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Abstract
Background/Aims: A series of reports revealed that autophagy and apoptosis exerted 
detrimental effects on the pathology of cardiac ischemia/reperfusion (I/R) injury. Ginsenoside 
compound K (CK), a major intestinal metabolite underlying the pharmacological actions of 
orally administered ginseng, has a protective effect against myocardial I/R injury. However, 
the molecular mechanisms by which CK protects against I/R injury remain unclear. In this 
study, we hypothesized that the cardioprotective effects of CK against I/R injury are mediated 
by inhibiting autophagy/apoptosis-related signaling pathways in H9c2 cardiomyocyte cells. 
Methods: H9c2 cells were incubated with CK and exposed to I/R. Cell viability and damage 
was analyzed by MTT and lactate dehydrogenase assays. Reactive oxygen species (ROS) 

TUNEL staining. The expression of autophagy, apoptosis, and related signaling proteins was 
Results: CK pretreatment 

promoted cell viability and attenuated ROS accumulation and intracellular mitochondrial 
damage induced by I/R injury. Moreover, CK reduced autophagy by regulating the formation 
of phagocytic precursors to autophagosomes and also inhibited apoptosis through a 
mitochondrial-mediated pathway. Additionally, the cardioprotective effect of CK against I/R 
injury was mainly through the activation of the PI3K-Akt signaling pathway. Conclusions: 
CK pretreatment inhibits autophagy-mediated apoptosis induced by I/R injury through the 
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activation of the PI3K-Akt signaling pathway, which reveals that CK may be one of the key 
bioactive ingredients of ginseng for the treatment of myocardial I/R injury.

Introduction

Myocardial infarction is a major cause of death and disability worldwide [1]. Therapeutic 
strategies, including thrombolytic primary angioplasty and primary percutaneous coronary 
intervention, are frequently used to reduce the size of a myocardial infarct and improve the 
outcome in routine clinical practice [2]. Nevertheless, reperfusion results in a worsening of 

effects of reperfusion therapy [3]. Therefore, it is necessary to explore novel therapeutic 
strategies to reduce reperfusion-associated tissue injury after I/R.

Panax ginseng C.A. Meyer, as a traditional medicinal plant, has been used for over 2000 

prevention and treatment of cardiovascular, endocrine, nervous system, and immune system 
diseases [5, 6]. At present, ginseng is commonly used in individuals who have cardiovascular 
risk factors, such as hypertension and hypercholesterolemia [7]. Moreover, ginseng and 
its ginsenoside constituents as bioactive ingredients are widely used in the clinical setting 
for treating cardiovascular diseases, especially myocardial I/R injury [8]. Recent studies 
have reported that the ginsenosides Rb1 and Rb2 have cardioprotective effects in models 
of myocardial I/R in vitro and in vivo [9]. Indeed, the ginsenosides Rb1, Rb2, Rc, and Rd 
are transformed by intestinal bacteria to the major metabolite compound K (CK), that is, 

pharmacological actions of orally administered ginseng [10]. It has been reported that CK 
has protective effects against I/R injury in a mouse model [11]. However, the mechanisms 
underlying the action of CK against I/R injury are unclear.

Autophagy is a cell survival mechanism that involves the degradation and recycling of 

defective organelles accumulate to induce cell death [13]. In contrast, if autophagy destroys 
the cytosol and organelles beyond a certain threshold, autophagic cell apoptosis and death 
occur [14]. A variety of studies have suggested that autophagy during myocardial ischemia 
is cardiac protective and serves as a regenerative feedback mechanism, which suggests 
that enhancing autophagy could promote survival in response to mild forms of stress 
[15], but myocardial I/R-activated autophagy in the reperfusion period is detrimental and 
causes further myocardial damage [16]. The autophagy and apoptosis resulting from the 
reperfusion phase are accompanied by the activation of the PI3K-Akt signaling pathway and 
the up-regulation of Beclin-1 [17, 18]. After the activation of Beclin-1, autophagy-related 
gene (Atg) proteins, including Atg5, Atg7, and Atg8 (microtubule-associated protein 1 light 
chain 3, LC3 in mammals), are involved in the nucleation and elongation of autophagosomes. 

directly with LC3 and brings p62-containing protein aggregates to the autophagosomes [19, 
20]. Thus, the prevention of excessive autophagy and apoptosis induced by I/R may reduce 
cardiomyocyte death and preserve cardiac function [21].

In this study, we aimed to investigate the protective effect of CK against I/R injury 
through the inhibition of autophagy and apoptosis via the PI3K-Akt pathway. To test this 
hypothesis, we used an autophagy inhibitor, 3-methyladenine (3-MA), and PI3K inhibitor, 
LY294002, to evaluate the potential mechanism of CK on autophagy and apoptosis in a model 
of I/R injury. Our results showed that autophagy-mediated apoptosis induced by I/R injury 

Our study reveals that CK may be one of the key bioactive ingredients of ginseng for the 
treatment of myocardial I/R injury.

© 2018 The Author(s)
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Materials and Methods

Materials

CK, 3-MA, and LY294002 

antibodies against mTOR 

(monoclonal, 1:1000, #2983), 

monoclonal, 1:1000, #5536), 

phospho-Beclin-1 (monoclonal, 

(monoclonal, 1:1000, #3495), 

Cleaved Caspase-3 (polyclonal, 

1:1000, #9661), Bax (polyclonal, 

1:1000, #2772), LC3A/B 

(polyclonal, 1:1000, #4108), Bcl-

2 (monoclonal, 1:1000, #2870), 

1:1000, #8025), phospho-Akt 

(monoclonal, 1:1000, #4691), 

Atg7 (monoclonal, 1:1000, 

#8558), Atg5 (monoclonal, 

1:1000, #12994), PARP 

(monoclonal, 1:1000, #9532), 

1:2000, #3700) were purchased 

Cell culture and I/R 

modeling

H9c2 cardiomyocyte 

cells were purchased from 

the American Type Culture 

Collection (Manassas, VA, 

supplemented with 10% fetal 

100 U/mL penicillin (Biosharp, 

streptomycin (Biosharp) and 

saturated atmosphere of 5% 

CO
2
. To establish the I/R injury 

model, H9c2 cells were seeded 

in a 96-well plate at a density of 

Fig. 1. CK pretreatment increases cell viability and inhibits cell damage 

induced by I/R. (A) Chemical structure of CK. (B) To investigate the 

protective effect of CK on I/R injury in H9c2 cardiomyocytes, the effect 

of reperfusion time after hypoxic incubation for 9 h on the viability 

protective effect of CK against I/R injury in H9c2 cardiomyocytes, the 

effect of reperfusion time on apoptosis after hypoxic incubation for 9 

treatment with the indicated concentrations of CK for 24 and 48 h of 

end of reperfusion in H9c2 cardiomyocytes was measured using an 

2
) 

in each experiment. #P<0.05, ##P<0.01, ###

*P<0.05, **P<0.01, ***P<0.001 vs. the I/R group.
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1.0 × 104

prior to culture under 95% N
2
, 5% CO

2
 by incubation for 3, 6, 9, and 12 h (oxygen and glucose deprivation, 

incubation under normoxia for 4, 8, 12, 16, and 20 h [22].

MTT and lactate dehydrogenase (LDH) assays

The viability of H9c2 cardiomyocytes treated with different concentrations of CK for 48 h was 

determined using an MTT assay. After treatment, cells cultured in 96-well plates were incubated with MTT 

Measurement of reactive oxygen species generation

Detection of mitochondrial membrane potential

mitochondrial membrane potential (MMP). The cells were cultured in 6-well plates (1.0 × 105 cells/well) 

and pretreated with various concentrations of CK for 48 h prior to I/R. After I/R, the cells were stained with 

After treatment and I/R incubation in 6-well plates, cell apoptosis was analyzed using Annexin 

4% paraformaldehyde for 40 min. Then, the cells were permeabilized with 0.1% Triton X-100 for 10 min on 

experiments.

China). After treatment with CK and I/R incubation, the cells were incubated with primary antibodies 

were blinded to the experimental group. A minimum of three coverslips were used for each experimental 

group, and at least three cell images were acquired from each coverslip.

Western blot analysis

Cell samples were lysed in RIPA buffer (Beyotime Biotechnology). Protein concentration was 

http://dx.doi.org/10.1159%2F000491655
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control. After incubation with appropriate secondary antibodies for 1 h at room temperature, protein bands 

Statistical analysis

t test was used when there were 

only two groups for comparison, 

and one-way analysis of 

variance was performed to 

multiple-group comparisons. P < 

0.05 was considered statistically 

Results

CK promotes cell 
survival and reduces 
cell damage in H9c2 
cells after I/R injury
To investigate the 

protective effect of CK 
on I/R injury in H9c2 
cardiomyocytes, the 
viability of H9c2 cells 
incubated in hypoxia and 

different periods of time 
and followed by reperfusion 
for different periods of time 
was evaluated to establish 
a model of I/R injury. 

9 h led to a 30% decrease 
P 

< 0.05). In the model of I/R 
injury, reperfusion for 4, 8, 
12, 16, and 20 h after 9 h 

H9c2 cell viability in a time-
dependent manner, with 
approximately 60% viability 

1B, P 
further reperfusion time 

the percentage of apoptotic 
cells at different times (0 

Fig. 2. CK protects H9c2 cardiomyocytes against I/R-induced apoptosis. 

Bar diagram of early and late apoptotic cell rates from three separate 

levels of Bcl-2, Bax, Cleaved Caspase-3, and PARP were detected by 

were expressed using bar graphs from three separate experiments. 
#P<0.05, ##P<0.01, ### *P<0.05, ***P<0.001 

vs. the I/R group.
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P < 0.01, P < 0.001). On the 

The potential cardioprotective effects of CK on H9c2 cardiomyocytes against I/R injury 

P < 0.05, P < 0.01, P 
detected to evaluate the protective effect of CK on cell damage from I/R injury. As shown in 

(P < 0.05, P < 0.01). These results indicated that CK pretreatment increased cell viability and 
decreased cell damage to 
protect against injury from 

for 20 h.

CK decreases I/R-
induced apoptosis in 
H9c2 cells
To observe the effect 

of CK on I/R-induced 
apoptosis, the cells were 

blot analysis. As shown in 

and late apoptosis induced 
by I/R injury was decreased 
after treatment with CK for 
48 h (P < 0.001). Moreover, 

that CK pretreatment 
reduced the percentage of 

by I/R injury, which was 
consistent with the analysis 

2C). To analyze further the 
mechanism of CK against 
I/R-induced apoptosis, 
the expression levels of 
apoptosis-related proteins, 
such as Bcl-2, Bax, Cleaved 
Caspase-3, and PARP, were 

blot analysis. The ratio of 
the antiapoptotic protein 
Bcl-2 and proapoptotic 
protein Bax was increased 
by CK pretreatment for 48 
h in H9c2 cells with I/R 

Additionally, I/R injury 

Fig. 3. CK pretreatment attenuates I/R-induced intracellular 

diagram showing that CK decreased the I/R-induced accumulation 

intensity from three separate experiments in H9c2 cardiomyocytes. 

cells. ### *P<0.05, ***P<0.001 vs. the I/R 

group.
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caused the Cleavage of Caspase-3 and PARP in H9c2 cells, which was greatly decreased by 
P < 0.05). Our results suggested that CK inhibited I/R-induced 

apoptosis in H9c2 cells through a mitochondrial-mediated apoptotic pathway.

CK protects H9c2 cardiomyocytes from intracellular reactive oxygen species accumulation 
and mitochondrial membrane depolarization
Oxidative damage mediated by free radicals and mitochondrial damage also contributes 

to I/R-induced injury in cardiomyocytes. Compared with the control, I/R injury increased 

P < 0.001). MMP was assessed in I/R-induced H9c2 cells treated with CK 

P < 0.001), which is a 
sign of early stage apoptosis. 
These results indicated that 
CK preconditioning could 
protect cardiomyocytes 
against damage from 

accumulation and 
mitochondrial membrane 
depolarization induced by 
I/R injury.

CK decreases autophagy 
in H9c2 cardiomyocytes 

Autophagy is activated 
in the initial phase of hypoxia 
and is excessively enhanced 
in the reperfusion period. 

CK pretreatment decreased 

increased Bcl-2 expression, 
which are strong promoters 
of autophagy through the 
up-regulation of Beclin-1. 
To determine whether 
CK treatment decreased 
autophagy in H9c2 cells, 
we observed the effect of 
CK on the expression of 
autophagy-related proteins 

staining. Beclin-1 is a 
platform protein that 
controls the initiation 
of autophagocytosis 
and distinct phases in 
endocytosis [23]. Our 

Fig. 4. CK decreases I/R-induced autophagy in H9c2 cardiomyocytes. 

injured H9c2 cells treated with different concentrations of CK (2, 4, 

(C) Representative images of p62 staining in I/R-injured H9c2 cells 

bar graphs. #P<0.05, ## *P<0.05, **P<0.01 

vs. the I/R group.
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results showed that the 
ratio of phospho-Beclin-1 
to Beclin-1 was increased in 
H9c2 cells exposed to I/R, 
which was greatly reduced 

and 4B, P < 0.05). Moreover, 
p62 binds directly to LC3 

motif and is itself degraded 
by autophagy to facilitate 
the degradation of protein 

for p62 showed that I/R 
injury decreased the 
expression of p62 in H9c2 
cells, which was reversed by 

In addition, Atg5 recruits 
phagocytic precursors to 
form phagophores, while 
the related Atg proteins, 
such as p62, LC3II/
LC3I (Atg8), and Atg7, 
regulate phagophore-to-
autophagosome formation 

expression of Atg5, LC3II/I, 
and Atg7 was increased 
in H9c2 cells exposed to 
I/R, which was greatly 

P < 0.05, P < 0.01). As expected, 

P 

injury by regulating the formation of autophagosomes by phagocytic precursors in H9c2 
cells.

Autophagy-induced apoptosis is involved in the cardioprotective effects of CK in H9c2 cells

could be one of the mechanisms underlying the effect of CK on the recovery from I/R 
injury, we used a classical autophagy inhibitor, 3-MA, which interferes with the formation 
of autophagosomes in mammalian cells by inhibiting class III PI3K activity to clarify the 

5B, the percentage of apoptotic cells induced by I/R was suppressed by CK or 3-MA alone 

undergoing early and late apoptosis in the I/R environment compared with CK alone, which 
was similar with the I/R group (P < 0.01 or P < 0.001). To verify further the effect of CK on 
alleviating apoptosis induced by I/R through autophagy-mediated pathways, we detected 
the expression of key autophagy and apoptosis proteins, such as Atg5, p62, Bcl-2, and Bax. 
Compared with the I/R+CK group, the combination of 3-MA with CK in the I/R group had no 
obvious effect on decreasing the expression of Atg5 and increasing the expression of p62. 
In addition, the ratio of Bcl-2 to Bax in the group with the combination of 3-MA and CK was 

P < 0.05 or P < 0.01). Overall, the results 

Fig. 5. CK protects cardiomyocytes by inhibiting autophagy-mediated 

apoptosis in H9c2 cells subjected to I/R. (A) H9c2 cells were treated with 

CK for 48 h, 3-MA, or their combination for 12 h, followed by I/R injury 

determined using densitometric analysis. #P<0.05, ###P<0.001 vs. the 
*P<0.05, **P<0.01, *** ^P<0.05, 

^^P<0.01 vs. the I/R+CK group.
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demonstrated that the anti-
apoptosis effect of CK 
in the I/R environment 
was attenuated by 
3-MA, suggesting that 
CK alleviated apoptosis 
induced by I/R through 
a u t o p h a g y - m e d i a t e d 
pathways.

CK inhibits autophagy 
and apoptosis through 
the activation of the 

H9c2 cells subjected to 
I/R
The growth-

stimulatory signaling 
axis of PI3K-Akt-mTOR 
pathways usually represses 
both autophagy and 
apoptosis, meaning that 
the activation of the PI3K-
Akt pathway may serve as 
a potential mechanism for 
the treatment of cardiac I/R 
injury [26]. Moreover, AKT 
can phosphorylate mTOR 
to inhibit its pro-autophagic 
and pro-apoptotic 
functions, respectively [27]. 
To explore the molecular 
mechanisms by which CK 
protects against I/R injury, 
we used a PI3K inhibitor, 
LY294002, to evaluate the 
potential protective role of 
CK in autophagy-mediated 
apoptosis induced by I/R 
through the activation 
of PI3K signaling. As 

the percentage of cells 
undergoing early and late 
apoptosis induced by I/R was suppressed by CK treatment (P < 0.001), which was attenuated 
by the combination of CK with LY294002 (P < 0.05 or P < 0.01). The ratio of Bcl-2 to Bax and 
p62 was higher in the I/R+CK group than with the combination of LY294002 and CK by 

of apoptosis markers, PARP cleavage, and autophagy markers, LC3II/I, compared to the I/R 
P < 0.05 or P < 0.01).

the phosphorylation of Akt and mTOR compared with the I/R group, which was blocked 

Fig. 6. CK inhibits autophagy and apoptosis in I/R-injured H9c2 cells 

by activating the PI3K-Akt pathway. (A) H9c2 cells were incubated in 

PI to analyze apoptosis. (B) Bar diagram of apoptotic cell rates from 

A in three separate experiments. (C) Cells were harvested and lysed 

for the detection of Bcl-2, Bax, and PARP and shown in bar graphs of 

R+CK group.

http://dx.doi.org/10.1159%2F000491655


Cell Physiol Biochem 2018;47:2589-2601
DOI: 10.1159/000491655
Published online: July 11, 2018 2598

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Li et al.: Protective Effect of CK on Myocardial I/R Injury

P < 0.05 or P < 

combination of CK with LY294002 did not obviously increase the level of p-Akt in the I/R cell 

attenuated autophagy and apoptosis through the activation of the PI3K-Akt pathway during 
I/R injury.

Discussion

Initial therapy for acute myocardial infarction is directed toward the restoration 
of blood supply as soon as possible to reduce damage to the myocardium [28]. However, 
reperfusion injury remains a major clinical problem that has failed to be improved by multiple 
pharmacologic approaches [29]. The inhibition of autophagy and apoptosis during the stress 
of I/R could provide a therapeutic target for cardiac protection. In the present study, we used 
a cardiomyocyte I/R model to demonstrate that CK, a key metabolite from ginseng after oral 

novel mechanism underlying the action of CK on the inhibition of autophagy and apoptosis 
and provide insights for the therapeutic use of ginseng for the treatment of cardiac disease.

After ischemia, a long period of secondary myocardial injury occurs following myocardial 

reperfusion, the reentry of oxygenated blood into ischemic tissue facilitates ATP restoration 

low pH, the mitochondrial permeability transition pore (mPTP) is kept quiescent during 

which leads to cell and tissue damage [32]. Thus, antioxidant therapy could be effective 

oxidative stress, MMP depolarization, and cell damage were effectively blocked by CK 
preconditioning in a dose-dependent manner.

Recent studies revealed that autophagy exerted detrimental effects in the pathology 
of cardiac I/R injury [33]. The process of autophagosome formation involves two major 
steps: nucleation and elongation of the isolation membrane. The UNC-51-like kinase/
Atg1 kinase complex, class III PI3K complex, and their related proteins are important for 
the nucleation step, whereas the Atg12- and LC3/Atg8-conjugation systems are crucial for 
the elongation step [34]. Beclin-1 is required for autophagy vesicle nucleation, which is 
dramatically enhanced after I/R in the area at risk of myocardial infarction [35]. Moreover, 
LC3 plays a crucial role during the ensuing autophagosome elongation step, which serves 
as a widely used marker for autophagosomes [36]. Additionally, p62 is purported to act 
as an adaptor molecule linking ubiquitinated proteins to the autophagic machinery and 
interActing with LC3-II in the detection of different stages of autophagic vesicles [37]. In the 
present study, the phosphorylation of Beclin-1 and the ratio of LC3-II/LC3-I were increased 

3-MA, was used to explore whether CK played a protective role against I/R injury through 

cardiomyocytes against I/R injury through the inhibition of excessive autophagy.
The interplay between autophagy and apoptosis is highlighted by the fact that a regulator 

of apoptosis, namely, the Bcl-2 family, regulates autophagy. Conversely, certain autophagic 
proteins, such as Atg5 and Beclin-1, play important roles in apoptosis [38]. In myocardial 
I/R injury, autophagy may also promote cell death through the excessive self-digestion and 
degradation of essential cellular constituents or interaction with apoptotic cascade [39], which 

apoptosis markers, such as Atg5, p62, and the Bcl-2/Bax ratio, using multiple assays to 
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assess better the effect of 
CK on autophagy-mediated 

evidence demonstrated that 
the anti-apoptotic activity 
of CK through inhibiting 
autophagy was dramatically 
abolished by treatment 
with 3-MA.

The PI3K-Akt pathway, 
the main downstream signal 
activated by I/R injury, 
is particularly important 
for mediating myocardial 
survival under a wide 
variety of circumstances 
[20]. Akt phosphorylation 
can activate mTOR to inhibit 
autophagy and apoptosis 
during I/R injury [40]. It 
has been reported that the 
PI3K-Akt pathway partially 
mediates CK-mediated 
survival in a rat model of 
myocardial I/R injury [11]. 

that the cardioprotective 
effect of CK was blocked 
by LY294002, suggesting 
that PI3K-Akt activation 
underlies the mechanism 
of CK on the inhibition of 
autophagy-mediated cell 
death against I/R injury.

Conclusion

results illustrated that the cardioprotective effect of CK against I/R injury is mainly through 

be suitable for recovery from myocardial I/R injury as a key bioactive ingredient of ginseng.
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