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a b s t r a c t

Background: Oxidative stress-induced cardiomyocytes apoptosis is a key pathological process in
ischemic heart disease. Glutathione reductase (GR) reduces glutathione disulfide to glutathione (GSH) to
alleviate oxidative stress. Ginsenoside Rb1 (GRb1) prevents the apoptosis of cardiomyocytes; however,
the role of GR in this process is unclear. Therefore, the effects of GRb1 on GR were investigated in this
study.
Methods: The antiapoptotic effects of GRb1 were evaluated in H9C2 cells by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, annexin V/propidium iodide staining, and Western blotting. The
antioxidative effects were measured by a reactive oxygen species assay, and GSH levels and GR activity
were examined in the presence and absence of the GR inhibitor 1,3-bis-(2-chloroethyl)-1-nitrosourea.
Molecular docking and molecular dynamics simulations were used to investigate the binding of GRb1 to
GR. The direct influence of GRb1 on GR was confirmed by recombinant human GR protein.
Results: GRb1 pretreatment caused dose-dependent inhibition of tert-butyl hydroperoxide-induced cell
apoptosis, at a level comparable to that of the positive control N-acetyl-L-cysteine. The binding energy
between GRb1 and GR was positive (�6.426 kcal/mol), and the binding was stable. GRb1 significantly
reduced reactive oxygen species production and increased GSH level and GR activity without altering GR
protein expression in H9C2 cells. Moreover, GRb1 enhanced the recombinant human GR protein activity
in vitro, with a half-maximal effective concentration of z2.317 mM. Conversely, 1,3-bis-(2-chloroethyl)-1-
nitrosourea co-treatment significantly abolished the GRb1’s apoptotic and antioxidative effects of GRb1
in H9C2 cells.
Conclusion: GRb1 is a potential natural GR agonist that protects against oxidative stresseinduced
apoptosis of H9C2 cells.
� 2019 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cardiovascular diseases (CVDs) are one of the leading causes of
morbidity and mortality worldwide. Oxidative stress, which may
cause apoptosis of myocardial cells, is widely targeted as an
important pathogenic mechanism involved in atherosclerosis,
myocardial infarction, ischemic heart disease, reperfusion injury,

and heart failure [1,2]. It has been reported that the inhibition of
excessive oxidative stress and cardiac muscle cell apoptosis are
promising approaches to the protection of cardiomyocytes and
management of CVDs [3e5].

Glutathione (GSH) is formed from glutamate, cysteine, and
glycine [6]. As a crucial antioxidant, GSH exhibits antiinflammatory
[7], antiproliferative [8], and antiapoptotic effects [9] and helps to
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maintain cellular homeostasis [10]. GSH protects cells from oxida-
tive stress by a decrease in the intracellular level of reactive oxygen
species (ROS) [11], and it is formed by the reduction of glutathione
disulfide (GSSG) by the key enzyme glutathione reductase (GR),
which increases the GSH/GSSG ratio [12]. Maintaining a high GSH/
GSSG ratio helps balance cellular redox signaling and diminishes
thiol oxidative stress [13]. Hence, GR agonists might provide strong
protective effects against oxidative stress-related diseases. How-
ever, information on GR agonists is lacking.

Many traditional Chinese medicines have been investigated in
clinical studies. Our target compound, ginsenoside Rb1 (GRb1), is a
significant active constituent, primarily found in ginseng, pseudo
ginseng, and American ginseng. An extract prepared from the latter
has been shown to protect the heart from ischemia and reperfusion
injury by upregulating the expression of endothelial nitric oxide
synthase [14]. In addition, GRb1 has been reported to have diverse
pharmacological functions, such as improving cardiac function and
remodeling in heart failure, protecting against ischemia/
reperfusion-induced myocardial injury, alleviating osteoblast
dysfunction and fatty liver, and improving insulin resistance [15e
19]. Moreover, the antioxidative properties of GRb1 allow it to
scavenge free oxygen radicals to prevent oxidative stresseinduced
cell apoptosis [20].

Little is known, however, about the effect of GRb1 on GR ac-
tivity; therefore, our study was designed to investigate whether
GRb1 is a GR agonist or an enzyme inducer, and whether it protects
cardiomyocytes from oxidative stresseinduced apoptosis by
increasing GR activity.

2. Material and methods

2.1. Chemicals and reagents

GRb1 (purity>98%) was purchased from Chengdu Must Bio-
Technology Co., Ltd. (Chengdu, China), and a GR recombinant
protein (purity>95%) was purchased from Thermo Fisher Scientific
(Rockford, IL, USA). The GR inhibitor carmustine [1,3-bis-(2-
chloroethyl)-1-nitrosourea(BCNU); purity>98%] was purchased
from SigmaeAldrich (St. Louis, MO, USA). Tert-butyl hydroperoxide
(TBHP) was purchased from Sigma (St. Louis, MO, USA). Antibodies
against glyceraldehyde 3-phosphate dehydrogenase (GAPDH), B-
cell lymphoma 2 (BCL-2), and BCL-2-associated X protein (BAX)
were purchased from Cell Signaling Technology (Danvers, MA,
USA). GR antibody was purchased from Abcam (Cambridge, MA,
USA). GSH and lactate dehydrogenase (LDH) assay kits were pur-
chased from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). N-acetyl-L-cysteine (NAC), GR activity kit, and ROS assay kit
were purchased from Beyotime Biotechnology (Shanghai, China).
An annexin V/propidium iodide (PI) apoptosis detection kit was
purchased from BD Bioscience (San Jose, CA, USA). The other re-
agents used in this study were obtained from commercial sources.

2.2. Cell culture

H9C2 cells, derived from embryonic rat heart cells, were ob-
tained from the Cell Bank of the Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China) and maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 100 U/mL penicillin, and 100mg/mL streptomycin at
37�C in a humidified atmosphere containing 5% CO2.

2.3. Cell viability assay

H9C2 cells were plated at a density of 5.0 � 103 cells per well in
96-well plates. After 2 h of incubation with or without the GR

inhibitor BCNU, the cells were treated for 24 hwith GRb1 (25, 50, or
100 mM) or 1 mM NAC, followed by incubation with or without 150
mM TBHP for 2h. Cell viability was determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay as described previously [13]. Briefly, the culture mediumwas
removed and replaced with an MTT solution (0.5 mg/mL) for 4 h at
37�C, and then the MTT solution was replaced with 150 mL of
dimethyl sulfoxide (SigmaeAldrich) to dissolve the formazan
crystals formed. The amount of formazan was quantified by
measuring absorbance at 490 nm using a microplate reader (BioTek
Instruments, Winooski, VT, USA). Cell viability was calculated as a
percentage relative to that in the control group.

2.4. Detection of apoptosis by annexin V/PI staining

H9C2 cells were seeded into a 96-well plate and treated with
NAC or GRb1, followed by incubation with or without 50 mM BCNU
for 2 h before treatment with 1 mM NAC or GRb1 (25, 50, or 100
mM) for 24 h. The cells were then treated with 150 mM TBHP for 2 h,
except in the control group. The apoptosis index of H9C2 cells was
determined using a fluorescein isothiocyanate-labeled annexin V/
PI apoptosis kit (BD Biosciences) according to the manufacturer’s
instructions, and the cells undergoing apoptosis were then quan-
tified by averaging cell counts in three or four randomly selected
fields per plate. The ratio of both types of stained cells to the total
nuclei was calculated to evaluate the percentage of apoptotic cells.

2.5. LDH release assay

During apoptosis, nicotinamide adenine dinucleotide (NADþ) is
reduced to NADH by LDH, which is then released into the cell
culture medium from the cytoplasm, leading to cytomembrane
damaged. Additionally, diaphorase catalyzes the reaction between
2-p-iodophenyl-3-nitrophenyl tetrazolium chloride and NADH to
produce formazan, which has an absorption peak at 490 nm. Based
on this reaction, LDH cytotoxicity assay kit was used tomeasure the
absorbance of LDH after the different treatments. H9C2 cells were
seeded into a 96-well plate and treated as described in Section 2.4.
After treatment, the cell culture medium was collected, and LDH
activity was measured using an LDH assay kit, according to the
manufacturer’s instructions. An LDH releasing agent was provided
in the kit and served as the positive control of total LDH release.
Absorbance was measured at 490 nm using a microplate reader
(BioTek Instruments), and the LDH index was calculated as follows:
LDH index¼ (OD mean test group/OD mean total LDH release
group)/(OD mean control group/OD mean total LDH release
group) � 100%.

2.6. GSH assay

H9C2 cells were treated as described above, and then cell lysates
were prepared using a cell lysate buffer (Beyotime). The GSH levels
in the cell lysates were determined using the GSH assay kit,
following the manufacturer’s protocol. Briefly, GSH was reacted
with 5,50-dithiobis (2-nitrobenzoic acid) to produce GSSG and 50-
thio-2-nitrobenzoic acid (TNB). The TNB absorbance was measured
at 405nm, and the GSH content was calculated based on the TNB
concentration. The final GSH content was expressed as micromoles
per gram protein.

2.7. ROS detection

ROS concentrations were measured using 20,70-dichlorodihy-
drofluorescein diacetate (DCFH-DA). H9C2 cells were treated as
described above and then washed three times with phosphate-

H.-J. Fan et al / GRb1 as a glutathione reductase agonist 259



buffered saline, followed by the addition of 10 mM DCFH-DA and
incubation at 37�C for 20 min. Afterward, DCFH-DA was removed,
and the cells were washed again with phosphate-buffered saline
three times. The fluorescence intensity was evaluated using flow
cytometry.

2.8. Assessment of GR activity

In the present study, GR activity was calculated based on the
decrease of NADPH levels, measured at 340 nm. The change in GR
activity was measured in H9C2 cells grown with different treat-
ments and after incubation of GR recombinant protein with
different GRb1concentrations.

2.8.1. GR activity in H9C2 cells
H9C2 cell lysates were prepared as described above, and GR

activity was determined using a GR activity kit according to the
manufacturer’s instructions. GR activity was expressed inmilliunits
per milligram protein.

2.8.2. GR activity of GRb1-pretreated GR recombinant protein
GRb1 at final concentrations of 0.097, 0.195, 0.039, 0.78, 1.56,

3.13, 6.25, 12.5, 25, and 50 mM was added to GR recombinant pro-
tein diluted with 0.02 M 1-piperazineethanesulfonic acid (pH 7.5).
The samples were incubated at room temperature for 1 h. After-
ward, GR activity was measured as described above. The half-
maximal effective concentration (EC50) and log10-transformed
EC50 value of GRb1 were determined by nonlinear least-squares
curve fitting (GraphPad Prism 5.0; GraphPad Software, Inc., La
Jolla, CA, USA).

2.9. Western blot analysis

Western blot analysis was performed as described previously
[14]. Proteins were extracted from H9C2 cells using a lysis buffer,
and the lysates were centrifuged for 15min at 4�C. Subsequently, 15
mg of protein from each sample was subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred onto a
polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA).
The membrane was blocked with tris-buffered saline containing 5%
nonfat milk, followed by incubation with target primary antibodies
overnight at 4�C (GR, 1:1,000; BAX, 1:1,000, BCL-2, 1:1,000, and
GAPDH 1:3,000). The intensity of each band was quantified using
the Image J software and normalized to that of the loading control
(GAPDH).

2.10. Molecular docking and molecular dynamics

Molecular docking was performed using AutoDock Vina (Scripps
Research Institute, USA) to elucidate the binding mechanism be-
tween GR [Protein Data Bank (PDB) ID: 1GRE] and GRb1 [compound
ID (CID):9898279]. The GR target protein was prepared for molec-
ular docking simulations by removing water molecules and co-
crystallized ligands. The flavin adenine dinucleotideebinding
domain of GR was defined in this study as the ligand-binding site
of GR, in which the energy of ligand binding to GR was used to
evaluate the binding ability. PyMOL v.1.3 was used to visualize the
results, and YASARA was used to minimize the ligand energy and
perform molecular dynamics simulations. All simulations were run
with the AMBER03 force field. The best conformations were
regarded as the star conformations for molecular dynamics simu-
lations. In particular, a 0.9% NaCl solution served as the solvent for
the receptoreligand complex in a dodecahedron box, with a dis-
tance of 5 �A between the box and the solute. The initiation of
simulated annealing minimizations was set at 298K, with velocities

scaled down by 0.9 every 10 steps, lasting for 5 ps. Following energy
minimization, the temperature of the system was adjusted using a
Berendsen thermostat to minimize the influence of temperature
control. In addition, velocities were rescaled after every 100
simulation steps, whenever the mean of the last 100 detected
temperatures converged. Finally, 100-ns molecular dynamics sim-
ulations were conducted at a rate of 2 fs, and the coordinates of the
complexes were saved every 10 ps.

2.11. Data analysis

Data are expressed as the mean � standard deviation (SD). One-
way analysis of variance with least significant difference was per-
formed for multiple comparisons. A Student t-test was used for
statistical comparisons between treatment groups, with p < 0.05
considered significant. Calculations were performed using SPSS,
21.0(IBM Corporation, Armonk, NY, USA).

3. Results and discussion

3.1. GRb1 attenuates TBHP-induced apoptosis of H9C2 cells

As an organic peroxide, TBHP induces oxidative stress, which
further leads to apoptosis [21,22]. The reducing agent NAC is a thiol-
containing radical scavenger and GSH precursor [23]. Our results
showed that TBHP triggered apoptosis of H9C2 cells compared with
the control group; 150 mM TBHP decreased H9C2 viability to
50.17�4.57% (p＜0.01), indicating that TBHP treatment could serve
as a model group in researches on apoptosis in vitro (Fig. 1C). The
protective effects of GRb1 against TBHP-induced apoptosis were
examined by the annexin V/PI assay (Fig. 1A and B). The results
indicated that GRb1 effectively decreased the apoptosis index.
Moreover, the results of MTT assay showed that the viability of
H9C2 cells was significantly reduced by TBHP treatment but was
increased dose-dependently by GRb1 treatment (Fig. 1C). LDH is a
well-known marker of cardiomyocyte injury; therefore, its release
is closely related to the extent of cell membrane damage [24]. Our
results (Fig. 1D) showed that GRb1 dose-dependently protected
H9C2 cells from TBHP-induced LDH release.

The BCL-2 family of proteins includes antiapoptotic and proap-
optotic proteins [25]. BAX is a major proapoptotic protein, whereas
BCL-2 is a major antiapoptotic protein [26]. A high BAX/BCL-2 ratio
would trigger apoptosis. Hence, we investigated whether GRb1
affects BCL-2 and BAX expression. Compared with their expression
in the TBHP group, that of BCL-2 was enhanced, whereas BAX
expression decreased in the GRb1-treated TBHP-induced apoptosis
model (Fig.1E and F). In previous reports, TBHPwas found to trigger
mitochondrial dysfunction, which led to an imbalance in the BAX/
BCL-2 ratio [22,27]. Consistently, in our study, TBHP treatment
significantly decreased BCL-2 expression, along with enhancement
of BAX expression. Meanwhile, GRb1 remarkably counteracted the
damage caused by TBHP in H9C2 cells, which indicated that GRb1
could serve as a cardioprotective agent. Based on the results ob-
tained, GRb1 pretreatment successfully reduced the extent of
apoptosis of H9C2 cells in the presence of TBHP.

3.2. Pretreatment with GRb1 reduces TBHP-induced oxidative stress
in H9C2 cells

ROS play an important role in the oxidant system and can be
generated by TBHP-treated H9C2 cells. Furthermore, ROS cause
damage to the cell membrane and activate apoptotic pathways [28].
Therefore, the protective effect of GRb1 against TBHP-induced
oxidative stress was initially examined by assaying ROS levels
(Fig. 2A and B). Based on our results, TBHP could significantly
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induce oxidative stress in H9C2 cells, resulting in the generation of
large amounts of ROS; 150 mM TBHP increased ROS content in H9C2
cells to 330.8 � 17.39% (p＜0.01), indicating that TBHP treatment
could be used to establish an oxidative stress model group in
subsequent experiments in vitro (Fig. 2AeB). Besides, our results
indicated that GRb1 effectively inhibited ROS generation. GSH
scavenges ROS in intracellular antioxidant systems [29]. Our

findings showed that GRb1 dose-dependently abolished the TBHP-
induced decrease in GSH level (Fig. 2C). Considering that GR activity
is crucial for GSH maintenance, GR activity was investigated to
assess the effect of GRb1. As shown in Fig. 2D, GRb1 protected GR
activity from TBHP in a dose-dependent manner, which explains
the GSH content-maintaining and ROS-reducing effects of GRb1
during TBHP treatment, as well as further inhibition of apoptosis.

Fig. 1. GRb1 reduced TBHP-induced apoptosis of H9C2 cells in a dose-dependent manner. Cells were pretreated with the indicated concentrations of GRb1 (25, 50, and 100 mM) or
NAC (1 mM) for 24 h and then stimulated with TBHP (150 mM) for 2 h. The apoptosis index was determined by annexin V/PI staining. (A) Representative images of annexin V/PI
staining. (B) Percentage of apoptotic H9C2 cells. (C) Viability of H9C2 cells. (D) LDH release. (E) Western blot analysis of BAX, BCL-2, and GAPDH. (F) BAX and BCL-2 expressions were
normalized to that of GAPDH. Data are presented as the mean � SD. *p < 0.05, **p < 0.01 vs. the TBHP group. GRb1, ginsenoside Rb1; LDH, lactate dehydrogenase; NAC, N-acetyl-L-
cysteine; TBHP, tert-butyl hydroperoxide.
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Physiologically, there are two systems, enzymatic and nonenzy-
matic, that allow cells to resist ROS-induced damage [30]. However,
ROS generation can be excessive under pathological conditions and
can overwhelm the defense systems. In the present study, we found
that NAC decreased ROS level, which was consistent with data from
previous studies [23,31]; moreover, it significantly increased GSH
level. In addition, GRb1 served as an antioxidant and significantly
reduced ROS level, which was increased by TBHP. This effect was
due to the upregulation of GSH level and GR activity by GRb1.
Although NAC and GRb1 showed similar effects on GSH levels, the
effect of GRb1 on GR activity was found to be higher than that of
NAC. It has been reported that NAC contains an SH group and is
deacetylated in cells to generate cysteine, which is an important
nonenzymatic antioxidant and a substrate for GSH synthesis.
Consequently, a high cysteine level results in the increased intra-
cellular production of GSH and in reduced ROS levels. Thus, NAC
increased GSH level but not necessarily by enhancing GR activity.
These findings show that GRb1 possibly increases GR activity to
exert its antiapoptotic and antioxidant effects.

3.3. Molecular docking and molecular dynamics of GRb1 and GR

To verify whether GRb1 exerts a protective effect on TBHP-
treated H9C2 cells mainly by activating GR activity, molecular
docking between GRb1 and GR was performed. The optimal

binding conformation of the GRb1e GR complex is shown in
Fig. 3A. From the results, GRb1 interacted with Arg-347, Arg-37,
Pro-368, Thr-339, Val-370, and Lys-66 residues in GR via van der
Waals forces. Additionally, the binding energy between GR and
GRb1 was found to be �6.426 kcal/mol. Next, molecular dynamics
simulation was performed to verify the molecular docking results.
The best conformation of the GRb1eGR complex, obtained from
the docking analysis, was taken as the initial conformation for the
molecular dynamics simulation. Surface visualization models of
GRb1eGR complexes were monitored at 0e100 ns during the
molecular dynamics experiment. As shown in Fig. 3B, at the
beginning of the molecular dynamics simulations, GRb1 was
docked into the deep center of the ligand (inhibitor)-binding site;
however, it moved to the edge of the binding site after 100 ns of
simulation. The heavy-atom root mean-square deviation (RMSD)
track of the GReGRb1 complex (Fig. 3C, red line) increased during
the first 5 ns and fluctuated around 2.5 �A at 5e28 ns. Thereafter,
RMSD increased and fluctuated around 2.9 �A at 28e100 ns. The
heavy-atom RMSD track of the unbound GR fluctuated around
2.8 �A at 5e100 ns (Fig. 3C, blue line). In Fig. 3D, the thermody-
namic stabilities of the GReGRb1 complex and free-state GR were
determined based on the potential energy fluctuations. The track
of potential energy of the GReGRb1 complex was found to be
higher than that of the unbound GR. These results suggested that
the binding between GR and GRb1 is stable. Molecular docking

Fig. 2. GRb1 alleviated TBHP-induced oxidative stress in H9C2 cells in a dose-dependent manner. Cells were pretreated with the indicated concentrations of GRb1 (25, 50, and 100
mM) or NAC (1 mM) for 24 h and then stimulated with TBHP (150 mM) for 2 h. ROS and GSH levels and GR activity were determined. (A) ROS detection by flow cytometry. (B) ROS
concentration in H9C2 cells. (C) Protection of GSH level by GRb1 in a dose-dependent manner(D) Protection of GR activity by GRb1 in a dose-dependent manner. *p < 0.05,
**p < 0.01 vs. the TBHP group. GR, glutathione reductase; GRb1, ginsenoside Rb1; GSH, glutathione; NAC, N-acetyl-L-cysteine; ROS, reactive oxygen species; TBHP, tert-butyl
hydroperoxide.
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and molecular dynamic simulations are well-known computa-
tional techniques that are currently used in pharmacology [32]. In
the present study, the two methods were used to predict the direct
interaction between GR and GRb1, as well as to observe the
physical movements of atoms and molecules in the GReGRb1
complex. The results suggested that GRb1 could strongly bind to
GR and form a favorable conformation. Moreover, the results
indicate that GRb1 can exert a cardioprotective effect by stimu-
lating GR activity.

3.4. GRb1 directly activates recombinant GR and increases basal GR
activity without regulating GR expression

Based on the findings of the computational prediction study, we
evaluated the influence of GRb1 on the basal activity and expres-
sion of GR. As shown in Fig. 4A, GRb1 enhanced the basal activity of
GR in a dose-dependent manner. As expected, the amount of GSH
was also increased dose-dependently by GRb1 (Fig. 4B). We also
investigated whether GRb1 increased GR activity by upregulating

Fig. 4. GRb1 directly activated the recombinant human GR protein and increased the basal GR activity and GSH level without upregulating the GR expression in H9C2 cells. H9C2
cells were pretreated with the indicated concentrations of GRb1 (25, 50, and 100 mM) for 24 h. The basic GR activity and GSH level were determined, and western blot analysis was
used to evaluate GR expression. (A) GRb1 increased the basic GR activity in a dose-dependent manner. (B) GRb1 increased GSH level in a dose-dependent manner. (C) GRb1 showed
no effect on GR expression. (D) Relative expression of GR. (E) Normalized response curve of the reaction between GRb1 and recombinant human GR protein. #p < 0.05, ##p < 0.01
vs. the CON group. CON, control; GR, glutathione reductase; GRb1, ginsenoside Rb1; GSH, glutathione.

Fig. 3. Molecular docking and molecular dynamics simulations of the interaction between GRb1 and GR. (A) Crystal structure of GRb1 (CID: 9898279) in a complex with GR (PDB ID:
1GRE). GRb1 is shown in green. Hydrogen bonds are indicated by blue lines. (B) Crystal structures of the GReGRb1 complexes at 0 and 100 ns. (C) Plots of RMSDs of the heavy atoms
of unbound GR (blue) and GReGRb1 complex (red). (D) Potential energy profiles of unbound GR (blue) and GReGRb1 complex (red) during the 100-ns molecular dynamics
simulations.
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the GR protein expression. Interestingly, as shown in Fig. 4C and D,
GRb1 treatment did not alter GR expression. Currently, there are no
reports on GR agonists; therefore, a recombinant human GR protein
was used in this study. Consistent with the results obtained with
H9C2 cells, we found that GRb1 could significantly directly enhance
the activity of the recombinant human GR protein. The curve
shown in Fig. 4E suggested that GRb1 improved GR activity dose-
dependently within a certain concentration range. The EC50 and
log10-transformed EC50 values were found to be 2.317
and �5.635 � 0.039 mM, respectively. The data obtained indicate
that GRb1 is a potential GR agonist. Herbal antioxidants are pop-
ular, owing to their lower toxicities compared with those of syn-
thetic molecules [33,34]. GR has been known for a long time to
prevent oxidative stress and apoptosis; however, to the best of our
knowledge, this is the first report on a GR agonist and its biological
function. Furthermore, this is the first study to demonstrate that
GRb1 enhances the basal GR activity in cells and directly activates a
recombinant human GR protein. We believe that GRb1can serve as
a natural GR agonist to protect against oxidative stress and
apoptosis.

3.5. Inhibition of GR activity attenuated the protective effect of
GRb1 against TBHP-induced oxidative stress

To further evaluate the involvement of GR in the car-
dioprotective effects of GRb1, H9C2 cells were treated with BCNU,
an inhibitor of GR activity [35]. Our data demonstrated that BCNU
could inhibit basal GR activity in the cells without changing GR
expression (data not shown). Additionally, the GRb1-induced in-
crease in GR activity was partly inhibited by BCNU, depending,
however, on GSH level (Fig. 5AeD). Consistently, BCNU mostly
abolished the protective effect of GRb1 against ROS generation

(Fig. 5E and F). These results indicated that the antioxidative effects
of GRb1 were mostly counteracted by BCNU, which implies that
GRb1 exerts its antioxidative effects mainly via GR activation.

3.6. Inhibition of GR activity attenuated the protective effect of
GRb1 against TBHP-induced apoptosis

To investigate whether GR activity was involved in the anti-
apoptotic effect of GRb1, annexin V/PI, MTT, and LDH release assays,
as well as Western blot analysis, were performed in cells co-treated
with BCNU. Based on the results of annexin V/PI staining (Fig. 6A
and B), the apoptosis rate of the GRb1-treated cells increased from
26.8% to 50.2% in the presence of BCNU. This indicated that the
protective effect of GRb1 against TBHP-induced apoptosis was
partly reduced by BCNU. Additionally, cell viability decreased from
83.8% to 58.6% (Fig. 6C) in the presence of BCNU. Moreover, the
BAX/BCL-2 ratiowas reversed in the GRb1-treated cells when BCNU
was added to the culture medium. The results shown in Fig. 6
suggested that the antiapoptotic effect of GRb1 was due, at least
in part, to the activation of GR.

The experiments with BCNU, described in Sections 3.5 and 3.6,
further supported the role of GR in the antioxidative and anti-
apoptotic effects of GRb1. In the present study, we obtained novel
evidence suggesting that GRb1 protects against the TBHP-induced
oxidative stress and apoptosis by increasing GR activity. These re-
sults provide a significant basis for further studies addressing the
cardioprotective effects of GRb1 against cardiomyocyte injury.
More importantly, the stimulatory effect of GRb1 on GR activity
indicated that GRb1 acts as a GR agonist, which implies that GRb1
can serve as a positive control in future studies on GR.

Taken together, a series of experiments was designed in this
study to elucidate the underlying mechanism by which GRb1

Fig. 5. Inhibition of GR activity by BCNU partly inhibited the antioxidative effects of GRb1. H9C2 cells were pretreated with or without the GR inhibitor BCNU (50 mM) for 2 h and
with 100 mM GRb1 for 24 h. Then, the cells were incubated with or without TBHP (150 mM) for 2 h. (A) BCNU abolished the protective effect of GRb1 on GR activity. (B) BCNU and
GRb1 showed no effect on GR expression. (C) Relative GR expression with BCNU and GRb1 treatment. (D) BCNU abolished the protective effect of GRb1 on GSH level. (E) ROS
detection by flow cytometry. (F) ROS concentration in H9C2 cells (the first group was the negative group and the second group was control group). *p < 0.05, **p < 0.01 vs. the TBHP
group. BCNU, 1,3-bis-(2-chloroethyl)-1-nitrosourea; GR, glutathione reductase; GRb1, ginsenoside Rb1; GSH, glutathione; ROS, reactive oxygen species; TBHP, tert-butyl
hydroperoxide.
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inhibits oxidative stresseinduced myocardial apoptosis. The
main findings of our study are as follows: (i) GRb1 could be
constitutively docked into GR, and the interaction between GR
and GRb1 was stable; (ii) GRb1 enhanced GR activity in H9C2
cells under basal and oxidative stress conditions and activated a
recombinant human GR protein in a dose-dependent manner;
and (iii) the cardio protective effects of GRb1 depended on GR
activation.

4. Conclusions

This study was conducted to elucidate the mechanisms by
which GRb1 inhibits the oxidative stresseinduced apoptosis of
cardiomyocytes. Our results showed that the antioxidative and
antiapoptotic effects of GRb1 were counteracted by BCNU, indi-
cating that GR activity plays a crucial role in the protective effects of
GRb1. Furthermore, GRb1 enhanced the basal GR activity and GSH

Fig. 6. Inhibition of GR activity by BCNU partly inhibited the antiapoptotic effect of GRb1. H9C2 cells were pretreated with or without the GR inhibitor BCNU and with 100 mM GRb1
for 24 h. Then, the cells were incubated with or without TBHP (150 mM) for 2 h. (A) Representative images of annexin V/PI staining. (B) Percentage of apoptotic H9C2 cells, as
determined by annexin V/PI staining. (C) Viability of H9C2 cells, as determined by the MTT assay. (D) LDH release was affected by BCNU and GRb1. (E) Representative western blots
of BAX, BCL-2, and GAPDH expression. (F) BAX and BCL-2 levels were normalized to that of GAPDH, and their ratios were calculated. Data are presented as the mean � SD. *p < 0.05,
**p < 0.01 vs. the TBHP group. #p < 0.05, ##p < 0.01 vs. the CON group. BCNU, 1,3-bis-(2-chloroethyl)-1-nitrosourea; CON, control; GR, glutathione reductase; GRb1, ginsenoside
Rb1; GSH, glutathione; PI, propidium iodide; ROS, reactive oxygen species; TBHP, tert-butyl hydroperoxide; SD, standard deviation; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide.
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levels, which led to a reduction in ROS levels. The compound also
enhanced GR activity in H9C2 cells under oxidative stress condi-
tions. We also found that GRb1 could be constitutively docked into
GR in a stable manner. Overall, the findings show that GRb1 is a
potential natural agonist of GR and can protect against oxidative
stresserelated CVDs.
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