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Background: Ginsenoside compound-Mc1 (Mc1) is a member of the deglycosylated ginsenosides ob-
tained from ginseng extract. Although several ginsenosides have a cardioprotective effect, this has not
been demonstrated in ginsenoside Mc1.
Methods: We treated H9c2 cells with hydrogen peroxide (H2O2) and ginsenoside Mc1 to evaluate the
antioxidant effects of Mc1. The levels of antioxidant molecules, catalase, and superoxide dismutase 2
(SOD2) were measured, and cell viability was determined using the Bcl2-associated X protein (Bax):B-
cell lymphoma-extra large ratio, a cytotoxicity assay, and flow cytometry. We generated mice with high-
fat diet (HFD)einduced obesity using ginsenoside Mc1 and assessed their heart tissues to evaluate the
antioxidant effect and the fibrosis-reducing capability of ginsenoside Mc1.
Results: Ginsenoside Mc1 significantly increased the level of phosphorylated AMP-activated protein ki-
nase (AMPK) in the H9c2 cells. The expression levels of catalase and SOD2 increased significantly after
treatment with ginsenoside Mc1, resulting in a decrease in the production of H2O2-mediated reactive
oxygen species. Treatment with ginsenoside Mc1 also significantly reduced the H2O2-mediated elevation
of the Bax:Bcl2 ratio and the number of DNA-damaged cells, which was significantly attenuated by
treatment with an AMPK inhibitor. Consistent with the in vitro data, ginsenoside Mc1 upregulated the
levels of catalase and SOD2 and decreased the Bax:B-cell lymphoma-extra large ratio and caspase-3
activity in the heart tissues of HFD-induced obese mice, resulting in reduced collagen deposition.
Conclusion: Ginsenoside Mc1 decreases oxidative stress and increases cell viability in H9c2 cells and the
heart tissue isolated from HFD-fed mice via an AMPK-dependent mechanism, suggesting its potential as
a novel therapeutic agent for oxidative stresserelated cardiac diseases.
� 2019 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

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

Oxidative stress in cardiomyocytes plays a critical role in car-
diovascular diseases (CVDs) such as coronary artery disease, hy-
pertensive and diabetic cardiomyopathy, and congestive heart
failure [1e4]. Increased levels of reactive oxygen species (ROS)
activate several hypertrophy-signaling kinases and transcription
factors that induce apoptosis by damaging DNA and mitochondria
[5,6]. Cardiac cell death promotes changes in the extracellular
matrix composition of cardiac tissue, leading to increased cardiac
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fibrosis, inflammation, and eventually cardiac dysfunction [7]. No
effective therapeutic strategies are currently available to reduce
oxidative stress in cardiomyocytes and thereby to prevent CVD.

Ginseng has been widely used in Asia as a traditional herbal
medication for thousands of years. There is growing evidence that
ginseng has beneficial effects against diabetes, obesity, stroke, and
CVDs [8e11]. Within the published research on thewhole extract of
ginseng, numerous studies have focused on specific chemical
compounds derived from ginseng extracts and their biological
properties [12]. Ginsenosides (more than 150 have been isolated)
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are the main constituents of ginseng extract, for which antioxidant
effects have been widely reported [13e16]. With regard to car-
diomyocytes, ginsenoside Re significantly inhibited both exogenous
and endogenous oxidative stress in chick embryonic ventricular
myocytes [14]. Ginsenoside Rb1 protects cardiomyocytes from
oxidative injury by acting as a radical scavenger and attenuating
mitochondrial ROS generation in a process mediated by the c-Jun
N-terminal kinase pathway [17]. Ginsenosides Re and Rb1 are
glycosylated ginsenosides, as are more than 80% of all the ginse-
nosides in wild ginseng [18]. Glycosylated ginsenosides have low
absorption rates and low bioavailability. In contrast, owing to their
smaller size and greater ability to permeate across cell membranes,
deglycosylated ginsenosides are more pharmacologically active
[19]. Diverse deglycosylated ginsenosides can be obtained by highly
selective hydrolysis of the sugar moieties of ginsenosides. Ginse-
noside compound-Mc1 (Mc1) is a newly identified deglycosylated
ginsenoside that is converted from the major ginsenoside Rc by
cloned ginsenosidase [20]. Until now, the antioxidant effects of
ginsenoside Mc1 have not been studied or observed in an animal
model. Furthermore, recent evidence has shown that antioxidant
effects of ginsenosides occur through an AMP-activated protein
kinase (AMPK)-dependent pathway in the liver and skeletal muscle
[21e23]; however, that mechanism has not been investigated in
cardiomyocytes or heart tissue.

Therefore, to examine the potential protective effects of ginse-
noside Mc1 in cardiomyocytes, we investigated the following: (i)
whether ginsenoside Mc1 induces AMPK phosphorylation; (ii)
whether ginsenoside Mc1 reduces ROS production and increases
cell viability by stimulating the production of antioxidants in H9c2
cardiomyocytes; and (iii) whether ginsenoside Mc1 inhibits
collagen deposition and cardiac fibrosis in heart tissue obtained
from C57BL/6 mice.

2. Materials and methods

2.1. Cell culture and compounds

We obtained H9c2 cells from the Korean Cell Line Bank (Seoul,
Korea) and cultured them in Dulbecco's modified Eagle's medium
(Invitrogen, Carlsbad, CA, USA), containing 10% (v/v) fetal bovine
serum (Invitrogen), 50 U/mL penicillin, and 50 g/mL streptomycin
(Invitrogen), at 37�C and at 5% CO2. The cells were subcultured in
24- or 96-well plates until they exceeded 90% confluence and were
then incubated with ginsenoside Mc1 (Ambo Institute, Seoul, Ko-
rea) and other additives. Ginsenoside Mc1 was prepared at the
Ambo Institute by the deglycosylation of ginsenoside Rc using beta
galactosidase from Aspergillus oryzae (Sigma-Aldrich, MO, USA) in
0.1 M acetate buffer (pH 4.5) at 40�C [24]. In more detail, one gram
of b-galactosidase from A. oryzae(Sigma-Aldrich) was dissolved
with ginsenoside Rc (2 g) in 20 mL methanol plus 200 mL of 0.1M
acetate buffer. The mixture was incubated at 40�C for 36 hours. The
reaction mixture was extracted with n-butanol and then was
chromatographed over silica gel to collect the ginsenoside Mc1
fraction. The ginsenoside Mc1 fraction was chromatographed over
the RiChroprep RP18 column (Merck Millipore, MA, USA), and the
purity of ginsenoside Mc1 was found to be 98.95% by HPLC analysis
(Supplementary Fig. S1). Hydrogen peroxide (H2O2; Sigma-Aldrich)
was used to induce oxidative stress. Ginsenoside Mc1, compound C
(AMPK inhibitor; Sigma-Aldrich), and N-acetylcysteine (NAC;
Cayman Chemical, MI, USA) were dissolved in dimethyl sulfoxide
(Sigma-Aldrich). NAC, a well-known antioxidant, was used as a
positive control to determine the antioxidant effect of ginsenoside
Mc1 [25]. All the H9c2 cells (control group, H2O2-treated group,
ginsenoside Mc1-treated group, ginsenoside Mc1 plus compound
Cetreated group, and NAC-treated group) received the same
concentration (<0.1%) of the dissolving solution (dimethyl sulf-
oxide) to ensure the suitability of the H2O2-treated H9c2 cells as a
negative control group.

2.2. Western blotting

We extracted total protein using PRO-PREP� solution (iNtRON,
Sungman-si, Korea) and quantified it using the Bradford assay (Bio-
Rad Laboratories, CA, USA). Equal amounts of proteins were sepa-
rated by sodium dodecyl sulfateepolyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes
(Amersham Biosciences, Westborough, MA, USA). The nitrocellu-
lose membranes were incubated sequentially with blocking solu-
tion [0.05% TBST (a mixture of Tris-buffered saline and Tween 20)
containing 5% nonfat dry milk or 5% bovine serum albumin],
blocking solution plus primary antibodies, and blocking solution
plus horseradish peroxidaseeconjugated secondary antibodies.
Immunoreactive bands were detected in the dark using a chem-
iluminescence solution (Bio-Rad Laboratories, CA, USA), after which
band density was determined using ImageJ software (National In-
stitutes of Health, Bethesda, MD, USA).

We used the following antibodies in the experiments: antiebeta
actin mouse monoclonal IgG antibody (1:5,000 dilution), antiebeta
actin rabbit polyclonal IgG antibody (1:1,000 dilution), antiecata-
lase mouse monoclonal IgG antibody (1:1,000 dilution), antiesu-
peroxide dismutase 2 (SOD2) mouse monoclonal IgG antibody
(1:500 dilution), antiecollagen type I alpha I mouse monoclonal
antibody (1:1,000 dilution; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), antiephosphorylated AMPK rabbit monoclonal antibody
(1:1,000 dilution), antietotal AMPK rabbit monoclonal antibody
(1:2,000 dilution), antieBcl2-associated X protein (Bax) rabbit
polyclonal antibody (1:1,000 dilution), and antieB-cell lymphoma-
extra large rabbit polyclonal antibody (1:1,000 dilution; Cell
Signaling Technology, Boston, MA, USA).

2.3. Detection of superoxide levels

Tomeasure the intracellular superoxide levels, we incubated the
cells with 10 mM dihydroethidium (red; Invitrogen) for 60 min at
37�C and then fixed them in 4% formaldehyde solution for 10 min.
We then incubated the fixed cells with 40,6-diamidino-2-
phenylindole (blue; Sigma-Aldrich) to visualize the nuclei. The
intracellular dihydroethidium was examined under a fluorescence
microscope (Olympus, Japan) and quantified using ImageJ software
(National Institutes of Health).

2.4. Measurement of cytotoxicity

We measured cell viability using an EZ-CYTOX kit (Daeil Lab
Service, Seoul, Korea) according to the user manual. The cells were
incubated with EZ-CYTOX solution for 30 min at 37�C, after which
optical density was measured using a microplate reader (Bio-Rad).

2.5. Hoechst staining

We stained the cells with Hoechst (1 mM; Invitrogen) according
to the user manual to determine the shape of their nuclei. DNA-
damaged cells were observed and counted under a fluorescence
microscope.

2.6. Flow cytometry

Tomeasure the rate of cell apoptosis, we stained H9c2 cells with
Annexin Vefluorescein isothiocyanate and propidium iodide (Cell
Signaling Technology). The stained cells were washed and then
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investigated using a Cytomics FC500 flow cytometry analyzer
(Beckman Coulter, CA, USA).

2.7. Animals

We purchased 5-week-old male C57BL/6 mice from SLC (Shi-
zuoka, Japan) and randomly divided them into the following 3
groups: a normal diet group (C; n¼ 5), a high-fat diet (HFD; 45% fat,
20% protein, and 35% carbohydrate) group (H; n ¼ 5), and a HFD
plus ginsenoside Mc1 group (Mc1; n ¼ 5). The vehicle and ginse-
noside Mc1 (10 mg per kg) were administered to the mice by
intraperitoneal injection at intervals of 2 days [26,27]. After 4
months, the heart tissues were harvested. All the mice were
maintained on a 12-h light/12-h dark cycle and had ad libitum ac-
cess to food and water. The present study was approved by the
Institutional Animal Care and Use Committee of Korea University
(Seoul, Korea), and all procedures were conducted in accordance
with the Guide for the Care and Use of Laboratory Animals (NIH
publication, 8th edition, 2011).

2.8. Caspase-3 activity assay

We used equal amounts of proteins obtained from heart tissues
to detect caspase-3 activity using a Caspase-3 Assay Kit (Abcam,
MA, USA) according to the user manual. The optical density values
were obtained using a microplate reader.

2.9. Immunohistochemistry and Sirius Red staining

We fixed heart tissues in 4% formaldehyde and embedded them
in paraffin. The paraffin tissue blocks were cut to a thickness of 6
Fig. 1. Ginsenoside Mc1 inhibited hydrogen peroxide (H2O2)emediated reactive oxygen
H9c2 cells. (A) Cells were stimulated with various doses (0, 10, 25, or 50 mg/mL) of ginsenosi
the indicated times (0, 15, 30, or 60 min). The extent of AMPK phosphorylation was determin
of ginsenoside Mc1 for 24 h. (D) H9c2 cells were stimulated with ginsenoside Mc1 (50 mg/m
were determined byWestern blotting. (E) Cells were pretreated with ginsenoside Mc1 (25 or
preincubated with ginsenoside Mc1 (50 mg/mL) or ginsenoside Mc1 plus compound C (2 or 5
stained with dihydroethidium (DHE) solution to assess the prevalence of intracellular ROS. T
**, p < 0.005; ***, p < 0.0005; analysis of variance (ANOVA)]. AMPK, AMP-activated protein
mm, after which the sections were adhered to slides, deparaffinized,
and rehydrated. To visualize the accumulated level of collagens, the
slides were incubated with primary collagen I antibody plus sec-
ondary fluorescein isothiocyanate antibody (Santa Cruz Biotech-
nology) or Sirius Red solution (Polysciences, PA, USA) following the
protocols in the user manuals.

2.10. Measurement of total collagen levels

We used an EnzyFluo� Collagen Assay Kit (BioAssay Systems,
CA, USA) according to the user manual to calculate the total
collagen levels in the heart tissues. The fluorescence intensities
were determined by a spectrofluorometer (PerkinElmer, Bridge-
ville, PA, USA).

2.11. Statistical analysis

The significance of differences between groups was determined
by analysis of variance. All graphs present data as the
mean � standard deviation of 3 experiments. Differences were
considered to be significant at p < 0.05.

3. Results

3.1. Ginsenoside Mc1 reduced H2O2-induced oxidative stress via an
AMPK-dependent mechanism in H9c2 cells

Western blotting revealed that AMPK phosphorylation was
increased by ginsenoside Mc1 treatment in a dose-dependent
manner (Fig. 1A) and peaked after 30 min of treatment (Fig. 1B).
The expression levels of the antioxidants catalase and SOD2
species (ROS) production by increasing the expression of antioxidant proteins in
de Mc1 for 30 min. (B) H9c2 cells were incubated with ginsenoside Mc1 (50 mg/mL) for
ed by Western blotting. (C) Cells were incubated with several doses (0, 25, or 50 mg/mL)
L) or ginsenoside Mc1 plus compound C (2 or 5 mM) for 24 h. Catalase and SOD2 levels
50 mg/mL) for 24 h and then stimulated with H2O2 (600 mM) for 2 h. (F) H9c2 cells were
mM) for 24 h and then stimulated with H2O2 (600 mM) for 2 h. The stimulated cells were
he mean � standard deviation was obtained from 3 separate experiments [*, p < 0.05;
kinase; SOD2, superoxide dismutase 2.



Fig. 2. Ginsenoside Mc1 exhibited a protective effect after the treatment of H9c2 cells with hydrogen peroxide (H2O2). (A and B) Cells were preincubated with ginsenoside Mc1
(25 or 50 mg/mL) or ginsenoside Mc1 plus compound C (2 mM) for 24 h and then stimulated with H2O2 (600 mM) for 2 h. Bax and Bcl2 levels were determined byWestern blotting. (C
and D) H9c2 cells were pretreated with ginsenoside Mc1 or ginsenoside Mc1 plus compound C for 24 h and then stimulated with H2O2 for 4 h. Cell viability was measured using an
EZ-CYTOX kit. The mean � standard deviation was obtained from 3 separate experiments [*, p < 0.05; **, p < 0.005; ***, p < 0.0005; analysis of variance (ANOVA)]. Bax, Bcl2-
associated X protein.
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increased after treatment with ginsenoside Mc1 (Fig. 1C), and those
increases were blocked by the specific AMPK inhibitor compound C
(Fig. 1D). Furthermore, H2O2-mediated ROS production decreased
after treatment with ginsenoside Mc1 (Fig. 1E) and was restored by
compound C treatment (Fig. 1F). These results suggest that ginse-
noside Mc1 attenuates H2O2-mediated oxidative stress in H9c2
cells through an AMPK-dependent mechanism. As a positive con-
trol, the treatment of H9c2 cells with NAC significantly reduced
H2O2-mediated ROS production by an amount that did not differ
significantly from that resulting from ginsenoside Mc1 treatment
(Supplementary Fig. S2).

3.2. Ginsenoside Mc1 reduced H2O2-mediated cell death via an
AMPK-dependent mechanism in H9c2 cells

To verify the cytoprotective effects of ginsenoside Mc1 during
H2O2 treatment, we measured the Bax:Bcl2 ratio and cell viability.
The H2O2-mediated elevation of the Bax:Bcl2 ratio decreased
significantly after treatment with ginsenoside Mc1 (Fig. 2A), and
that protective effect was attenuated by compound C treatment
(Fig. 2B). The H2O2-mediated decrease in cell viability was also
prevented by ginsenoside Mc1 treatment (Fig. 2C), which was again
reversed by treatment with compound C (Fig. 2D). The degree of
recovery of cell viability after ginsenoside Mc1 treatment was
almost the same as that after NAC treatment (Supplementary
Fig. S3). Furthermore, the number of DNA-damaged cells after
H2O2 treatment decreased after ginsenoside Mc1 treatment, and
that effect was also canceled by compound C (Fig. 3A). H2O2-
mediated annexin Vepositive/propidium iodideenegative (early
apoptotic cells) and annexin Vepositive (total dead cells) pop-
ulations were reduced after treatment with ginsenoside Mc1,
which was reversed by treatment with compound C (Fig. 3B),
suggesting that the antiapoptotic effect of ginsenoside Mc1 against
H2O2-mediated oxidative stress depends on AMPK signaling.

3.3. Ginsenoside Mc1 inhibited HFD-mediated cell death events in
the heart tissues of C57BL/6 mice

To determine the function of ginsenoside Mc1 in vivo, we
administered ginsenoside Mc1 to mice by intraperitoneal injection.
Ginsenoside Mc1 treatment did not significantly affect calorie
intake, but it did tend to reduce body weight, although not to a
statistically significant extent (Supplementary Fig. S4). Treatment
with ginsenoside Mc1 was related to increased AMPK phosphory-
lation, which led to the upregulation of catalase and SOD2 (Fig. 4A).
Furthermore, HFD-mediated increases in the Bax:B-cell lym-
phoma-extra large ratio and caspase-3 activity were significantly
reduced by ginsenoside Mc1 (Fig. 4B and C). These data imply that
HFD-mediated cell death was prevented by ginsenoside Mc1 in the
heart tissues of the C57BL/6 mice.

3.4. Ginsenoside Mc1 reduced HFD-mediated fibrotic events in the
heart tissues of C57BL/6 mice

To determine the function of ginsenoside Mc1 in HFD-induced
cardiac fibrotic events, we measured the rate of collagen accumu-
lation in the heart tissues. Immunohistochemistry and Western
blotting revealed that an HFD increased the abundance of collagen I
in the heart, and that increase was attenuated after ginsenoside
Mc1 administration (Fig. 5A and B). We also measured the total
collagen level using Sirius Red staining and a collagen assay kit. The
elevated accumulation of collagen induced by an HFD was reduced
by treatment with ginsenoside Mc1 (Fig. 5C and D), suggesting that
HFD-mediated fibrotic events in the heart tissues of C57BL/6 mice
were attenuated by ginsenoside Mc1 administration.

4. Discussion and conclusions

In the present study, we found that ginsenoside Mc1 reduced
oxidative stress and protected H2O2-treated cardiomyocytes from
apoptosis via an AMPK-dependent mechanism. The effect was also
confirmed in heart tissues from HFD-induced obese mice, which
showed increased levels of antioxidant molecules, a decreased
tendency toward apoptosis, and significantly reduced cardiac
fibrosis compared with the mice that did not receive ginsenoside
Mc1.

Under normal physiological conditions, cells maintain a redox
state in which the production and removal of ROS (through cata-
lase, SODs, and glutathione) are balanced. However, increased ROS
production caused by ischemia, hyperglycemia, or dyslipidemia



Fig. 3. Ginsenoside Mc1 inhibited hydrogen peroxide (H2O2)einduced apoptotic events in H9c2 cells. (A) Cells were preincubated with ginsenoside Mc1 (50 mg/mL) or gin-
senoside Mc1 plus compound C (2 mM) for 24 h and then stimulated with H2O2 (600 mM) for 2 h. The shape of the nucleus was determined by Hoechst staining. White arrows
indicate DNA-damaged cells. (B) H9c2 cells were pretreated with ginsenoside Mc1 or ginsenoside Mc1 plus compound C for 24 h and then stimulated with H2O2 for 4 h. The rate of
apoptosis was determined using annexin V/propidium iodide (PI) double staining and flow cytometry. The mean � standard deviation was obtained from 3 separate experiments
[***, p < 0.0005; analysis of variance (ANOVA)]. FITC, fluorescein isothiocyanate.

Fig. 4. Ginsenoside Mc1 reduced high-fat dieteinduced, cell deatherelated events in heart tissues from C57BL/6 mice. (A) Western blotting was performed to determine the
levels of phosphorylated AMPK, catalase, and SOD2. (B) The ratio of Bax to Bcl2 was determined by Western blotting. (C) Caspase-3 activity was measured using a caspase-3 activity
assay kit. All graphs were obtained using 5 mice per group. Error bars represent mean � standard deviation [*, p < 0.05; analysis of variance (ANOVA)]. AMPK, AMP-activated
protein kinase; Bax, Bcl2-associated X protein; OD, optical density; SOD2, superoxide dismutase 2.

J Ginseng Res 2020;44:664e671668



Fig. 5. Ginsenoside Mc1 reduced high-fat dietemediated fibrotic events in heart tissues from C57BL/6 mice. (A and B) The abundance of collagen I was determined by
immunohistochemistry and Western blotting. White arrows indicate collagen Iepositive areas. (C) Fibrotic areas were identified by staining with Sirius Red. (D) The total amount of
accumulated collagen was determined using a collagen assay kit. All graphs were obtained using 5 mice per group. Error bars represent mean � standard deviation [*, p < 0.05; **,
p < 0.005; analysis of variance (ANOVA)].
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induces oxidative stress and leads to cell damage. The antioxidant
effects of ginsenosides have been widely reported [13e16]. Gao
et al. [28] showed that Rg1 prevents cisplatin-induced hepatotox-
icity in mice, mainly by increasing the production of antioxidant
proteins through the nuclear factor erythroid 2-related factor 2
(nrf2) signaling pathway. Treatment with ginsenoside Rg1 also
prevented the cognitive impairment induced by isoflurane anes-
thesia via antioxidant, antiinflammatory, and antiapoptotic effects
[29]. Excessive oxidative stress plays a pivotal role in the onset and
development of CVDs as well as neurodegenerative and hepatic
disorders, suggesting that ginsenosides could have beneficial ef-
fects on CVDs. Xie et al. [14] reported that ginsenoside Re is
endowed with significant antioxidant properties and can effec-
tively protect cardiomyocytes from acute oxidant injury. More
recently, Li et al. [16] demonstrated that ginsenoside Rg1 exerts a
strong protective effect on cardiomyocytes, primarily through its
potent antioxidant properties, which activate the NF-E2erelated
factor 2/heme oxygenase-1 axis and inhibit the c-Jun N-terminal
kinase pathway. Although several major ginsenosides exert car-
dioprotective effects by functioning as antioxidants, the present
study is the first to show that treatment with the minor ginseno-
side Mc1 effectively reduces oxidative stress and protects car-
diomyocytes from apoptosis. The deglycosylatedminor ginsenoside
Mc1 is more pharmacologically active than the major ginsenosides
because it is smaller and crosses cell membranes more readily.
Diverse deglycated ginsenosides can be obtained by the highly
selective hydrolysis of the sugar moieties of ginsenosides [30].
Ginsenoside Mc1 is a protopanaxadiol derivative with 2 different
sugar moieties at C-3 (Glu) and C-20 (a-L-arabinofuranosyl (1/6)
Glu) [30]. Our results are distinct in that they constitute the first
in vitro and preliminary in vivo data to demonstrate the protective
effect of ginsenoside Mc1 against cardiac apoptosis induced by
oxidative stress.

In the present study, all the antioxidant and antiapoptotic effects
of ginsenoside Mc1 depended on AMPK phosphorylation. In car-
diomyocytes, consistent evidence has indicated that an activated
AMPK signal pathway enhances glucose uptake and inhibits
apoptosis and ischemic injury [31,32]. AMPK is a key enzyme that
regulates cellular energy by activating catabolic pathways to
generate ATP efficiently and inhibit anabolic pathways [33]. The
enzyme is also involved in antioxidant and antiinflammatory
pathways, and a growing number of studies have shown that it
maintains cardiac cell homeostasis to prevent apoptosis [34e36].
Recent studies on ginsenosides have also shown that their antiox-
idant effects occur through AMPK-dependent pathways in the liver
and skeletal muscles [21e23]. Ginsenoside Rb2 activates AMPK,
and suppression of hepatic gluconeogenesis by Rb2 is AMPK
dependent [37]. Moreover, ginsenoside Rg1 stimulates glucose
uptake in insulin-resistant C2C12 muscle cells, which positively
increases glucose transporter type 4 expression through the AMPK
pathway [23]. Huang et al. [22] reported that ginsenoside Rb2
promotes hepatic autophagy via AMPK/Sirt1-dependent
pathways and consequently alleviates hepatic lipid accumulation.
However, the antioxidant effect of ginsenosides through the AMPK
pathway had not been evaluated in cardiomyocytes before the
present study. In the present study, we verified that ginsenoside
Mc1 increased the levels of antioxidant molecules and inhibited
ROS production via an AMPK-dependent mechanism in the heart
tissues of mice, as well as in H9c2 cells. These findings confirm that
ginsenoside Mc1 has cardiobeneficial effects through AMPK
signaling and has potential for therapeutic use in the future.

Cardiac fibrosis is seen in nearly all forms of heart disease,
including acute coronary artery disease, atrial fibrillation, and
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hypertensive or diabetic cardiomyopathy [38e41]. Compared with
other organs, the heart has limited regeneration capacity after
various injuries, and after damage, necrotic cardiomyocytes are
replaced with fibrotic tissue [40]. Pathologically, increased cardiac
fibrosis leads to ventricular hypertrophy, pathologic chamber
dilatation, and ultimately heart failure [42,43]. Previous studies
have shown that excessive amounts of ROS cause cellular
dysfunction and protein and lipid peroxidation, which eventually
lead to cardiac cell damage and death [1,44]. Therefore, reducing
the production of ROS is critical for inhibiting cardiac cell death and
fibrosis and could help to prevent and treat heart failure. In the
present study, we demonstrated that ginsenoside Mc1 reduced the
deposition of type I collagen and increased antioxidant levels in the
heart tissues of mice with HFD-induced obesity. By Sirius Red
staining and using a collagen assay kit for fibrosis, we also observed
decreased fibrosis in ginsenoside Mc1-treated heart tissue from
mice fed on an HFD. These results confirm the antifibrotic effect of
ginsenoside Mc1 in cardiomyocytes. Our experiments indicate that
the antifibrotic effect of ginsenoside Mc1 is similar to that of gin-
senoside Rg1, which has recently been reported to reduce cardiac
fibrosis and hypertrophy of the left ventricle [45]. The antifibrotic
effect of ginsenoside Rg1 is attributed to Akt activation and p38
MAPK inhibition, in contrast to the effects of ginsenoside Mc1,
which occur through the AMPK pathway. Although the types of
ginsenoside and the pathways involved in attenuating fibrosis
differ, the collective results suggest that ginsenosides have a pro-
tective effect on cardiac fibrosis through various pathways. Our
preliminary in vivo experiment used only a single dosage of gin-
senoside Mc1y and did not examine cardiac systolic or diastolic
functions. Therefore, further in vivo studies are needed to examine
the biological and physiological activities of ginsenoside Mc1 in
more depth using various dosages and animal echocardiography.

In conclusion, we have demonstrated for the first time that gin-
senoside Mc1 helps prevent cardiac fibrosis by reducing ROS pro-
duction and increasing cell viability in mice with HFD-induced
obesity (Fig. 6). Ginsenoside Mc1 inhibited ROS production by
enhancing the level of catalase and SOD2 in H2O2-treated car-
diomyocytes. These effects were attenuated by treatment with
compoundC,which is known to specifically inhibit AMPK [46]. These
findings indicate that ginsenoside Mc1 could be a novel therapeutic
target for the treatment of cardiac fibrosis and the prevention of
various cardiac diseases associated with oxidative stress.
Fig. 6. Schematic diagram of ginsenoside Mc1 function. Treatment with ginsenoside
Mc1 increased the expression of antioxidant proteins and inhibited high-fat diete
mediated cell death and fibrosis-related events in the heart by regulating AMPK
phosphorylation. AMPK, AMP-activated protein kinase; Bax, Bcl2-associated X protein;
DHE, dihydroethidium; ROS, reactive oxygen species; SOD2, superoxide dismutase 2.
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