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Abstract. Hypoxia/reoxygenation (H/R) is one of the main 
causes of coronary artery disease (CAD), which is primarily 
induced by damage to coronary artery endothelial cells 
(CAECs). Glycyrrhizic acid (GA) is a natural and abundant 
pentacyclic triterpenoid glycoside of the licorice root extract, 
and it has been reported to elicit protective effects against 
hypoxia, inflammation and apoptosis in ischemic myocar-
dium; therefore, GA may serve as a promising therapeutic 
agent for ischemia‑associated CAD. In the present study, the 
protective effects of GA against H/R‑induced injury in CAECs 
were investigated. Treatment with GA during H/R maintained 
cell viability and decreased H/R‑induced cell apoptosis in 
human CAECs. In addition, H/R‑mediated induction of 
intracellular and mitochondrial reactive oxygen species (ROS) 
was significantly decreased by GA exposure. Similar to ROS 
scavengers, GA treatment not only exhibited protective effects, 
but also maintained the mitochondrial membrane potential 
after H/R and inhibited H/R‑induced mitochondrial dysfunc-
tion, including deficits in ATP synthesis, mitochondrial DNA 
copy number and mitochondrial transcriptional activity. 
Furthermore, GA decreased autophagy/mitophagy, and its 
protective effect against H/R was abolished by autophagy 
promotion. Collectively, the results suggested that GA exhib-
ited protective effects against H/R‑induced CAEC injury by 
decreasing ROS accumulation and maintaining mitochondrial 
homeostasis. Further investigation into the precise mecha-
nisms underlying the decrease in ROS accumulation induced 
by GA is required.

Introduction

Ischemia/reperfusion (I/R) and hypoxia/reoxygenation (H/R) 
injuries are harmful to endothelial cells in the arterial system, 
and are the primary causes of cardiac artery disease (CAD) (1). 
Reperfusion and reoxygenation induce reactive oxygen species 
(ROS) accumulation and mitochondrial dysfunction, leading 
to apoptotic cell death (2). Therefore, therapeutic drugs and 
molecules that decrease or prevent reperfusion/reoxygenation 
injury have been investigated, which has improved the knowl-
edge of the pathophysiology of the processes and has exhibited 
encouraging results in preclinical trials (3,4).

Glycyrrhizic acid (GA), a triterpene saponin glycoside, 
is the primary bioactive component of the root extract of 
Glycyrhiza glabra (licorice)  (5). Although it is clinically 
used as an antiulcer, antiallergic, antioxidant, antiviral and 
anticancer agent (6), several studies have also demonstrated 
its potential protective effects against I/R‑ and H/R‑induced 
endothelial injury (6,7). Cai et al (8), reported that GA elicits 
protective effects against myocardial I/R injury by regulating 
oxidative stress and inflammatory reactions via the tran-
scriptional modification of high‑mobility group box 1 and 
mitogen‑activated protein kinase in rats (8). However, whether 
GA exhibits protective effects against I/R‑ and H/R‑induced 
injury in coronary artery endothelial cells (CAECs) is not 
completely understood.

Mitochondria are essential eukaryotic organelles that 
are the primary source of cellular energy and participate in 
essential physiological processes, including cell signaling 
and apoptosis  (5‑7). During I/R or H/R, ROS accumula-
tion decreases the mitochondrial permeability transition, 
decreases the mitochondrial membrane potential and alters 
mitochondrial homeostasis, which particularly affects 
myocardial and endothelial cells  (9). The accumulation of 
excessive ROS critically damages mitochondria, resulting 
in damage to DNA, lipids and proteins (10). Damaged mito-
chondria subsequently undergo mitophagy, which results in 
decreased ATP production, impaired calcium buffering and 
ultimately, apoptosis (4,11). ROS accumulation also promotes 
autophagy/mitophagy to remove the damaged mitochondria, 
leading to further mitochondrial dysfunction (12), which has 
been reported to be closely associated with H/R‑induced CAD.
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To evaluate the effects of GA, a model of H/R injury 
was constructed with human CAECs (HCAECs) using a 
hypoxia/reoxygenation system. The present study aimed to 
investigate whether GA affected ROS accumulation and subse-
quent mitochondrial dysfunction; therefore, indicating whether 
GA may display protective effects against H/R‑induced CAD.

Materials and methods

Cell culture and establishment of the H/R model. HCAECs 
were purchased from iCell Bioscience, Inc. (www.icellbiosci-
ence.com/cellDetail/914/0/‑1) and cultured in Endothelial Cell 
Medium (Thermo Fisher Scientific, Inc.) supplemented with 
10% FBS (Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2.

To mimic ischemia, hypoxia should be induced in 
oxygen‑free and nutrition‑free conditions; therefore, 
HCAECs were cultured with pure nitrogen for 30 min at 
37˚C to expel the air and subsequently, pure nitrogen gas was 
used to fill the culture vessels and hypoxia chamber (Corning 
Inc.). Subsequently, HCAECs were cultured in hypoxic solu-
tion in the hypoxia chamber for 4 h at 37˚C. Endothelial cell 
medium (cat. no. CC‑3162; Lonza Group, Ltd.) containing 
10% FBS (cat. no. 10099; Thermo Fisher Scientific, Inc.) 
was pre‑maintained in a hypoxia chamber at 37˚C for 24 h. 
Following hypoxia induction, the medium was replaced with 
oxygenated culture medium supplemented with 10% FBS 
and the culture vessels were transferred into a normoxic 
incubator at 37˚C with 5% CO2 for 2 h of reoxygenation. To 
evaluate the effect of GA on H/R, 50, 100, 150 or 200 µM 
GA was added to culturing medium immediately after H/R 
exposure and incubated for 1 h at 37˚C. After 4, 8 or 12 h, 
cell viability was measured by performing CCK‑8 assay as 
described below.

To scavenge total ROS, 10 µM NAC was added into endo-
thelial cell medium containing 10% FBS together with H/R 
exposure. To scavenge mitochondrial ROS, 1 µM MitoQ10 

(Sigma‑Aldrich; Merck KGaA) was added into medium 
together with H/R exposure.

To inhibit autophagy/mitophagy, 100 µmol/l rapamycin 
was added into endothelial cell medium containing 10% FBS 
together with H/R exposure. To inhibit LC3B‑II degradation, 
20 µmol/l chloroquine (Sigma‑Aldrich; Merck KGaA) was 
added into endothelial cell medium containing 10% FBS 
together with H/R exposure.

Evaluation of cell viability. Cells (5x103) were seeded into a 
96‑well plate and incubated overnight 37˚C. To evaluate cell 
viability after hypoxia treatment for 4, 8 or 12 h, 10 µl Cell 
Counting Kit‑8 (CCK‑8) solution (Shanghai Shenggong Biology 
Engineering Technology Serve, Ltd.) was added to each well 
and incubated at 37˚C for 2 h. The absorbance of each well was 
measured at a wavelength of 450 nm using a Multiskan spec-
trum microplate reader (Thermo Fisher Scientific, Inc.).

Apoptosis assay. Apoptotic cells were detected using the 
Annexin V/PI Apoptosis kit (BioVision, Inc.) following the 
manufacturer's protocol. Briefly, cell suspensions were made 
using 0.25% trypsin and the cell concentration was modified 
to 1x106 cells/ml. Subsequently, cells (5x105) were stained 
with 5 µl Annexin V‑FITC and 10 µl propidium iodide (PI) 

for 10 min in darkness at room temperature. Apoptotic cells 
were detected using a 3 laser Navios flow cytometer (Beckman 
Coulter, Inc.). The Annexin V‑FITC positive/PI negative (early 
stage apoptosis) and Annexin V‑FITC positive/PI positive (late 
stage apoptosis) subpopulations were considered as apoptotic 
cells. Data were analyzed using FlowJo software (version 
10.5.2; FlowJo LLC).

Detecting intracellular and mitochondrial ROS levels in 
HCAECs. To measure intracellular and mitochondrial ROS 
levels, 2',7'‑dichlorofluorescin diacetate (DCFH‑DA) and 
MitoSOX™ staining were performed, respectively. Nuclei 
were counterstained with DAPI to a final concentration 
of 5 µg/ml (Beyotime Institute of Biotechnology) at room 
temperature for 5 min. Cells were washed 3  times with 
ice‑cold PBS. Subsequently, cells were incubated with 1 ml 
serum‑free medium containing 10 µM DCFH‑DA probe 
or 5 µM MitoSOX™ in the dark at 37˚C for 30 min with 
gentle shaking every 5 min. Cells were washed 3  times 
with ice‑cold PBS. Green fluorescence was observed using 
an X71 (U‑RFL‑T) f luorescence microscope (Olympus 
Corporation) at an excitation wavelength of 488 nm and 
magnification, x40.

JC‑1 staining. JC‑1 staining (Thermo Fisher Scientific, Inc.) was 
used to investigate the mitochondrial membrane potential. Cells 
were stained with 15 µg/ml JC‑1 at 37˚C for 30 min in dark. 
Subsequently, cells were washed 3 times with PBS. Stained cells 
were observed using an X71 (U‑RFL‑T) fluorescence micro-
scope (Olympus Corporation) at a magnification, x100.

ATP measurement. To assess ATP production, the ATP 
Bioluminescent assay kit (Sigma‑Aldrich; Merck KGaA) was 
used according to the manufacturer's protocol. Cells were 
washed 3 times with ice‑cold PBS and subsequently lysed using 
a reaction buffer containing 0.22 M sucrose, 0.12 M mannitol, 
40 mM tricine (pH 7.5) and 1 mM EDTA. ATP production 
was measured using an Optocomp I BG‑1 luminometer (GEM 
Biomedical, Inc.).

Measurement of telomere length and mitochondrial DNA 
(mtDNA) copy number. Total DNA (including nuclear and 
mitochondrial genomic DNA) was extracted using a TIANamp 
total DNA kit (Tiangen Biotech Co., Ltd.) and directly 
employed as a template for PCR. The mtDNA copy number 
was then assessed by qPCR using SYBRGreen master mix 
(Thermo Fisher Scientific, Inc.) and the ABI7500 Real‑Time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The following primer pairs were used for qPCR: 200 nM 
mitochondrially encoded NADH:ubiquinone oxidoreductase 
core subunit 1 (ND1) forward, 5'‑CCC​TAA​AAC​CCG​CCA​
CAT​CT‑3' and reverse, 5'‑GAG​CGA​TGG​TGA​GAG​CTA​
AGG​T‑3'; and 167 nM cytoglobin (HGB) forward, 5'‑GTG​
CAC​CTG​ACT​CCT​GAG​GAG​A‑3' and reverse, 5'‑CCT​TGA​
TAC​CAA​CCT​G‑CCC​AG‑3'. The following thermocycling 
conditions were used for qPCR: Initial denaturation, 98˚C for 
30 sec, followed by 40 cycles of 98˚C for 10 sec and 60˚C for 
60 sec. mtDNA copy numbers were normalized to the nuclear 
single‑copy gene HGB. The relative mtDNA copy number was 
calculated using the 2‑ΔΔCq method (13).
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Mitochondrial transcriptional activity. Total RNA was 
extracted from cells using TRIzol® reagent (Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol. 
Total RNA was reverse transcribed into cDNA using the 
RT‑for‑PCR kit (Qiagen, Inc.) in accordance with the manu-
facturer's protocol. Subsequently, qPCR was performed using 
SYBRGreen master mix (Thermo Fisher Scientific, Inc.) and 
the ABI7500 Real‑Time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The following primer pairs 
were used for qPCR: Mitochondrially encoded cytochrome 
c oxidase I forward, 5'‑ATG​CGG​CCA​TAG​GTT​CTG​C‑3' 
and reverse, 5'‑TCC​TCA​AGA​TGT​CTC​AGT​TCC​AT‑3'; 
ND1 forward, 5'‑TCG​TCA​TAA​TCT​GTC​CCT​ACA​CA‑3' 
and reverse, 5'‑CGG​CTT​CGG​CTC​TTA​GCA​AA‑3'; β‑actin 
forward, 5'‑CAT​GTA​CGT​TGC​TAT​CCA​GGC3' and reverse, 
5'‑CTC​CTT​AAT​GTC​ACG​CAC​GAT‑3'. The following ther-
mocycling conditions were used for qPCR: Initial denaturation 
at 98˚C for 30 sec, followed by 45 cycles of 98˚C for 10 sec and 
60˚C for 60 sec. mRNA expression levels were normalized to 
the internal reference gene β‑actin. Relative expression levels 
were calculated using 2‑ΔΔCq method (13).

Western blotting. Total protein was extracted using the 
SoniConvert™ system (DocSense) and RIPA buffer 
(Sigma‑Aldrich; Merck KGaA). Total protein was denatured 
at 100˚C for 10 min and was quantitatively measured using a 
bicinchoninic acid assay kit (Sigma‑Aldrich; Merck KGaA) 
in accordance with the manufacturer's protocol. Total protein 
(20 µg) were separated by 8‑16% SDS‑PAGE and transferred to 
nitrocellulose membranes. After blocking in 5% bovine serum 
albumin (Sigma‑Aldrich; Merck KGaA) at room temperature 
for 30  min, the membranes were incubated with primary 
antibodies targeted against microtubule associated protein 1 
light chain 3B (LC3B; cat. no. ab48394; 1:1,000; Abcam), p62 
(cat. no. ab109012; 1:2,000; Abcam) and β‑actin (cat. no. ab8226; 
1:5,000; Abcam) at room temperature for 1 h. After three washes 
with PBS‑T, membranes were incubated with horseradish 
peroxidase‑conjugated goat anti‑rabbit secondary antibodies 
(cat. no. ab7090; 1:5,000; Abcam) at room temperature for 1 h. 
Protein bands were visualized using a chemiluminescence 
kit (Thermo Fisher Scientific, Inc.). Protein expression levels 
were quantified using Image J software (version 1.51; National 
Institutes of Health) with β‑actin as the loading control.

Statistical analysis. Data are presented as the mean ± standard 
error of the mean and analyzed using SPSS software (version 
16.0; SPSS, Inc.) All experiments were repeated 3 times inde-
pendently. Comparisons among multiple groups were analyzed 
using one‑way ANOVA followed by Tukey's post hoc test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

GA exerts protective effects against H/R‑induced cellular 
injury in HCAECs. To evaluate the effect of GA on H/R‑induced 
cellular injury in HCAECs, different concentrations of GA 
(0‑200 µM) were added to the medium during H/R induction, 
and the CCK‑8 assay was subsequently performed after 4, 8 
or 12 h. The results suggested that 100, 150 and 200 µM GA 

significantly decreased H/R‑induced cell injury at each time 
point compared with the 0 µM GA group (Fig. 1A). At each 
time point, there were no significant differences between the 
protective effects of 100 and 200 µM GA; therefore, 100 µM 
GA was used for subsequent experiments.

Considering that H/R induces cell injury and decreases 
cell viability mainly by inducing apoptosis (13), apoptotic cell 
death following GA incubation was assessed at different time 
points. GA incubation significantly decreased the Annexin 
V‑FITC+/PI‑ and Annexin V‑FITC+/PI+ subpopulations at 
each time point compared with the H/R group (Fig. 1B). The 
highest proportion of apoptotic cells was observed at 4 h after 
H/R induction, indicating that H/R‑induced cell injury peaked 
at this time point.

GA decreases total and mitochondrial ROS levels and 
consequently decreases H/R‑induced apoptosis. Considering 
that H/R induces intracellular and mitochondrial ROS accu-
mulation  (14‑17), whether GA altered H/R‑induced ROS 
accumulation was investigated and the rate of apoptosis was 
assessed. By detecting intracellular ROS (with DCFH‑DA 
labeling) and mitochondrial ROS (with MitoSOX™ Red), total 
ROS and mitochondrial ROS levels after GA treatment were 
measured. H/R‑induced ROS accumulation was significantly 
decreased by incubation with 100 µM GA (Fig. 2A). In addition, 
H/R‑induced mitochondrial ROS accumulation was decreased 
by incubation with 100 µM GA, which exhibited similar effects 
compared with treatment with 1 µM MitoQ10 (Fig. 2B), indi-
cating that GA and MitoQ10 elicited similar effects.

Subsequently, the effects of GA on cell viability and apop-
tosis were measured. A CCK‑8 assay was performed and the 
results revealed that GA treatment significantly increased the 
H/R‑induced reduction of cell viability, which was an effect 
similar to that of NAC and MitoQ10 treatments (Fig. 2C). 
Annexin‑FITC/PI double staining followed by flow cytom-
etry was performed to detect apoptosis. Treatment with GA, 
N‑acetylcysteine (NAC) or MitoQ10 decreased H/R‑induced 
cell apoptosis (Fig. 2D). The results indicated that H/R‑induced 
ROS accumulation was important for inducing apoptosis, and 
that GA treatment potentially displayed a protective effect 
against cell apoptosis by decreasing ROS accumulation.

GA treatment maintains the mitochondrial membrane 
potential and mitochondrial function. To investigate the 
effects of H/R‑induced ROS accumulation on the mitochon-
drial membrane potential, JC‑1 staining was performed. The 
mitochondrial membrane potential was notably decreased 
following H/R induction, as suggested by a decrease in red 
fluorescence compared with the normoxia group (Fig. 3A). 
Treatment with 100 µM GA, 10 µM NAC or 1 µM MitoQ10 
markedly increased red fluorescence compared with the H/R 
group, which indicated that the 3 treatments maintained the 
mitochondrial membrane potential following H/R induction. 
To further investigate mitochondrial function, ATP synthesis, 
mtDNA copy number and mitochondrial transcriptional 
activity were assessed (Fig. 3B‑D). Treatment with GA or NAC 
significantly protected cells against H/R‑induced mitochon-
drial dysfunction, decreasing ATP synthesis and normalizing 
transcriptional activity to that of the internal reference gene 
(β‑actin). In addition, the relatively high mtDNA copy number 
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following GA treatment was normalized to HGB, which 
is a nuclear single‑copy gene. The results revealed that GA 

treatment was potentially associated with promotion of mito-
chondria biogenesis or inhibition of mitophagy.

Figure 1. GA exhibits protective effects against H/R‑induced cell injury in human coronary artery endothelial cells. (A) The viability of H/R‑induced cells 
treated with different concentrations of GA was assessed using the Cell Counting Kit‑8 assay. (B) Following H/R treatment with or without 100 µM GA for 0, 4, 
8 or 12 h, Annexin V‑FITC/PI double labelling followed by flow cytometry was performed to assess the proportion of apoptotic cells. *P<0.05. GA, glycyrrhizic 
acid; H/R, hypoxia/reoxygenation; PI, propidium iodide; OD, optical density.
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GA decreases autophagy/mitophagy and autophagy induc‑
tion abolishes its protective effects. To determine whether 
GA treatment maintained mitochondrial function via 
autophagy/mitophagy, markers of autophagy/mitophagy, 
including LC3B and p62, were detected by western blot-
ting. H/R‑induced LC3B‑II expression was significantly 
decreased by GA, NAC or MitoQ10 treatment. Similarly, 
the expression of p62, which is downregulated during 
autophagy/mitophagy, was also markedly maintained by 
treatment with GA, NAC or MitoQ10 following H/R induc-
tion (Fig. 4A).

To further clarify whether GA exerted protective effects by 
inhibiting autophagy/mitophagy, cell viability and apoptosis 
were analyzed in cells treated with GA and rapamycin, an 
autophagy‑inducing compound. Rapamycin exposure abolished 
GA‑induced protective effects on cell viability and apoptosis, 
which indicated that the protective effects of GA were associ-
ated with a decrease in autophagy/mitophagy (Fig. 4B and C).

Collectively, the results suggested that GA decreased 
H/R‑induced ROS accumulation, maintained the mitochon-
drial membrane potential and inhibited mitophagy/autophagy, 
which protected cells against H/R‑induced injury.

Figure 2. GA exerts protective effects against H/R by decreasing ROS accumulation. (A) Intracellular and (B) mitochondrial accumulation was assessed. 
(C) Cell viability was assessed using the Cell Counting Kit‑8 assay. (D) Cell apoptosis was assessed by Annexin V‑FITC/PI double staining. *P<0.05. #P<0.05. 
GA, glycyrrhizic acid; H/R, hypoxia/reoxygenation; ROS, reactive oxygen species; PI, propidium iodide; NAC, N‑acetylcysteine.
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Figure 4. GA decreases mitophagy/autophagy, exhibiting protective effects against H/R. (A) Following H/R induction, LC3B‑I/II and p62 protein expression 
levels were detected by western blotting. *P<0.05 vs. normoxia group; #P<0.05 vs. the H/R+mock group. The (B) Cell Counting Kit‑8 and (C) apoptosis assays 
were performed to assess cell viability following H/R induction. *P<0.05 vs. the H/R+mock group. GA, glycyrrhizic acid; H/R, hypoxia/reoxygenation; LC3B, 
microtubule associated protein 1 light chain 3B; NAC, N‑acetylcysteine; OD, optical density; Rapa, rapamycin.

Figure 3. GA maintains the mitochondrial membrane potential potentially via decreasing mitochondrial ROS accumulation. (A) JC‑1 staining was performed 
to investigate the effect of GA on the mitochondrial membrane potential. Multi‑aggregates are stained red and mono‑aggregates are stained green. Following 
treatment with 100 µM GA, 10 µM NAC or 1 µM MitoQ10, (B) ATP synthesis, (C) mtDNA copy number and (D) mtDNA transcriptional activity were 
assessed. *P<0.05 vs. normoxia group. #P<0.05 vs. H/R + mock group. GA, glycyrrhizic acid; ROS, reactive oxygen species; NAC, N‑acetylcysteine; mtDNA, 
mitochondrial DNA; H/R, hypoxia/reoxygenation; TIM, Rho guanine nucleotide exchange factor 5; COXI, mitochondrially encoded cytochrome c oxidase I; 
ND1, mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 1.
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Discussion

In the present study, the protective effects of GA against 
H/R‑induced decreases in cell viability and increases in cell 
apoptosis in HCAECs were investigated. Treatment with 
GA significantly inhibited H/R‑induced ROS accumula-
tion, maintained the mitochondrial membrane potential and 
mitochondrial homeostasis, and prevented mitochondrial 
dysfunction following H/R.

I/R and H/R are common causes of tissue and cell damage 
due to a lack of blood supply or oxygen. Unfortunately, 
restoration of the blood or oxygen supply leads to further 
oxidative damage and inflammatory effects by inducing 
oxidative stress  (1). Certain endothelial cells in different 
organs are particularly sensitive to ischemia and hypoxia 
due to their direct contact with the circulation, and damage 
to these cells can result from an oxidative stress imbal-
ance arising from the inflammatory response (18). I/R‑ and 
H/R‑induced ROS accumulation damages mitochondria, 
decreases the mitochondrial membrane potential, damages 
DNA, lipids and proteins, and promotes mitophagy  (16). 
Considering the critical effects of ROS in promoting cell 
injury following H/R, scavenging ROS is a promising treat-
ment strategy. N‑n‑butyl haloperidol iodide (F2) has been 
reported to exert protective effects against myocardial I/R 
injury by downregulating H/R‑induced ROS levels, inac-
tivating JNK and downregulating early growth response 1 
protein expression in H9c2 cells (19). Metformin, a first‑line 
drug for the management of type  2 diabetes, has been 
reported to protect cardiomyocytes against H/R injury by 
inhibiting ROS generation and inflammatory responses (20). 
Collectively, the aforementioned studies indicated that GA 
might protect against H/R‑induced injury by regulating ROS 
levels.

In the present study, H/R induced intracellular and 
mitochondrial ROS accumulation, and treatment with GA 
significantly decreased ROS levels. Further investigation is 
required to determine whether ROS generation or accumula-
tion is affected by GA. To distinguish mitochondrial ROS 
from intracellular ROS, 0.5 µM MitoSOX with an excitation 
wavelength of 365 nm was used. H/R induced intracellular 
and mitochondrial ROS accumulation; however, whether the 
observed increase in mitochondrial ROS levels was amplified 
by intracellular ROS accumulation, as has been previously 
reported, was not investigated in the present study (21,22). 
Although H/R‑induced intracellular ROS accumulation 
directly interacts with mitochondrial proteins and lipids to 
accelerate mitochondrial dysfunction  (23), in the present 
study, scavengers of intracellular and mitochondrial ROS 
decreased the rate of apoptosis following H/R, suggesting that 
mitochondrial ROS directly induced apoptosis. A decrease in 
the percentage of Annexin V+/PI‑ and Annexin V+/PI+ cells 
following treatment with GA in H/R‑induced cells was also 
observed, which suggested that necrosis had also occurred; 
however, the effects of GA on necrosis require further 
investigation.

An excess of mitochondrial ROS leads to mitophagy and 
subsequent apoptosis, which is accompanied by a decrease in 
ATP production and collapse of the mitochondrial membrane 
potential (24,25). It has also been reported that GA exerts 

a protective role against hypoxia‑induced mitochondrial 
damage by regulating mitochondria (26). Following H/R, 
GA treatment inhibited the decrease in ATP production, the 
collapse of the mitochondrial membrane potential and the 
decrease in mtDNA copy number. By detecting the hall-
marks of autophagy/mitophagy, it was further revealed that 
GA treatment inhibited ROS‑induced autophagy/mitophagy 
and subsequent cell apoptosis by decreasing ROS levels. The 
effects of GA on the viability of cells following H/R induc-
tion was analyzed using the CCK‑8 assay. Future studies 
should perform time‑lapse live‑cell experiments to reveal 
the effects of GA on myocardial cells and H/R‑induced 
necrosis.

The present study had several limitations. Firstly, 
H/R‑induced mitochondrial ROS accumulation may induce 
endothelial injury; however, whether the observed increase in 
mitochondrial ROS levels was amplified by intracellular ROS 
was not investigated in the present study. Secondly, the exact 
mechanism underlying GA‑induced reductions in ROS accu-
mulation was not identified in the present study and requires 
further investigation.
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