK-8 and LDH

Cytotoxicity was assessed using Cell Counting Kit-8 (CCK-8) (CK04, Dojindo, Japan). 10 mL of CCK-8 solution was added to 100 mL of culture

medium for dilution. After continued incubation for 1 h in the cell incubator, the optical density was measured at 450 nm using a microplate

reader (Thermo Fisher Scientific). Moreover, cytotoxicity was evaluated by the Lactate dehydrogenase (LDH) Cytotoxicity Assay Kit (C0016,

Beyotime, China). The absorbance of each well was measured at 490 nm and 600 nm in accordance with the manufacturer’s instructions.
Quantification of ATP and MDA

ATP levels were measured utilizing the Enforced ATP Assay Kit (S0027, Beyotime, China). Sample extracts and standards were applied to a

96-well fluorescence detection plate referring to the directions, followed by the addition of reaction buffer. The absorbance of each well at

562 nm was obtained via a microplate reader (Thermo Fisher Scientific). Calculate the ATP content in the samples according to the standard

curve. Malondialdehyde (MDA) levels were detected using a lipid oxidation detection kit (S0131S, Beyotime, China), as evidenced by absor-

bance at 532 nm.
Serum levels of BNP and cTnT

After I/R, blood samples were taken, and serum was extracted by centrifuging at 20003g for 20 min. The ELISA kit (LunChangshuo Biotech,

China) was used to determine the level of cardiac troponin T (cTnT) and brain natriuretic peptide (BNP) in accordance with the manufacturer’s

instructions.
TUNEL staining

The rate of apoptosis was identified utilizing the TUNEL Apoptosis Assay Kit (C1088, Beyotime, China). Specifically, the tissues from reper-

fused myocardium were gathered and preserved right away with 3.7% paraformaldehyde. Stain the sections according to the instructions.

Observe under a fluorescent microscope (NIKON ECLIPSE C1).
Cell culture and treatment

H9C2 cells: Rat heart-derived H9C2 cells (Shanghai Institute of Cell Biology, Chinese Academy of Science) were cultured with Dulbecco’s

modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS; 10099141C, Gibco, America), 100 U/mL penicillin, and

100 mg/mL streptomycin (C0222, Beyotime, China) at 37�C with 5% CO2. The H9C2 cells were treated with a previous method to mimic Hyp-

oxia reoxygenation (H/R) injury.65 The cell culture mediumwas altered to a sugar-free mediumwithout FBS and incubated in a pre-mixed gas

(94%N2, 5%CO2, 1%O2) incubator for 2 h. After 2 h, the cell culturemediumwas shifted to a completemedium (10% FBS) and incubated in an

atmospheric incubator for 4 h. The control cells were incubated with a complete medium of 10% FBS in an atmospheric incubator for 6 h. Two

concentrations of CA (10 or 15 mM, MedChemExpress, HY-N0280) were preadministered for 24 h.

Neonatal rat ventricular myocytes (NRVMs): The left ventricle of 1-2-day-old Sprague-Daley rats (Animal Experiment Center of Soochow

University, Suzhou, China) was collected. Myocardium was washed three times with D-Hanks solution. D-Hanks solution was poured off, and

the myocardium was clipped into small particles, added 0.025% trypsin and placed at 4�C overnight. At room temperature, the tissue was

gently blown using a 25 mL wide-mouth pipette. The same volume of Hanks solution (containing calcium and magnesium) as the trypsin

was added to the centrifuge tube. Next, collagenase was added to the solution. The solution was shaken in a water bath at 37�C for

50 min. The solution was then centrifuged at 1000 rpm for 5 min to remove the supernatant. The appeal procedure was repeated after

20 mL D-Hanks solution was added to the precipitate. Precipitated cells were resuspended in a medium with 10% FBS and bromodeoxyur-

idine (BrdU, 0.1 mM). The dishes were incubated in a 37�C incubator for 1.5 h to remove fibroblasts. The supernatant was transferred to a new

culture dish. And after 24 h, theNRVMswere used for subsequent experiment.66 Similarly, NRVMs are also used to build the H/R injury model.
Small interfering RNA (siRNA) transfection

Shanghai Gene-PharmaCo. created and offered the siRNA against PHB2. The RNAi sequences were as follows: siRNA-PHB2: 50-CCGUGAGU

CCGUAUUCACUTT-30; anti-sense: 50-AGUGAAUACGGACUCACGGTT-30, siRNA-Ctrl: 50-UUCUCCGAACGUGUCACGUTT-30; anti-sense:
50-ACGUGACACGUUCGGAGAATT-30. The siRNA was transfected into cardiomyocytes using GP-transfect-Mate (Gene-Pharma, Inc.,

Shanghai, China).67 The cardiomyocytes were collected after 48–72 h, and western blotting and qPCR were utilized to confirm the knockdown

effectiveness.68
iScience 27, 110448, August 16, 2024 19
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Mitochondrial isolation

Tissue and cell sampleswere homogenized by a homogenizer after addition ofmitochondrial isolation reagents (C3601 andC3606, Beyotime,

China) according to the product manual. Afterward, the homogenate was centrifuged at 600 3 g, at 4�C for 10 min. The supernatant is then

centrifuged at 11000 3 g for 10 min at 4�C.
Western blotting

The lysates were collected and centrifuged at 12,0003 g for 15 min at 4�C. After adding the loading buffer to the supernatant, boil it at 95�C
for 15 min. Using a 10–15% SDS-PAGE, 20 mg of proteins were separated, and then they were transferred to PVDF membranes. Then, the

PVDF membrane was blocked with 5% BSA for 1 h at room temperature. The membrane was immersed in diluted primary antibody solution

and incubated overnight at 4�C. The secondary antibody was added after four washes using a TBST shaker and incubated for 2 h at room

temperature. Four washes were followed by imaging using a gel imager (Bio-Rad, CA). Quantification of each protein band was performed

using the ImageJ analysis program version 1.8.0. Next, the ratio of the peak area of the target protein to the peak area of the corresponding

internal reference was calculated to produce a set of data. The average of the three experiments for the control group was calculated and

normalised by dividing all the data from the previous step by this average to obtain the final results of the Western blots. The following

were the primary antibodies used for immunoblotting: LC3B (1:2000, abcam, #ab192890), TOMM20 (1:2000, abcam, #ab186735), VDAC1

(1:1000, Abclonal, #A19707), PINK1 (1:1000, Abclonal, #A11435), Parkin (1:2000, abcam, #ab77924), PHB2 (1:1000, Abclonal, #A4504).
ROS staining and mitochondrial membrane potential measurement

Oxidative stress accumulation in cells was detected using the cytoplasmic ROSprobe fluorescence 20,70-dichlorofluorescein diacetate (DCFH-
DA) (10 mmol/L, S0033M, Beyotime, China) and Dihydroethidium (DHE) (5 mmol/L, S0063, Beyotime, China). H9C2 cells were cultured at the

same density in six-well plates, and after two washes with PBS, they were incubated with DCFH-DA probe or Dihydroethidium probe for

30 min at 37�C protected from light. Fluorescence images were then recorded using a fluorescence microscope after the cells were washed

twice with PBS. Mitochondrial ROS levels and mitochondrial membrane potential measurements were achieved by staining NRVMs cultured

at the same density on 24-well crawls. Cells were washed using PBS and then stained with the mitochondrial ROS indicator MitoSOX Red

(2 mmol/L, M36008, Invitrogen, America) and the mitochondrial membrane potential probe JC-1 (C2003, Beyotime, China), respectively,

for 20 min at 37�C. Next, recordings were made by fluorescence microscopy after two washes using PBS.
Measurement of oxygen consumption rate (OCR)

H9C2 cells were plated into each well of a 96-well plate and cultured for 24 h. OCR was measured according to the instruction manual of the

Extracellular OCR Plate Assay Kit (E297, Dojindo, Japan). The cells were treated with either control DMEM or working solution for 30 min, and

the fluorescent signals weremeasured at 10min intervals. The calculation of OCRwas derived from an analysis of the kinetic profiles obtained

from measurements.
Molecular docking

The 3D structureofCAwasdownloaded fromPubChemdata, and thenuploaded it intoChemBio3DUltra 14.0 for energyminimization. TheMin-

imumRMSGradientwas installed to 0.001.Next, theprotein structure of PHB2was downloaded from theUNIPROTdatabase, andprotein crystal

water andoriginal ligandswere eliminatedbyPyMOL2.3.0. The protein structurewas input intoAutoDocktools (v1.5.6) for hydrogenation, charge

calculation, charge assignment, and atom type assignment. Protein binding sites were predicted by POCASA 1.1, the docking was implemented

throughAutoDockVina1.1.2. In the course of the above, PHB2 relatedparameterswere set as: center_x=�14.5, center_y=�14.0, center_z=9.6;

search space: size_x:60, size_y: 60, size_z:60 (the distance between each grid point is 0.375 Å), exhaustiveness:10, the rest parameters are set by

default. PyMOL2.3.0 and Discovery Studio 2019 were employed for evaluating the interaction mode of the docking data.
Statistical analysis

Data from at least three different experiments were expressed as the mean G standard deviation. Statistical analysis (GraphPad Prism 9.0

software) evaluated the differences between groups by one-way ANOVA or two-way ANOVA. The signs of statistical significance are

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns represent not significant.
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