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Ginsenoside Rgl ameliorates apoptosis, senescence and
oxidative stress in ox-LDL-induced vascular endothelial
cells via the AMPK/SIRT3/p53 signaling pathway
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Abstract. Coronary heart disease (CHD) mainly refers to
coronary atherosclerotic heart disease and its pathogen-
esis is complex. Ginsenoside Rgl (Rgl) has a wide range
of pharmacological activities, such as antitumor effects,
enhancing immunity and exerting protective effects on the
vascular system. In the present study, the effect of Rgl on
vascular endothelial cells in CHD was investigated. Oxidized
low-density lipoprotein (ox-LDL) was used to induce human
umbilical vein endothelial cells (HUVECs) and cells were
treated with 1, 5 or 10 uM Rgl. Cell Counting Kit-8 assay,
TUNEL staining, western blot analysis of apoptosis-related
proteins and senescence-related proteins, senescence-asso-
ciated -galactosidase staining, ELISA and other techniques
including related kits of oxidative stress markers were used to
detect the viability, apoptosis, oxidative stress, inflammatory
cytokines including IL-1p, IL-6 and TNF-a and senescence
of ox-LDL-induced HUVECSs induced by Rgl. Western
blot analysis was used to detect the expression levels of the
AMP-activated protein kinase (AMPK)/sirtuin 3 (SIRT3)/p53
signaling pathway-related proteins. In addition, the associated
mechanism was further determined using the AMPK pathway
inhibitor compound C (CC). Rgl increased the viability,
and inhibited the apoptosis, senescence, oxidative stress and
inflammation of ox-LDL-induced HUVECs. Pretreatment
with CC partially reversed the protective effect of Rgl on
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ox-LDL-induced HUVECs. In conclusion, Rgl ameliorated
apoptosis, senescence and oxidative stress of ox-LDL-induced
HUVEGC:s, at least in part, via the AMPK/SIRT3/p53 signaling
pathway.

Introduction

Coronary heart disease (CHD) mainly refers to coronary
atherosclerotic heart disease. The basic pathological process of
CHD is the lack of blood supply of the coronary artery caused
by atherosclerosis (AS), which leads to ischemia and hypoxia
of myocardial cells (1). There are numerous reasons for its
occurrence. Lipid infiltration, oxidative stress and inflamma-
tion may all lead to the occurrence of AS (2). However, the
specific mechanisms remain to be fully elucidated; thus, the
treatment and prevention of CHD remain challenging.

A large number of clinical studies have demonstrated
that vascular endothelial injury causes AS, which in turn
leads to CHD, and CHD aggravates vascular endothelial
injury (3-5). Vascular endothelial dysfunction and integrity
destruction are the initial stages of AS, which may lead to a
variety of cardiovascular diseases (6). Endothelial cells have
high metabolic activity and endocrine regulation function to
ensure normal blood flow in the vascular wall (7). In addition,
endothelial cells are constantly affected by blood flow, inflam-
matory factors and their own metabolic disorders, including
permeability and diffuse calcification that lead to structural
and functional impairment, resulting in morphological and
functional changes of endothelial cells (7). A previous study
has demonstrated that microRNA-26a-5p promotes the prolif-
eration and inhibits apoptosis of endothelial cells in mice with
CHD by activating the PI3K/AKT signaling pathway targeting
PTEN, thereby affecting the pathogenesis of CHD (8). In
addition, several studies have investigated the severity of the
disease by examining apoptosis, inflammation and senescence
of vascular endothelial cells in CHD (9,10).

Ginsenosides are the main active substances of the
Chinese herbal medicine ginseng, which have antitumor,
immunity-enhancing and protective effects on the vascular
system (11-13). Ginsenoside Rgl (Rgl) has been widely used in
cardiovascular and cerebrovascular diseases due to its unique
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therapeutic effects. For example, Rgl is able to enhance myocar-
dial contractility and maintain the integrity of the myocardial
cell membrane, which has a marked effect on the protection of
the cardiovascular system and the prevention and treatment of
cardiovascular diseases, including AS and hypertension (14-16).
Rgl has been reported to alleviate high glucose-induced endo-
thelial barrier dysfunction in human umbilical vein endothelial
cells (HUVECsS) by protecting the endothelial glycocalyx (17).
However, to the best of our knowledge, the effect of Rgl on
vascular endothelial cells in CHD has remained elusive.
Therefore, in the present study, oxidized low-density lipo-
protein (ox-LDL) was used to induce apoptosis, senescence and
oxidative stress in vascular endothelial cells, and the effects of Rgl
on the ox-LDL-induced apoptosis, senescence and oxidative stress
of vascular endothelial cells were explored and the associated
mechanism was investigated. Therefore, the present study lays a
foundation for the potential future treatment of CHD using Rgl.

Materials and methods

Reagents and cell culture. HUVECs (cat. no. BNCC337616),
obtained from BeNa Culture Collection, were cultured in
DMEM supplemented with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin/streptomycin in a humidi-
fied incubator with 5% CO, at 37°C. HUVECs were treated
with different concentrations of Rgl (1, 5 or 10 xuM; Shanghai
Yali Biotechnology Co., Ltd.) for 24 h at 37°C (18,19). The
AMP-activated protein kinase (AMPK) inhibitor compound
C (CC; 5 mM; MilliporeSigma) was used to pretreat HUVECs
for 2 h at 37°C. In addition, HUVECs were stimulated with
100 mg/l ox-LDL (Beijing Solarbio Science & Technology
Co., Ltd.) for 48 h at 37°C to construct an in vitro AS model.
To evaluate the effects of Rgl on ox-LDL-treated HUVECs,
the cells were pretreated with Rgl for 30 min prior to ox-LDL
treatment. Untreated cells were regarded as the control group.

Cell counting kit-8 (CCK-8) assay. Transfected HUVECs
were seeded into 96-well plates with complete medium at
a density of 2x10*. Following treatment with Rgl for 24 h,
cell viability was detected using a CCK-8 assay (Beyotime
Institute of Biotechnology). A total of 10 ul CCK-8 solution
was added to each well of HUVECs. After incubation for 2 h,
the absorbance value of each well was measured at 450 nm
using a microplate reader (Bio-Rad Laboratories, Inc.).

TUNEL staining. Cells (1x10*) were cultured on cover slips
in a 24-well plate used for fluorescent detection. Following
treatment with Rgl for 24 h, cells were fixed in 4% parafor-
maldehyde for 30 min at room temperature and then incubated
with TUNEL BrightGreen Apoptosis Detection kit (cat.
no. A112-02; Vazyme Biotech Co., Ltd.) for 1 h. Cells were
incubated with DAPI for 15 min at 37°C in the dark, followed
by fluorescence microscopy (magnification, x200). Images
from 5 random fields were analyzed using ImageJ software
(version 1.46; National Institutes of Health).

Western blot analysis. HUVECs were lysed in RIPA buffer
(MilliporeSigma) and protein concentrations were measured
using a BCA Protein Assay Kit (Beyotime Institute of
Biotechnology). A total of 30 ug protein per lane was separated

by SDS-PAGE using a 10% polyacrylamide gel and electrob-
lotted onto a PVDF membrane. After blocking with 5% skimmed
milk powder for 1.5 h at room temperature, the membrane was
incubated at 4°C with primary antibodies overnight. After three
washes with TBS with 0.1% Tween-20, the membrane was
incubated with a secondary goat antibody (dilution, 1:5,000;
cat. no. ab6721; Abcam) for 1 h at room temperature. Signals
were detected with Pierce™ Enhanced Chemiluminescence
Western Blotting Substrate (Thermo Fisher Scientific, Inc.).
The images were analyzed using ImageJ 1.8.0 software. The
following antibodies were used (dilution, 1:5,000; all from
Abcam): Anti-Bcl-2 (cat. no. ab32124, Abcam), anti-Bax
(cat. no. ab32503), anti-cleaved caspase-3 (cat. no. ab32042),
anti-caspase-3 (cat. no. ab32351), anti-p16 (cat. no. ab51243),
anti-p21 (cat. no. abl109520), anti-AMPKa (cat. no. ab32047),
anti-phosphorylated (p)-AMPKa (cat. no. ab133448), anti-sirtuin
(SIRT)3 (cat. no. ab217319), anti-acetyl-p53 (cat. no. ab183544),
anti-p53 (cat. no. ab179477) and anti-GAPDH (cat. no. ab9485).
GAPDH was used as a loading control.

Senescence-associated f3-galactosidase (SA-f-gal) staining.
Cells were cultured in 24-well plates (1x10* cells/well). After
treatment as aforementioned, the cells were washed with
PBS and fixed in 3% formaldehyde at room temperature for
5 min. SA-f-gal staining was performed using a senescence
[(-galactosidase staining kit (cat. no. 9860; Cell Signaling
Technology, Inc.) according to the manufacturer's instructions.
A total of three fields of view were randomly selected and the
number of senescent cells with blue staining was determined
using a light microscope (magnification, x200).

Measurement of reactive oxygen species (ROS),
malondialdehyde (MDA) and superoxide dismutase (SOD)
levels. The levels of ROS (cat. no. ab139476; Abcam), MDA
(cat. no. A003-1-2; Nanjing Jiancheng Bioengineering
Institute) and SOD (cat. no. A001-3-2; Nanjing Jiancheng
Bioengineering Institute) were detected using commercial kits
according to the manufacturers' protocols.

ELISA. In brief, 100 ul cell culture supernatant was added
into duplicate wells and incubated at 37°C for 90 min. IL-1§
(cat. no. H002), IL-6 (cat. no. HO07-1-1) and TNF-a (cat.
no. HO52-1) levels were determined using ELISA (Nanjing
Jiancheng Bioengineering Institute) according to the manufac-
turer's protocol. Photometric measurements were performed at
450 nm using a microplate reader (Varioskan Flash; Thermo
Fisher Scientific, Inc.).

Statistical analysis. Values are expressed as the mean + stan-
dard deviation. All experiments were repeated three times.
All data were analyzed using SPSS version 16 (SPSS, Inc.).
Significant differences among more groups were evaluated
using one-way ANOVA followed by the Tukey-Kramer honest
significant difference post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Rgl increases the viability of ox-LDL-induced HUVECs.
Fig. 1A presents the chemical structural formula of Rgl.
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Figure 1. Rgl increases the viability of ox-LDL-induced HUVECs. (A) Chemical structure of Rgl. (B) CCK-8 assay was used to detect the viability of
HUVECsS treated with Rgl. (C) CCK-8 assay was used to examine the viability of ox-LDL-induced HUVECs treated with Rgl. "P<0.05, “P<0.01, "“P<0.001.
CCK-8, Cell Counting Kit-8; ox-LDL, oxidized low-density lipoprotein; HUVEC, human umbilical vein endothelial cell; Rgl, ginsenoside Rgl.
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Figure 2. Rgl inhibits the apoptosis of ox-LDL-induced HUVECs. (A) TUNEL assay was used to detect the apoptosis of ox-LDL-induced HUVECS treated by

Rgl (magnification, x200). (B) Quantified proportion of apoptotic cells. (C) Western blot analysis was performed to detect the expression of apoptosis-related
proteins. “P<0.01, ““P<0.001. ox-LDL, oxidized low-density lipoprotein; HUVEC, human umbilical vein endothelial cell; Rgl, ginsenoside Rgl.
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CCK-8 assay revealed no significant change in cell viability
after Rgl administration (Fig. 1B). Subsequently, the effect of
Rgl on the viability of ox-LDL-induced cells was detected.
The results demonstrated that the viability of ox-LDL-induced
cells was markedly decreased compared with that of the
control group. Compared with the ox-LDL group, the
cell viability was enhanced with the increase of the Rgl
concentration (Fig. 1C).
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Rgl inhibits the apoptosis of ox-LDL-induced HUVECs.
TUNEL assay results demonstrated that apoptosis was markedly
increased following treatment with ox-LDL compared with the
control group. Compared with that in the ox-LDL group, apop-
tosis decreased in cells treated with Rgl in a dose-dependent
manner (Fig. 2A and B). Subsequently, western blot analysis was
used to detect the expression levels of apoptosis-related proteins.
The results revealed that, compared with those in the control
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Figure 3. Rgl inhibits the senescence of ox-LDL-induced HUVECsS. (A) SA-f-gal staining was used to detect the senescence of ox-LDL-induced HUVECs
(magnification, x200). (B) Quantified number of senescent cells. (C) Western blot analysis was used to detect the expression of senescence-related proteins.
“P<0.01, ""P<0.001. ox-LDL, oxidized low-density lipoprotein; HUVEC, human umbilical vein endothelial cell; Rgl, ginsenoside Rgl; SA-B-gal, senes-

cence-associated 3-galactosidase.

group, the expression levels of Bcl-2 were decreased and the
expression levels of Bax and cleaved caspase-3 were increased
after ox-LDL induction. Compared with the ox-LDL group, Rgl
was able to markedly inhibit the expression of Bax and cleaved
caspase-3, while it increased the expression levels of Bcl-2 and
caspase-3 expression remained unchanged (Fig. 2C).

Rgl inhibits the senescence of ox-LDL-induced HUVECs.
SA-B-gal staining was used to detect cell senescence. The
results revealed that ox-LDL markedly promoted cell senes-
cence compared with the control group. Rgl markedly reduced
the senescence of ox-LDL-induced cells (Fig. 3A and B).
Subsequently, western blot analysis was used to detect the
expression levels of the senescence-related proteins pl6 and
p21. The results demonstrated that, compared with those in
the control group, the expression levels of pl6 and p21 were
markedly increased following challenge with ox-LDL. Of
note, compared with the ox-LDL group, the expression levels
of pl6 and p21 were decreased in a dose-dependent manner
after Rgl administration (Fig. 3C).

Rgl inhibits oxidative stress and inflammation in
ox-LDL-induced HUVECs. The levels of oxidative stress-related
indicators, including ROS, MDA and SOD, were subsequently
detected. The results revealed that compared with the control
group, the levels of ROS and MDA in ox-LDL-induced cells
were markedly increased, while the levels of SOD were

markedly decreased. The effects of ox-LDL induction on ROS,
MDA and SOD levels were reversed after Rgl administration
(Fig. 4A). ELISA kits were used to detect the expression levels
of inflammatory cytokines, including IL-6, IL-1p and TNF-a. It
was revealed that IL-6, IL-1p and TNF-a levels were markedly
increased in the ox-LDL group compared with the control group.
Compared with those in the ox-LDL group, the expression levels
of IL-6, IL-1p and TNF-a in the ox-LDL + Rgl group were
markedly decreased (Fig. 4B).

Rgl regulates the AMPK/SIRT3/p53 signaling pathway. After
ox-LDL induction, the levels of p-AMPK and SIRT3 were
markedly decreased, the expression of acetyl-p53 was mark-
edly increased and no apparent changes were observed in total
AMPK and total p53 expression, compared with the control
group. After Rgl administration, compared with those in the
ox-LDL group, the levels of p-AMPK and SIRT3 increased,
while acetyl-p53 levels decreased in a dose-dependent manner
(Fig.5A and B). It was thus indicated that the AMPK/SIRT3/p53
signaling pathway was abnormally regulated after ox-LDL
induction. The results suggested that 10 xM Rgl exhibited the
most marked effect on this pathway, and therefore this concen-
tration was selected for subsequent experiments.

Pretreatment with CC partially reverses the protective effect
of Rgl on ox-LDL-induced HUVECs. The mechanism of Rgl
acting on ox-LDL-induced HUVECs was further explored
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Figure 4. Rgl inhibits oxidative stress and inflammation in ox-LDL-induced human umbilical vein endothelial cells. (A) Kits were used to detect the expres-
sion of oxidative stress indicators. (B) ELISA was used to detect the release of inflammatory cytokines. “"P<0.01, ““P<0.001. ox-LDL, oxidized low-density
lipoprotein; Rgl, ginsenoside Rgl; ROS, reactive oxygen species; MDA, malondialdehyde; SOD, superoxide dismutase.
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by pretreating the cells with the AMPK inhibitor CC. The
results of the CCK-8 assay demonstrated that cell viability
in the ox-LDL +Rgl + CC group was markedly decreased
compared with that in the ox-LDL + Rgl group (Fig. 6A).
TUNEL staining revealed that apoptosis was markedly

increased in the ox-LDL + Rgl + CC group compared with the
ox-LDL + Rgl group (Fig. 6B and C). Western blot analysis
demonstrated that compared with those in the ox-LDL + Rgl
group, Bax and cleaved caspase-3 levels were increased, and
Bcl-2 expression was decreased in the ox-LDL + Rgl + CC
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group (Fig. 6D and E). These results indicated that CC was  assessed, and it was revealed that SA-B-gal-positive cells were
able to reverse the promoting effect of Rgl on the viability of = markedly increased in the ox-LDL + Rg1 + CC group compared
ox-LDL-induced HUVECs. Subsequently, cell senescence was ~ with the ox-LDL + Rgl group (Fig. 7A and B). Furthermore,
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were detected, and the results demonstrated that compared

with those in the ox-LDL + Rgl group, the levels of ROS and
MDA in the ox-LDL + Rgl + CC group were increased, while

"P<0.01, “"P<0.001. ox-LDL, oxidized low-density lipoprotein; HUVEC, human umbilical vein endothelial cell;

x200). (B) Quantified number of senescent cells. (C) Western blot analysis was used to detect the expression
release of inflammatory cytokines. "P<0.05, ™

Figure 7. Pretreatment with CC partially reverses the protective effect of Rgl on ox-LDL-induced HUVECsS. (A) SA-p-gal staining was used to detect

the senescence of HUVECs (magnification,
of senescence-related proteins. (D) Related kits were used to detect the expression of oxidative stress indicators. (E) ELISA was performed to detect the

Rgl, ginsenoside Rgl; CC, compound C; SA-f3-gal, senescence-associated 3-galactosidase.
the expression levels of pl6 and p21 in cells were markedly
increased after CC treatment compared with the ox-LDL +
Rgl group (Fig. 7C). Next, oxidative stress and inflammation
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the levels of SOD were decreased (Fig. 7D). Furthermore, the
expression levels of the inflammatory cytokines IL-6, IL-1p
and TNF-a were also increased after CC treatment compared
with those in the ox-LDL + Rgl group (Fig. 7E). These results
suggested that pretreatment with CC partially reversed the
protective effect of Rgl on ox-LDL-induced HUVECs.

Discussion

Injury to the coronary artery endothelium is a key initiating
factor in the formation of coronary AS (20). Oxidative modi-
fication of LDL may promote the formation of atherosclerotic
plaque, which is the most important factor causing AS (21). It
is also the main factor leading to injury of endothelial cells and
smooth muscle cells (22). In in vitro studies, ox-LDL was used
to induce injury to HUVECsS to simulate an AS model (23-25).
In the present study, ox-LDL was used to treat HUVECs and
induce injury, simulating the damage of ox-LDL to blood
vessels in the process of coronary AS. The present results
demonstrated that after ox-LDL induction, the viability of
HUVECs decreased, apoptosis and senescence occurred, and
oxidative stress and inflammation in cells increased, indicating
successful model establishment in vitro.

Rgl has a wide range of pharmacological effects
including neurotrophic, neuroprotective and effects (26,27).
In the present study, it was indicated that Rgl was able to
enhance ox-LDL-induced cell viability and inhibit apoptosis.
A previous study has reported that Rgl inhibits myocardial
apoptosis and inflammation through the Toll-like receptor
4/NF-xkB/NLR family pyrin domain containing 3 signaling
pathway (28). In addition, the present study revealed that
Rgl inhibited the senescence of ox-LDL-induced HUVECs.
Rgl has been indicated to inhibit senescence and promotes
differentiation of human bone marrow mesenchymal stem
cells through GSK-3f and (3-catenin (29). The present study
demonstrated that Rgl inhibited ox-LDL-induced oxidative
stress and the inflammatory response in HUVECs. This is
consistent with the study of Qin ez al (30), which demon-
strated that Rgl improved cardiac oxidative stress and
inflammation in streptozotocin-induced diabetic rats. At
present, only one study has investigated the utility Rgl in
AS. For example, Rgl-notoginsenoside R1-protocatechuic
aldehyde was observed to reduce AS and attenuate low-shear
stress-induced vascular endothelial cell dysfunction in
apolipoprotein E-knockout mice (31). The novelty of the
present study lied to the demonstration that Rgl ameliorates
ox-LDL-induced apoptosis, senescence and oxidative stress
in HUVECs.

The present study revealed that the AMPK/SIRT3/p53
signaling pathway wasinhibitedinox-LDL-induced HUVECs,
while Rgl was able to activate the AMPK/SIRT3/p53
signaling pathway after ox-LDL induction. A previous study
has demonstrated that Rgl exerts anti-senescence effects
by inhibiting mitochondrial pathway-mediated apoptosis
of hematopoietic stem/progenitor cells and activating the
SIRT3/SOD2 signaling pathway (32). SIRT3 protects endo-
thelial cells from high glucose-induced senescence and
dysfunction through the p53 signaling pathway (33). In addi-
tion, activation of the AMPK/SIRT3 signaling pathway may
reduce the levels of vascular endothelial mitochondrial ROS,

HUVECs

SIRT3 ¢——AMPK

Cell viability T .
Apoptosis l

Senescence
Oxidative stress l

Inflammation l

Figure 8. Schematic presenting the specific mechanisms of the protec-
tive effect of Rgl on ox-LDL-induced HUVECs. Green arrows pointing
upwards indicate increased activity and orange arrows pointing downwards
indicate decreased activity. ox-LDL, oxidized low-density lipoprotein; Rgl,
ginsenoside Rgl; AMPK, AMP-activated protein kinase; SIRT, sirtuin;
HUVEC, human umbilical vein endothelial cell.

and thus increase the mitochondrial antioxidant capacity
of vascular endothelial cells (34). Therefore, it was hypoth-
esized that Rgl exerts its role through the AMPK/SIRT3/p53
signaling pathway. In the present study, CC was added to
further explore the associated mechanism. It was revealed
that CC inhibited cell viability, increased apoptosis, accel-
erated cell senescence and increased oxidative stress and
inflammatory response in cells treated with ox-LDL +
Rgl. It was able to reverse the protective effect of Rgl on
ox-LDL-induced HUVECs. Therefore, it was preliminarily
concluded that Rgl ameliorated ox-LDL-induced apoptosis,
senescence and oxidative stress of HUVECs at least partially
through the AMPK/SIRT3/p53 signaling pathway. The
specific mechanisms are illustrated in Fig. 8.

Of note, the present study presents certain limitations.
The effect of Rgl on coronary AS and its mechanism were
only investigated at the cellular level, but not further verified
in animals, which will be performed in future studies. An
adequate dose of Rgl for AS would also be required to be
determined in animal models in future studies. In addition, the
mechanism was only investigated using the AMPK pathway
inhibitor CC and the mechanism was not further verified
with pathway agonists, which is also one of the limitations of
the present study. The conclusions of the present study will
be further verified with the use of pathway agonists in future
experiments. In addition, in the present study, the effect of Rgl
was only assessed on vascular endothelial cells. The effects
on other cell types, such as the ventricular cardiomyocyte cell
line H9¢2, remain to be examined.

In conclusion, the present study revealed that Rgl
ameliorates apoptosis, senescence and oxidative stress
in ox-LDL-induced HUVECs via the AMPK/SIRT3/p53
signaling pathway. The present study provided an important
theoretical basis for the potential use of Rgl in the clinical
treatment of CHD.
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