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Ginsenoside Rg1 treats chronic heart failure by downregulating
ERK1/2 protein phosphorylation
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Abstract

In this study, we investigated the potential therapeutic mechanism of ginsenoside Rgl (GRg1) in chronic heart failure (CHF),
focusing on its regulation of ERK1/2 protein phosphorylation. H9¢2 cardiomyocytes and SD rats were divided into the control
group, CHF (ADR) group, and CHF+ginsenoside Rg1 group using an isolated cardiomyocyte model and an in vivo CHF rat
model induced by adriamycin (ADR). Cell viability, proliferation, apoptosis, and the expression of relevant proteins were
measured to assess the effects of GRg1. The results showed that treatment with GRg1 increased cell activity and proliferation,
while significantly reducing levels of inflammatory and apoptotic factors compared to the CHF (ADR) group. Moreover,
the CHF+ginsenoside Rgl group exhibited higher levels of Bcl-2 mRNA and protein expression, as well as lower levels
of Caspase3 and Bax mRNA and protein expression, compared to the CHF (ADR) group. Notably, the CHF+ginsenoside
Rgl group displayed decreased serum NT-proBNP levels and heart weight/body weight (HW/BW) index. Furthermore,
the electrocardiogram of rats in the CHF+ginsenoside Rgl group resembled that of rats in the control group. Overall, our
findings suggested that GRg1 alleviated CHF by inhibiting ERK1/2 protein phosphorylation, thereby inhibiting apoptosis,
enhancing cell activity and proliferation, and reducing cardiac inflammatory responses.
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Introduction

Chronic heart failure (CHF) poses a considerable global
health challenge, impacting a substantial population. Epi-
demiological studies indicate that CHF has a prevalence of
approximately 3—5% in adults (McDonagh et al. 2021), and
the prognosis for patients is often grim, with a mere 50%
5-yr survival rate (Stretti et al. 2021). Although traditional
medications used to treat CHF have shown some effective-
ness in improving patient outcomes, they are still bound by
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limitations that contribute to elevated rates of mortality and
hospital readmissions. Consequently, an urgent imperative
exists to uncover novel drugs, identify potential therapeutic
targets, and explore innovative treatment strategies in order
to effectively combat this pressing health concern of CHF.
The extracellular regulated protein kinasel/2 (ERK1/2)
signaling pathway occupies a crucial role in regulating
cardiac hypertrophy induced by various factors, including
angiotensin II (Ang II), endothelin-1 (ET-1), and stress load
(He et al. 2018; Huang et al. 2018; Zhouming et al. 2021).
Previous investigations have demonstrated a notable upregu-
lation of phosphorylated ERK1/2 (p-ERK1/2) expression in
the myocardial tissue of rats with CHF caused by adriamycin
(ADR) (Yang et al. 2020; Yan et al. 2021). Furthermore, a
study conducted by Ye e al. showed that the deletion of the
CMTM3 gene deletion modulated the MAPK/ERK path-
way, thereby exacerbating cardiac insufficiency induced
by Ang IT (Ye et al. 2023). Wang et al. demonstrated that
LCZ696 effectively reduced the expression of apoptotic
signaling molecules by suppressing ERK phosphorylation,
consequently attenuating cardiac injury (Wang et al. 2019).
Additionally, Ju et al. showed that overexpression of LRP1
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upregulated protein kinase Ca, which in turn activates ERK
and ultimately leads to cardiac hypertrophy (Ju et al. 2020).
In summary, inhibiting the activation of the ERK1/2 signal-
ing cascade holds promise as a potential approach to allevi-
ating myocardial hypertrophy in CHF.

Ginsenoside Rgl (GRgl), a prominent bioactive constitu-
ent derived from ginseng, has been demonstrated to exhibit a
diverse array of beneficial effects including anti-aging, anti-
inflammatory, anti-apoptotic, and antioxidant properties (Cai
et al. 2022; Sun et al. 2022). An accumulating amount of
evidence substantiates the notion that GRgl plays a piv-
otal role in safeguarding the cardiovascular system. Stud-
ies have demonstrated its ability to inhibit Ang II-induced
myocardial hypertrophy, attenuate cardiomyocyte apoptosis
and inflammatory responses, and ameliorate ADR-induced
cardiac dysfunction (Xu et al. 2018; Luo et al. 2020; Guan
et al. 2023). Mechanistically, GRg1 has been demonstrated
to regulate both the MAPK and ERK signaling pathways
(Huang et al. 2016; Zhu et al. 2017; Xie et al. 2018; Liu et
al. 2022a). Yuan et al. revealed that GRgl could mitigate
diabetes-induced myocardial ischemia-reperfusion injury
(I/R) by modulating the ERK signaling pathway and acti-
vating HIF-1a (Yuan et al. 2019). Furthermore, research
conducted by He et al. demonstrated that GRgl can sup-
press shear-induced inflammatory reactions by impeding the
MAPK signaling pathway (He and Li 2015). Consequently,
it is our proposal that GRgl may exert a protective effect
against myocardial injury in chronic heart failure through
modulation of the ERK1/2 signaling pathway. Nevertheless,
the precise molecular mechanisms through which GRgl
controls the phosphorylation of ERK1/2 proteins remain
unclear.

In the present study, we sought to delve deeper into the
potential of GRg1 in mitigating and managing chronic heart
failure. To accomplish this, we performed a series of cellular
and animal experiments to investigate the impact of GRgl
on ERK1/2 phosphorylation levels in cardiomyocytes and
myocardial tissues. These investigations have provided us
with a novel theoretical framework as well as a promising
therapeutic target for the prevention and treatment of CHF.

Materials and methods

In vitro experiment - Cell culture and treatment The H9c2
cardiomyocyte cell line was sourced from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China).
Prior to experimentation, cells were cultured in serum-free
DMEM for a duration of 24 h. To establish an in vitro model
simulating CHF, the H9c2 cardiomyocytes were subjected
to two rounds of washing with D-Hanks solution. Subse-
quently, the cells were exposed to serum-free media sup-
plemented with 0.1 mol/L doxorubicin (DOX), also known

as ADR, for a duration of 6 h. As previously described (Li
et al. 2017; Lu et al. 2015); H9c2 cardiomyocytes in the
CHF+ginsenoside Rgl group were then pretreated with
GRgl (40 pM). Afterwards, the H9c2 cardiomyocytes were
categorized into three distinct groups in a randomized man-
ner: the normal control group, the CHF (ADR) group, and
the CHF+ ginsenoside Rg1 group.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay (MTT) The viability of H9¢c2 cardiomyocytes in
each group was assessed using an MTT kit (HG-M100, Hon-
orGene, Changsha, China). Tryptic digest was used to break
down the cardiomyocytes and create cell suspensions. With
three duplicate wells for each group, the cardiomyocytes
were seeded onto 96-well plates at a dosage of 1x10/100
pL. The cardiomyocytes were intervened and treated accord-
ing to the aforementioned experimental grouping, followed
by a 24-h culture period, and 5 mg/mL MTT was applied to
each well after that. The cardiomyocytes were centrifuged to
remove the supernatant after being cultured for 4 h at 37°C
and 5% CO,. Following this, 150 pL of dimethyl sulfoxide
was added to each well and thoroughly mixed. On a Bio-Tek
Enzyme Marker (MB-530, Shenzhen Huisong Technology
Development Co., Ltd., Shenzhen, China), the absorbance
at 490 nm (OD) was measured.

5-Ethynyl-2'-deoxyuridine (EdU) assay Cardiomyocyte pro-
liferation in each experimental group was assessed using the
EdU kit (C00054, Guangzhou RiboBio Co., Ltd., Guang-
zhou, China) in accordance with the manufacturer’s instruc-
tions. To initiate the experiment, EAU was diluted to a
concentration of 50 uM and subsequently added to the cell
culture medium. After a 24-h incubation period, the medium
was discarded, and the cells were carefully washed. A 4%
paraformaldehyde solution (100 puL) was added to each well
and incubated for 30 min at room temperature. Then, 100
pL of Triton X-100 was added to each well, and the cells
were incubated on a decolorizing shaker for 10 min, fol-
lowed by another round of washing. Subsequently, 100 pL
of 1x Apollo® Staining Reaction Solution was added, and
the cardiomyocytes were incubated in a decolorizing shaker,
shielded from light, at room temperature for 30 min. For
DNA staining, a 100 pL portion of 1x Hoechst 33342 reac-
tion solution was employed under dark conditions. Finally,
cells in each experimental group were observed using a fluo-
rescence microscope (BA410T, Motic, Xiamen, China). Five
random fields of view were selected and documented for
per well.

Flow cytometry Apoptosis assessment was conducted in the
various groups of cardiomyocyte using the Annexin V-FITC
Apoptosis Detection Kit (KGA108, Jiangsu Keygen Biotech
Corp., Ltd., Nanjing, China), following the established pro-
tocols. Initially, trypsin digestion was employed to detach
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the cardiomyocytes, followed by centrifugation at 4°C and
1500 rpm for 5 min using a low-speed centrifuge (SLO2,
Shanghai Zhixin Experimental Instrument Technology Co.,
Ltd., Jiaxing, China). The supernatant was cautiously elimi-
nated through washing. To suspend the cardiomyocytes, 500
pL of Binding Buffer was added, followed by the addition
and incubation of 5 pL of Annexin V-FITC and 5 pL of
propidium iodide. The mixture was then allowed to react
at room temperature, protected from light, for a duration of
5-15 min. Flow cytometry (A00-1-1102, Beckman, Brea,
CA) was employed. Each set of experiments was performed
in triplicate experiments to ensure reliable results.

Real-time quantitative PCR (RT-qPCR) Total cellular RNA
was extracted utilizing the Trizol reagent (15596026,
Thermo, Waltham, MA) in accordance with the manufactur-
er’s instructions. The cDNA synthesis was carried out using
the reverse transcription kit (CW2569, Beijing ComWin
Biotech Co., Ltd., Beijing, China). The RT-qPCR reaction
system was prepared implementing the cDNA as a template.
The levels of Caspase3, Bax, and Bcl-2 mRNA expression
in cardiomyocytes were measured using a real-time fluores-
cence quantitative PCR instrument (QuantStudiol, Thermo).
The parameters for the quantitative PCR amplification reac-
tion were as follows: pre-denaturation occurred at a tempera-
ture of 95°C for a duration of 10 min, denaturation was per-
formed at 95°C for a period of 15 s, and annealing took place
at 60°C for 0.5 min. A total of 40 cycles were performed.
The expression levels of Caspase3, Bax, and Bcl-2 mRNA in
the cardiomyocytes were quantified using the 222" method
with actin as an internal reference. The amplification primers
used are shown in Table 1..

Immunofluorescence (IF) To visualize the expression of
ERK1/2 and p-ERK1/2 in cardiomyocytes, an IF tech-
nique was employed. Cell crawling tablets were thoroughly
cleaned using phosphate-buffered saline (PBS) for two to
three times, followed by fixation using 4% paraformalde-
hyde for 30 min. After that, the samples were treated with
0.3% Trilatone at 37°C for 30 min to allow permeabilization.

Table 1. Primers’ sequences

Gene Sequence

B-Actin F: ACATCCGTAAAGACCTCTATGCC
R: TACTCCTGCTTGCTGATCCAC

Caspase3 F: ATCAGCCTAATTTTACAGACC

R: TCTCCTTTCCTTACGCTCT
Bax F: TTGCTACAGGGTTTCATCCAGG
R: GCTCCAAGGTCAGCTCAGGT
F: CTGGTGGACAACATCGCTCT
R: ATAGTTCCACAAAGGCATCCCA

Bcl-2

Blocking of the tablets was achieved by incubating them
with 5% BSA at 37°C for 60 min. The primary antibodies,
including anti-rabbit ERK1/2 (ab184699, Abcam, Cam-
bridge, UK) and anti-rabbit p-ERK1/2 (bs-14624r, Bioss,
Beijing, China), were diluted at a 1:50 dilution and were
added to the tablets and allowed to incubate overnight at
4°C. Following this, fluorescently labeled secondary anti-
body, anti-rabbit IgG (SA00013-2, Proteintech, Rosemont,
IL) at a 1:200 dilution, was drop-wise added to the samples
and incubated for 90 min at 37°C. To visualize the nuclei,
a DAPI working solution was applied and incubated for 10
min at 37°C in the dark. After three washes with PBS for 5
min each, the sections were sealed with buffered glycerol.
Finally, the staining images were observed and captured
using a fluorescence microscope computer (BA410T, Motic,
Xiamen, China). ERK1/2 and p-ERK1/2 are green fluores-
cence and nuclear staining signals showed blue fluorescence.
The number of total cells and positive cells was measured
respectively, and the integrated optical density (IOD) value
was measured.

Western blotting The levels of Caspase3, Bax, Bcl-2,
ERK1/2, and p-ERK1/2 proteins in the cells were assessed
through Western blotting analysis. Total cellular proteins
were extracted using RIPA lysis buffer from Beyotime
(PO013B, Shanghai, China). The BCA protein quantifica-
tion kit from Abcam (ab287853) was utilized to measure
the protein concentration, as per the guidelines provided by
the manufacturer. A 100-pL aliquot of the protein superna-
tant was collected and subjected to denaturation by being
boiled in water for 5 min. Electrophoresis was performed
using the DY Y-6C system from Beijing Liuyi Biotechnology
Co., Ltd. (Beijing, China), maintaining a constant voltage
of 75 V for a period of 130 min. Subsequently, the protein
samples from each group were transferred to a PVDF mem-
brane using the DYCZ-40D membrane transfer apparatus,
also from Beijing Liuyi Biotechnology Co., Ltd. The PVDF
membrane was incubated with appropriately diluted primary
antibodies overnight at a temperature of 4°C. The secondary
antibodies, labeled with HRP, were diluted in 1xX PBST and
incubated with the PVDF membrane at room temperature for
90 min. Chemiluminescent detection was carried out using
the ECL system from Shanghai Qinxiang Scientific Instru-
ment Co., Ltd. (Chemiscope6100, Shanghai, China). The
PVDF membrane was co-incubated with the ECL chemilu-
minescent solution for 1 min, followed by exposure to X-ray
film in a dark box. The film was subsequently developed
and rinsed. Table 2. shows the information of primary and
secondary antibodies.

In vivo experiments - Experimental animals and han-
dling Fifty SPF-grade healthy male SD rats, aged 6 wk,
with an average weight of 180 + 10 g, were selected for
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Table 2. Antibodies’ information

Name Dilution = Manufacturer Catalog Number
Caspase3 1:1000 CST, USA #9664
Bax 1:500 Proteintech, USA  50599-2-1g
Bcl-2 1:200 Proteintech, USA  12789-1-AP
ERK1/2 1:10,000  Abcam, UK ab184699
p-ERK1/2 1:1000 Bioss, China bs-14624r
HRP-labeled Goat  1:5000 Proteintech, USA  SA00001-1
anti-mouse IgG
(secondary anti-
body)
HRP-labeled Goat  1:6000 Proteintech, USA  SA00001-2
anti-rabbit IgG
(secondary anti-
body)
TNFa 1:1000  Abcam, UK ab6671
IL-6 1:1000  Bioss, China bs-0782R
HMGB1 1:1000  Abcam, UK ab18256

this study. These rats were obtained from the Laboratory
Animal Center of Hunan University of Chinese Medicine.
To induce HF in the rats, ADR hydrochloride was used for
injection, which was diluted to a concentration of 1.0 mg/
mL using 0.9% NaCl solution for intraperitoneal injection.
Each rat was given a weekly dose of 2 mg/kg for a duration
of 6 wk, resulting in a cumulative total dose of 12 mg/kg.
Before each administration, the body weight of rats was re-
measured to ensure accurate dosage calculation. To assess
the success of the in vivo modeling of congestive CHF in
the rats, measurements of cardiac function were performed
at the end of week 6, serving as an indicator of the effective-
ness of the CHF model.

Grouping and drug administration After a week of accli-
matization, a total of 30 SD rats were included. Ten of
them were randomly assigned to form the normal control
group, while the remaining 20 rats were used to replicate
the CHF rat model using the previously described mod-
eling method. Cardiac function measurements were per-
formed at the end of the modeling period and continued
throughout the sixth week. Based on the results, the rats
were randomly divided into two groups: the CHF (ADR)
group and the CHF+ginsenoside Rgl group. Starting from
the seventh week, rats were administered intraperitoneal
injections according to their group assignment. The doses
were calculated using the human-mouse body surface
area method to ensure accurate conversion. The rats in
the CHF+ginsenoside Rgl group received a daily dose of
GRgl at 20 mg/kg, while the rats in the normal control
and CHF (ADR) groups were injected with the same vol-
ume of 0.9% saline. This injection regimen was performed
once daily for a duration of 4 wk, as previously described
(Yu et al. 2016).

Electrocardiogram (ECG) Four weeks after the dosing, elec-
trocardiograms (ECGs) were conducted. All the exami-
nations were performed by the same sonographer, who
remained unaware of the animal grouping during the exam-
ination process. In the case of CHF rats, anesthesia was
induced using sodium pentobarbital at a dose of 30 mg/kg,
following the previously described protocol (Zhang et al.
2022). The rats were positioned supine on the experimental
table and securely restrained. Subcutaneous electrodes were
appropriately placed in the standard rat limb lead II posi-
tion to accurately record the ECG. The LabChart software
(version 7.3, AD Instruments Pty Ltd, Bella Vista, Aus-
tralia) was utilized to assess the ECG recordings, focusing
on parameters such as P-wave duration, PR interval, QRS
duration, and corrected QT interval (QTc).

Enzyme-linked immunosorbent assay (ELISA) Serum NT-
proBNP levels of the rats in each group were quantified
using an ELISA following standard protocols. After the rats
were anesthetized, they were euthanized via spinal subluxa-
tion. Blood was collected from the abdominal aorta and
transferred into a centrifuge tube. The tube was left at room
temperature for 1 h to allow for proper coagulation. Follow-
ing centrifugation at 3200 r/min for 35 min, the supernatant
was carefully collected. To determine the levels of NT-
proBNP, the optical density (OD) value of each sample was
determined using the ELISA kit (CSB-E08752r, CUSABIO,
Wuhan, China) at a wavelength of 450 nm as per the pro-
vided instructions. A standard curve was constructed using
the concentration of the standard as the vertical axis and the
corresponding OD values as the horizontal axis. The profes-
sional curve software “Curve Expert” was utilized for the
analysis of the standard curve. By establishing the regression
equation based on the concentration of the standard versus
the OD value, the NT-proBNP concentration in each sample
was able to be calculated by substituting the sample’s OD
value into the equation.

Heart weight/body weight Index (HW/BW) Prior to euthana-
sia, the body weight (BW) of the rats was recorded. Subse-
quently, their heart tissues were carefully obtained, cleansed,
and weighed (HW) using a chilled saline solution. To calcu-
late the heart weight/body weight index, the ratio of HW to
BW was multiplied by 100%.

Terminal deoxynucleotidyl transferase dUTP nick end labe-
ling (TUNEL) Cardiomyocyte apoptosis in each experimental
group was assessed employing the Tunel kit (40306ES50,
Shanghai Yeasen biotech Co., Ltd., Shanghai, China), as
per the manufacturer’s instructions. The tissue sections
were meticulously dewaxed and hydrated, and treated with
100 pL of Proteinase K working solution for a 20-min reac-
tion at 37°C. To ensure thorough rinsing, the sections were
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immersed in 1X PBS solution for three consecutive cycles.
For the TUNEL assay, a solution containing TdT enzyme
and FITC-12-DUTP labeling mixture was meticulously
prepared. This TUNEL assay solution was then cautiously
added to each sample, followed by incubation in the dark
at 37°C for 60 min. After thorough washing with PBS for
three times, the samples were stained with DAPI (5 pg/mL)
to visualize the nuclei, with a continued incubation period
of 10 min. The DAPI staining solution was subsequently
aspirated, and another round of three PBS washes was
performed. The occurrence of cardiomyocyte apoptosis in
each experimental group was observed under a fluorescence
microscope (BA410T, Motic).

RT-gPCR The mRNA levels of Caspase3, Bax, and Bcl-2
in the myocardial tissues were measured using a RT-qPCR
instrument (QuantStudiol, Thermo) following the same
detection method as described in “Real-time quantitative
PCR (RT-qPCR)” section.

IF IF analysis was employed to observe the expression
levels of ERK1/2 and p-ERK1/2 in the myocardial tissue
of rats with CHF in each experimental group. Tissue sec-
tions were prepared by undergoing a series of steps. Firstly,
they were immersed in xylene for 20 min, repeated three
times, to remove the wax. Subsequently, the sections were
hydrated. The sections underwent thermal antigen retrieval
by immersing them in EDTA (pH 9.0) solution, followed
by cooling, and washing with 0.01 M PBS (pH 7.2-7.6) for
3 min, repeated three times. The slices were then treated
with sodium borohydride solution at room temperature for
a duration of 30 min, followed by rinsing in water for 5 min.
To block the sections, a mixture of 10% normal serum and
5% BSA was applied and left for 60 min. The subsequent
steps of the assay were carried out following the protocol
described in the “Immunofluorescence (IF)” section.

Western blotting The protein expression levels of Caspase3,
Bax, Bcl-2, ERK1/2, and p-ERK1/2 as well as the inflam-
matory factors TNFa, HMGB1, and IL-6 in the myocardial
tissues of rats with CHF in each experimental group were
assessed using Western blotting. In addition to the primary
antibodies specified, the following antibodies were utilized:
anti-rabbit TNFa (1:1000, ab6671, Proteintech), anti-rabbit
IL-6 (1:1000, bs-0782R, Bioss), and anti-rabbit HMGB1
(1:1000, ab18256, Abcam). The remaining steps of the
procedure, including the selection of secondary antibodies,
were carried out as previously described in the “Western
blotting” section.

Statistical analysis All collected data in this study were
subjected to normality testing and were subsequently sta-
tistically analyzed using SPSS 27.0 (IBM, Armonk, NY).

Measurements that demonstrated a normal distribution
were reported as mean + standard deviation (s). Compari-
sons among multiple means were assessed using one-way
analysis of variance (ANOVA) in accordance with the nature
of the study. Prior to the ANOVA, Levene’s test for chi-
squared was conducted to ensure homogeneity of variances.
A p-value of less than 0.05 was considered to indicate sta-
tistical significance.

Results

Ginsenoside Rg1 affects cardiomyocyte proliferation To
investigate the impact of ginsenoside Rgl (GRgl) on car-
diomyocyte proliferation, an in vitro model of CHF was
established using ADR. Cell viability and proliferation in
each group were assessed using MTT assay and EdU stain-
ing, respectively. The results obtained from the MTT assay
demonstrated a noticeable decrease in cell viability in both
the CHF (ADR) group and the CHF+ginsenoside Rgl
group, when compared to the control group of normalcy
(p < 0.01). Notably, the reduction in cell viability was more
pronounced in the CHF (ADR) group (p < 0.01, Fig. 14).
Furthermore, the EAU assay demonstrated a reduced count
of proliferating cells in both the CHF (ADR) group and
the CHF+ginsenoside Rgl group, compared to the control
group (p < 0.01). Importantly, the cell proliferation rate in
the CHF+ginsenoside Rgl group was significantly higher
than that in the CHF (ADR) group (p < 0.01, Fig. 1B). These
findings suggested that ADR-induced CHF leads to a dra-
matic decrease in cell viability, while the administration of
GRg1 was beneficial in enhancing cell proliferation rate and
alleviating myocardial injury in CHF.

Ginsenoside Rg1 affects cardiomyocyte apoptosis To
explore the safeguarding impact of GRgl against cellular
apoptosis, we conducted flow cytometry analysis to detect
apoptosis. Additionally, we utilized RT-qPCR and Western
blotting methodologies to evaluate the expression levels of
Caspase3, Bax, and Bcl-2 mRNA and protein in cells from
each experimental group. The flow cytometry data revealed
that administration of ADR promoted cell apoptosis in the
induced CHF model. The apoptosis rate was significantly
elevated in both the CHF (ADR) and CHF+ginsenoside Rg1
groups as compared to the normal control group (p < 0.01).
Importantly, treatment with GRgl demonstrated a notable
reduction in ADR-induced apoptosis (p < 0.01, Fig. 24). RT-
gPCR analysis revealed a notable decrease in Bcl-2 mRNA
expression in the CHF (ADR) cohort in comparison to the
other two cohorts (p < 0.01), while the expression levels of
Caspase3 and Bax mRNA in the CHF (ADR) group were
higher relative to the other two groups (p < 0.01, Fig. 2B).
Western blotting revealed that ADR induction resulted in
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enhancement of Caspase3 and Bax protein expression, along
with reduction of Bcl-2 protein expression in cardiomyo-
cytes across all groups (p < 0.01, Fig. 2C). Interestingly, the
expression level of Bcl-2 protein was significantly upregu-
lated in the CHF4-ginsenoside Rgl group compared to the
CHF (ADR) group (p < 0.01, Fig. 2C), indicating that GRg1
can effectively inhibit cell apoptosis in CHF.

Ginsenoside Rg1 regulates ERK1/2 protein phosphoryla-
tion To explore the potential involvement of GRgl in
the inhibition of ERK1/2 protein phosphorylation in the
treatment of CHF, the expression levels of ERK1/2 and
p-ERK1/2 proteins in cardiomyocytes were examined using
Western blotting. The distribution of ERK1/2 and p-ERK1/2
was detected through IF staining. The level of p-ERK1/2
proteins was substantially higher in the CHF (ADR) group in
contrast to the normal control group, while it was reduction
in the CHF+ginsenoside Rg1 group (p < 0.01, Fig. 3A4). The
CHF (ADR) group exhibited the highest ratio of p-ERK1/2
to ERK1/2 (p < 0.01). However, ginsenoside Rgl reversed
the increase. IF staining using antibodies against ERK1/2
and p-ERK1/2 (green) in combination with DAPI staining
for cardiomyocyte nuclei (blue) further supported these find-
ings (Fig. 3B). The mean fluorescence intensity of ERK1/2
was obtained by measuring the luminosity of the positive
areas divided by the positive area. The results showed that
there was no significant difference among the three groups.
The positive rate of p-ERK1/2 was calculated by measur-
ing the number of positive cells out of the total number
of cells. Statistical analysis revealed a significant differ-
ence in the positive rate of p-ERK1/2 among the normal
control group, CHF (ADR) group, and CHF+ginsenoside
Rgl group (p < 0.01). The positive rate of p-ERK1/2 was
significantly increased in the CHF (ADR) group. However,
the positive rate of p-ERK1/2 in the CHF+ginsenoside Rgl
group was suppressed compared with the CHF group. These

Figure 1. Impact of GRgl on A B
cardiomyocyte proliferation. (A)

Evaluation of cardiomyocyte

survival rate using the MTT

method. (B) EdU analysis of 2.0
cardiomyocyte proliferation rate
assessment (scale bar: 100 pm).
(**p < 0.01 denotes a substan-
tial distinction when compared
to the control group, #p < 0.01
denotes a substantial difference

compared to the CHF (ADR)
group).

HOCheSt- -
o . -

results suggested that GRgl may exert its cardioprotective
effects by inhibiting ERK1/2 protein phosphorylation, which
can enhance cardiomyocyte proliferation and reduce cell
apoptosis.

Protective effects of ginsenoside Rg1 in the heart of rats with
CHF In this study, the myocardial injury model of CHF rats
was replicated by the ADR induction method. The protective
effect of GRgl on the heart of CHF rats was confirmed by
electrocardiography, ELISA assay, and Western blotting. As
shown in Fig. 4A, abnormalities were observed in the limb II
electrocardiogram (ECG) of rats in the CHF (ADR) group,
with the QRS wave direction being opposite to that of the
normal control group and CHF+ginsenoside Rg1 group. The
levels of NT-proBNP in rat serum serve as indicative of the
extent of myocardial injury. ELISA results demonstrated a
marked elevation in serum NT-proBNP levels in both the
CHF (ADR) group and the CHF+ginsenoside Rgl group
compared to the control group (p < 0.01, Fig. 4B). Notably,
the elevation in the CHF (ADR) group was more pronounced
(p < 0.01). Western blotting analysis revealed a remarkable
decrease in the expression of TNFa, HMGBI, and IL-6
in myocardial tissue from rats in the CHF+ginsenoside
Rgl group compared to the CHF (ADR) group (p < 0.01,
Fig. 4C). These findings confirmed the ability of GRgl to
regulate key inflammatory factors involved in myocardial
function.

Effect of ginsenoside Rg 1 on cardiac apoptosis in CHF rats In
this investigation, the defensive impact of GRgl on cardiac
apoptosis in rats with CHF was examined. To assess this
effect, we measured the HW/BW index, apoptosis rate, and
the expression levels of Caspase3, Bax, and Bcl-2 mRNA
and proteins in experimental rats. The HW/BW index of
CHF rats is shown in Fig. 5A. The HW/BW index of the
CHF (ADR) group exhibited a significantly higher value
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Figure 2. Influence of GRgl
on cardiomyocyte apoptosis.
(A) Apoptosis assessment
conducted by flow cytometry.
(B) Quantification of Caspase3,
Bax, and Bcl-2 mRNA expres-

A

control : P1

10°

20—

*k

-
o
1

CHF+ginsenoside Rg1: P1

UL(0.27%

sion in cardiomyocytes using
RT-gPCR. (C) Analysis of Cas-
pase3, Bax, and Bcl-2 protein

10°

10*

Q1-uL23 Q1-UR(0.81%

-
=)
1

10°

10*

PIPE-A

10°
.

expression in cardiomyocytes
by Western blotting. (¥*p <
0.01 indicates a significant dif-
ference compared to the control

10°

Q1-LR(2.55

Q1L

°

8165%

Apoptosis rate(%)
L4
1

PIPE-A

10°

10°

Q1-LL(87 96 Q1-LR(8.89%)

°

10°  10° 107 Tt

102 10% 104
Annexin V FITC-A

group, *p < 0.05 and #p < 0.01

102 10°

10210 104 105 10° 107
Annexin V FITC-A

104 105 10° 107 Tt
Annexin V FITC-A

indicate a significant difference Control CHF CHF + ginsenoside Rg1
compared to the CHF (ADR)
group).
<
B &
34 -
=1 Control
5
7] CHF
3 2
é Y CHF + ginsenoside Rg1
[0}
<
&
£ "
(]
=
©
5] B
X o 'I“
Caspase3 Bax Bcl-2
C
o —
e T
-—— =1 Control
2.0
CHF
Bax | e RSN gt ”
1.5 = X CHF + ginsenoside Rg1
c ##
Bcl-2 | u— - - 3 o
@ 1.0
. (2}
-actin c
pacin | D G D |
N N o .
{\\@ 0‘?% © a 05
9 2
e &
it 2
QY 0.0 )
& 0 T
xé\ Caspase3
<
G?‘

than that of the normal control group (p < 0.01). The HW/
BW index of the CHF+ginsenoside Rgl group was inter-
mediate between the control and the CHF (ADR) group.
Furthermore, we evaluated the apoptosis rate in these
groups, which is presented in Fig. 5B. The CHF (ADR)
group exhibited the highest apoptosis rate, followed by the
CHF+-ginsenoside Rg1 group. There was a statistical signifi-
cance in the difference of apoptosis rates among the three
groups (p < 0.01). To further investigate the underlying
mechanisms, we analyzed the mRNA and protein expression
levels of Bcl-2, Caspase3, and Bax. RT-qPCR and Western
blotting consistently revealed that the CHF (ADR) group

had significantly lower levels of Bcl-2 mRNA and protein
expression compared to the normal control group and the
CHF+ginsenoside Rgl group. Conversely, the Caspase3 and
Bax mRNA and protein expression levels were significantly
higher in the CHF (ADR) group than in the other two groups
(p < 0.01, Fig. 5C, D). These findings confirmed that GRg1
could effectively improve ventricular remodeling and inhibit
cardiomyocyte apoptosis in rats with CHF.

Ginsenoside Rg1 regulates ERK1/2 protein phosphoryla-
tion in CHF rats To elucidate the protective effects of GRgl
on the ADR-induced CHF rat model and its underlying
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Figure 3. Modulation of
ERK1/2 protein phosphoryla-
tion by GRgl. (A) Analysis of
ERK1/2 and p-ERK1/2 protein
expression levels in cardiomyo-
cytes using Western blotting.
(B) IF assay demonstrating
positive signals of ERK1/2 and
p-ERK1/2 displayed as green
fluorescence, with nuclear
staining signals represented

in blue coloration. Positive
rate of p-ERK1/2 (%) and the
mean fluorescence intensity of
ERK1/2 were measured. (**p <
0.01 indicates significant com-
parisons to the normal control
group, and #p < 0.01 indicates
significant comparisons to the
CHF (ADR) group).
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mechanism, the expression levels of ERK1/2 and p-ERK1/2
were assessed using Western blotting. Additionally, IF stain-
ing was employed to examine the localization of p-ERK1/2
in myocardial tissue specimens from all rat groups, providing
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insights into the role of ERK1/2 protein phosphorylation
in the treatment of CHF in rats using GRgl. Interestingly,
Western blotting outcomes showed no notable variances in
the expression levels of ERK1/2 in myocardial tissues across
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Figure 4. Cardioprotective A B R
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the different experimental groups. However, the expression
of p-ERK1/2 was enhanced in both the CHF (ADR) group
and the CHF+ginsenoside Rgl group in comparison to the
normal control group. Among these, p-ERK1/2 expression
in the CHF (ARD) group was the highest (p < 0.01, Fig. 6A).
IF staining corroborated these findings, demonstrating
increased p-ERK1/2 expressions primarily within the nuclei
of cells in the CHF (ADR) group (characterized by apparent
translocation to the nucleus). The phosphorylation level of
ERK1/2 protein was markedly increased in both the CHF
(ADR) group and the CHF+ginsenoside Rgl group, as com-
pared to the control group. Besides, phosphorylation level
of ERK1/2 protein was inhibited in the CHF+ ginsenoside
Rgl group compared with the CHF (ADR) group (p < 0.01,
Fig. 6B).

Discussion

CHF is a multifaceted clinical syndrome that occurs in the
advanced stages of various cardiovascular diseases (Heiden-
reich et al. 2022). It is characterized by a high prevalence,
substantial mortality rate, and significant economic burden,
making it a grave threat to human health. The underlying

pathogenesis of CHF is intricate, and ventricular remodeling
serves as a crucial physiological basis for its persistence.
Throughout the progression of ventricular remodeling in
CHF, there is excessive apoptosis of cardiomyocytes, lead-
ing to a decrease in cardiac contractile units. In this inves-
tigation, we have confirmed that GRgl has the potential
to inhibit the phosphorylation of ERK1/2 protein via the
regulation of H9¢2 cardiomyocyte proliferation. Simultane-
ously, GRg1 exhibited a dual effect by suppressing apoptosis
and reducing the expression levels of inflammatory factors,
namely TNFa, HMGBI1, and IL-6. Consequently, these
effects contributed to the mitigation of ventricular remod-
eling in CHF. Collectively, these discoveries emphasized the
promise of GRgl as a potential contender for future preven-
tive and clinical interventions in the treatment of CHF.
GRg1 exhibits a wide range of effects, including antihy-
pertensive properties, anti-myocardial fibrosis, prevention of
cardiovascular remodeling, and attenuation of hypoxia/reox-
ygenation (H/R) injury (Fan et al. 2020; Zhu et al. 2021).
These findings offer novel perspectives for the prevention
and treatment of CHF in clinical settings. One of the pri-
mary benefits of GRg1 is its antioxidant activity, which safe-
guards the structural integrity of mitochondria and enhances
the activity of adenosine triphosphate ATPase, ensuring a
continuous energy supply to ischemic myocardial tissues.
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Figure 5. Impact of GRgl on A B
cardiac apoptosis in rats with
CHF. (A) Assessment of HW/
BW index in rats. (B) Evalua-
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Additionally, GRg1 mitigates the production of mitochon-
drial reactive oxygen species (ROS) and protects cardio-
myocytes against oxidative stress damage by scavenging
free radicals (Yang et al. 2022). Studies have demonstrated
that GRgl reduces mitochondrial membrane depolariza-
tion and decreases ROS formation in isolated cardiomyo-
cytes by downregulating the calpain-1 signaling pathway
(Lu et al. 2021; Zhao et al. 2023). Furthermore, GRg1 has
been observed to inhibit ventricular remodeling and slow
down the progress of CHF by upregulating the expression
of essential proteins involved in the SIRT1/PINK1/Parkin-
mediated mitochondrial autophagy pathway (Guan et al.
2020; Guan et al. 2023).

Aside from its effects on the heart, GRgl also demon-
strates protective effects on vascular endothelial cells, offer-
ing resistance against atherosclerosis (Zhou et al. 2022).
Researches have shown that GRgl reduces cardiac injury
by ameliorating thromboembolic pulmonary hypertension-
induced myocardial remodeling, thereby diminishing cardiac
damage (Li et al. 2013; Li et al. 2017). Moreover, GRg1
has the capacity to alleviate sepsis-induced myocardial dys-
function by reducing the inward flow of Ca** and increas-
ing mitochondrial membrane potential through the Akt/
GSK-3p signaling axis triggered by the p2x7 receptor (Liu
et al. 2022b). In a study conducted by Li C et al., Dox@
rgl nanoparticles were engineered utilizing self-assembled
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Figure 6. The regulatory effect
of GRgl on ERK1/2 protein
phosphorylation in rat hearts
with CHF. (A) Investigation

of ERK1/2 and p-ERK1/2
protein expression levels using
Western blotting. (B) IF stain-
ing to assess the expression of
ERK1/2 and p-ERK1/2. Positive
rate of p-ERK1/2 (%) and the
mean fluorescence intensity

of ERK1/2 were measured.
(**p < 0.01 denotes a notable
distinction in comparison to

the control group, #p < 0.01
indicates a significant difference
when compared to the CHF
(ADR) group).
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GRgl as a carrier, and ADR was encapsulated on its sur-
face (Li et al. 2021). The results confirmed the effective
mitigation of ADR-induced cardiotoxicity in 4T1 hormo-
nal mice by GRgl. Luo M et al. demonstrated that GRg1
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inhibited cardiac inflammation and apoptosis by obstructing
the TLR4/NF-«B/NLRP3 pathway (Luo et al. 2020). Fur-
thermore, experimental evidence supports the proposition
that GRg1 protects cardiomyocytes from hypoxic injury by
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activating the PI3K/AKT/mTOR pathway and elevating the
levels of HIF-1a expression (Qin et al. 2018).

ERK1/2, as the extensively studied components of the
MAPK pathway, play vital roles in regulating cell apoptosis
and survival. They are particularly implicated in cell pro-
liferation and exert their influence on the cell growth cycle
through three distinct pathways: stimulating DNA synthe-
sis, promoting cell cycle progression, and enhancing the
activity of transcription factors (LIU Rui 2012). Typically,
ERK1/2 modulate upstream factors involved in apoptotic
events by interacting with downstream transcription factors,
which consequently triggers the release of cytochrome C.
ERK1/2 decreases the levels of the anti-apoptotic protein
Bcl-2 while increasing the expression of the pro-apoptotic
protein Bax. This activation ultimately leads to upregula-
tion of apoptotic genes such as Caspase3, 8, and 9 (Sun et
al. 2015). Under stressful conditions, the activation of the
ERK1/2 signaling pathway plays a pivotal protective role
in CHF myocardium by inhibiting cell apoptosis and pre-
venting necrosis. Remarkably, a study has demonstrated
that targeted activation of ERK1/2 protein phosphorylation
can reduce mitochondrial fission and enhance membrane
potential, thus alleviating myocardial ischemia-reperfusion
(I/R) injury caused by high blood glucose levels (Yu et al.
2022). In vitro research conducted by Wu W et al. suggests
that dexmedetomidine may enhance telomere/telomerase
function via the ERK1/2-Nrf2 pathway, thereby mitigating
hypoxia-induced cardiomyocyte injury (Wu et al. 2022).
In the study conducted by Zhao Q et al., AAV9-CaMEK
was found to hinder mitochondrial fragmentation to some
extent by activating the ERK1/2 signaling pathway, thereby
counteracting ischemia-induced heart failure in aged sub-
jects (Zhao et al. 2021). Interestingly, a related report has
observed that the inhibitory effects of ERK1/2 inhibitors on
myocardial I/R injury were amplified when combined with
Baicalein, leading to reduced cardiomyocyte survival (Liu et
al. 2020). Numerous investigations have highlighted the sig-
nificant correlation between attenuated activation of ERK1/2
and eccentric hypertrophy induced by volume overload
(Jochmann et al. 2019). Sun MH et al. conducted a study
showcasing the myocardial protection provided by CaMEK,
which inhibits apoptosis and mitochondrial autophagy
induced by H,0, through the activation of ERK1/2 phos-
phorylation (Sun ef al. 2019).

In the present study, the findings emphasized the impact
of GRgl on the survival and proliferative activity of car-
diomyocyte in the context of ADR-induced condition. The
results obtained from MTT assay and EdU analysis revealed
a noteworthy reduction in cardiomyocyte survival under the
ADR-induced state. However, when GRgl was adminis-
tered, a notable increase in the proliferative activity of car-
diomyocytes was observed, along with a reduction in myo-
cardial injury. Furthermore, the outcomes derived from flow

cytometry, RT-qPCR, and Western blotting assays provided
evidence that GRg1 effectively suppressed cardiomyocyte
apoptosis and alleviated myocardial inflammation in rats
with CHF. IF staining results provided additional insights,
suggesting that GRgl may regulate CHF by inhibiting
ERK1/2 protein phosphorylation. The cardioprotective effect
of GRg1 on CHF was further confirmed through electrocar-
diography and ELISA detection of NT-proBNP content in rat
serum. Remarkably, the HW/BW index and TUNEL assay
served as complementary evidence, supporting the inhibi-
tory role of GRgl in ventricular remodeling and its impact
on the progression of CHF in rats.

Conclusion

In summary, this study provided compelling evidence to
support the therapeutic potential of GRgl in the treatment
of CHF. First and foremost, GRg1 exhibited the ability to
promote cell proliferation by inhibiting the phosphorylation
of ERK1/2 proteins. Moreover, the study showcased the pro-
tective properties of GRg1 against cardiomyocyte apoptosis
and cardiac inflammation. These findings underscored the
promising prospects of GRgl as a promising treatment for
CHF.
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