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Total astragalosides decrease apoptosis and pyroptosis by
inhibiting enterovirus 71 replication in gastric epithelial cells
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Abstract. Enterovirus 71 (EV71) is one of the primary
pathogens involved in severe hand, foot and mouth disease in
children. EV71 infection causes various types of programmed
cell death. However, there are currently no clinically
approved specific antiviral drugs for control of EV71 infec-
tion. Astragalus membranaceus (AM), a Traditional Chinese
medicine, has been used in antiviral therapy in China. The aim
of the present study was to determine whether total astraga-
losides (ASTs), bioactive components of AM, protect against
EV. DAPI nuclear staining was used to observe morphological
changes of the nucleus and the protective effect of ASTs,
which revealed that the nucleus shrank following EV71 infec-
tion, while ASTs reversed it. Cell Counting Kit-8 assay found
that human normal gastric epithelial cell (GES-1 cell) viability
decreased following EV71 infection, while lactate dehydro-
genase (LDH) assay showed that EV71 infection induced
GES-1 cell damage. Western blotting was used to measure the
expression levels of apoptosis and pyroptosis marker protein
to determine whether EV71 infection induced apoptosis and
pyroptosis in GES-1 cells. Reverse transcription-quantitative
PCR was used to determine the anti-EV71 effect of ASTs.
The results showed that ASTs protected GES-1 cells from
EV71-induced cell apoptosis and pyroptosis. Furthermore, the
present data demonstrated that the protective effect of ASTs
was exerted by suppressing EV71 replication and release.
These findings suggested that ASTs may represent a potential
antiviral agent for the treatment of EV71 infection.
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Introduction

Hand, foot and mouth disease (HFMD) broke out in Fuyang,
Anhui in 2008, resulting in many children's deaths and since
then, the prevalence of HFMD has been rising rapidly in
China (1). HFMD primarily infects children under the age of
6 years and is caused by Coxsackie virus A16 (Cox A16) and
enterovirus 71 (EV71) (2). The rapid progression of HFMD
may lead to serious nervous system complications involving
cerebritis, meningitis and high mortality (3,4). These severe
cases are primarily caused by EV71 infection. However, the
pathogenic mechanism of EV71 infection is not yet completely
understood and there is no specific drug against EV71
infection.

Viral infection induces several types of programmed
cell death (PCD), such as apoptosis (5) and pyroptosis (6).
Certain types of PCD are part of the stress response used by
the body to eliminate the virus; however, other types promote
viral infection and spread in the body. For example, hepatitis
B virus induces apoptosis of liver cancer cells (7) and EV71
infection induces pyroptosis (8). In the present study, it was
hypothesized that the pathogenesis of EV71 infection may be
associated with apoptosis and pyroptosis of infected cells.

Apoptosis is an autonomous form of PCD that is controlled
by genes, such as Bcl-2, p53, c-myc and caspases (9,10). The
morphological manifestations of apoptosis include decreased
cell volume, rupture of the nuclear membrane and nucleolus,
intact cell membrane structure and separation of apoptotic
bodies from apoptotic cells (11). Apoptosis does not lead to
inflammation in the surrounding cells (12). However, inhibiting
EV71-mediated apoptosis can protect cells (13).

Pyroptosis is a newly identified type of PCD that was
discovered by Brennan and Cookson in salmonella-infected
macrophages (14). Pyroptosis is identified by the presence
of swollen cells, which rupture and cause the release of
IL-1B and IL-18 (15), thereby inducing an inflammatory
response in the body (16). The inflammatory response
triggered by EV71 is the primary cause of high levels of
inflammation observed in severe HFMD (17,18). Considering
the association between pyroptosis and inflammation, it was
hypothesized that suppressing EV71-mediated pyroptosis may
lead to identification of novel anti-inflammatory agents for the
treatment of HFMD.
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Current anti-inflammatory therapies include steroidal
and non-steroidal treatments, both of which have side
effects (19,20). The aim of the present study was to identify
anti-inflammatory ingredients in natural plants, such as those
used in Traditional Chinese medicine. Throughout years of
clinical practice, the effect of Astragalus membranaceus
(AM) on inflammation has gradually been recognized (21).
Total astragalosides (ASTs), the primary active ingredients
of AM, are used in the treatment of nephrotic syndrome (22)
and can inhibit the proliferation of gastric cancer cells (23),
prevent oxidative damage (24) and protect against inflamma-
tion (25). Therefore, the present study examined whether ASTs
attenuate EV71-induced cell injury by investigating the effect
of ASTs on cell viability, viral replication and release and cell
apoptosis and pyroptosis. The present study aimed to enhance
understanding of the pathogenic mechanism of EV71 and
develop novel strategies for EV71 infection.

Materials and methods

Cell lines and culture. Human normal gastric epithelial cell
(GES-1 cells) and human rhabdomyosarcoma cells (RD) were
obtained from Fenyang College of Shanxi Medical University
(Fenyang, China) and cultured in DMEM (Boster Biological
Technology) supplemented with 10% FBS (Biological
Industries Technology), 1% penicillin and 1% streptomycin
(Boster Biological Technology). The cells were maintained
in an incubator (Thermo Fisher Scientific, Inc.) at 37°C with
5% CO,.

Tissue culture infectious dose 50 (TCID50) assay. EVT71
was generously supplied by Professor Zhendong Zhao from
the Chinese Academy of Medical Sciences & Peking Union
Medical College, Institute of Pathogen Biology (Beijing,
China). The EV71 titer was measured using TCID50 assay.
Steps are as follows: RD cells were seeded into 96-well plates
(1x10*well) and incubated overnight at 37°C in an incubator.
EV71 was serially diluted 1x10'-1x10" times in centrifuge
tubes and then added to the 96-well plates (8 repeated/dilu-
tion). The 96-well plates were observed under the light inverted
microscope (magnification, x40) once every day for 5 days
and ~50% of the cytopathic effect in the wells was recorded.
TCID5O0 results were calculated according to the Reed-Miinch
method (26) using the following formula: Plaque-forming
units=0.7 x TCID50.

Viral infection. GES-1 cells were seeded into 6-well plates
(1x10%/well) and infected with EV71 at a specified multiplicity
of infection (MOI; 0, 1, 3 and 5) at 37°C for 24 h, and infected
cells and supernatant were collected at 2,000 x g for 3 min
at room temperature. Proteins were extracted from cells
and analyzed using western blotting. The aforementioned
supernatant was collected to measure the virus titer.

Antibodies and reagents. BCA protein detection kit
(cat. no. AR0146) and ECL western blot detection kit
(cat. no. AR1171) were obtained from Boster Biological
Technology. Total astragalosides (cat. no. SA8600) were
purchased from Beijing Solarbio Science & Technology Co,
Ltd. Horseradish peroxidase-conjugated goat anti-rabbit

IgG (H+L) antibody (cat. no. CW0103) was purchased from
CoWin Biosciences. Anti-caspase-3 (cat. no. WL02117),
anti-NLR family, pyrin domain containing 3 (NLRP3; cat.
no. WL02635), anti-cleaved (c)-caspase-3 (cat. no. WL01992)
and anti-pro-IL-1f (cat. no. WL02257) antibodies were
purchased from Wanleibio Co., Ltd. Anti-gasdermin D
protein (GSDMD; cat. no. A17308) and anti-pro-caspase-1
(cat. no. A0964) antibodies were obtained from ABclonal
Biotech Co., Ltd. Anti-PARP (cat. no. AP102), anti-c-PARP
(cat. no. AF1567) antibodies, Lactate dehydrogenase (LDH)
detection kit (cat. no. C0017), DAPI (cat. no. C1002) and
BeyoRT II First Strand cDNA Synthesis kit (cat. no. D7168)
were obtained from Beyotime Institute of Biotechnology.
Anti-c-caspase-1 (cat. no. BS65650) antibody was obtained
from Bioworld Technology, Inc. Anti-VP1 (cat.no. GTX132313)
antibody was purchased from GeneTex, Inc. Cell Counting
Kit-8 (CCK-8; cat. no. 40203ES60) assay and Hieff Universal
Blue qPCR SYBR Green Master mix (cat. no. 11141ES) were
purchased from Yeasen Biotech Co., Ltd.

Cell treatment and morphological observation. GES-1 cells
were plated into 6-well plates (1x10%well) and divided into
four treatment groups: Control (treated with DMEM), EV71
(MOI=5), AST (10 pg/ml) and EV71 + ASTs (ASTs were
added 2 h before EV71 infection). The cells were cultured for
24 h in an incubator at 37°C with 5% CO,. The morphology
of cells was observed and photographed using a light inverted
microscope (magnification, x100; Nikon Corporation).

CCK-8 assay. Cells in the logarithmic growth phase were
selected for the experiment. GES-1 cells were treated as
aforementioned, then co-cultured with CCK-8 reagent
for 2 h. Absorbance was determined using a microplate
reader (BioTek Instruments, Inc.) at 450 nm to calculate cell
viability as follows: Cell viability (%)=(Absorbance,,,men--
Absorbance,,,)/(Absorbance,,, ~Absorbance,,,) X100. The
blank well only contained medium and CCK-8 reagent and the
experiment was repeated three times.

Measurement of LDH release. LDH release was used to
assess cell damage. GES-1 cells supernatant was collected
using centrifugation (Eppendorf tubes; Eppendorf) at
400 x g for 5 min at room temperature. LDH was measured
using an LDH detection kit, according to the manufacturer's
instructions. LDH activity (%) was calculated as follows:
(LDH;eumen-LDH ¢onirol) (LDH i -LDH 1) x100.

DAPI nuclear staining. After GES-1 cells were treated for
24 h as aforementioned, the culture medium was discarded.
Cells were rinsed three times with PBS for 3 min each and
then fixed with 4% paraformaldehyde for 20 min at 4°C.
After discarding paraformaldehyde, the cells were rinsed
with PBS five times and then stained with DAPI (1:10,000) at
room temperature for 5 min. The cells were observed using a
fluorescence microscope (magnification, x200).

Western blotting. Cells from the control and experimental
groups were placed in 1.5-ml centrifuge tubes, then lysed with
60 ul RIPA lysis buffer (Beyotime Institute of Biotechnology)
and the total protein concentration was determined using a
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BCA kit. Subsequently, ~30 pg total extracted protein (per
well) from each group was separated using 12% SDS-PAGE
and then transferred to a nitrocellulose (NC) membrane. The
NC membrane was blocked with 5% skimmed milk for 2 h at
room temperature and incubated with poly (ADP-ribose) poly-
merase (PARP; 1:1,000),c-PARP (1:1,000), caspase-3 (1:1,000),
c-caspase-3 (1:1,000), NLRP3 (1:1,000), GSDMD (1:1,000),
pro-caspase-1 (1:1,000), c-caspase-1 (1:1,000), pro-IL-1p
(1:1,000) and virus structural protein VP1 (1:2,000) antibodies
overnight at 4°C. Following primary antibody incubation, the
membrane was incubated with goat anti-rabbit IgG secondary
antibody (1:5,000). The target proteins were observed using an
ECL chromogenic kit by ChemiDoc™ MP Imaging System
(Bio-Rad Laboratories, Inc.). ImageJ software (version 6.0;
National Institutes of Health) was used for densitometry.

Reverse transcription-quantitative (RT-q) PCR. Total RNA
was extracted from cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) and reverse-transcribed into
cDNA using a BeyoRT II First Strand cDNA Synthesis kit
(Beyotime Institute of Biotechnology) at 42°C for 60 min, then
left to stand at 80°C for 10 min to terminate the reaction. qPCR
was performed using Hieff Universal Blue gPCR SYBR Green
Master mix. The amplification reaction mixture consisted of
10 #1 2X SYBR Green mix, a specific primer set (0.4 ul each),
cDNA (1 pg) and diethylpyrocarbonate (DEPC)-treated water
to make the total volume of 20 ul. The following thermocycling
conditions were used: Initial denaturation at 95°C for 2 min;
followed by 40 cycles of denaturation at 95°C for 10 sec and
extension at 55°C for 30 sec. GAPDH was used as an internal
control and mRNA expression levels were analyzed using the
2-44%4 method (27). The following primer pairs were used:
EV71 forward, 5-CGCACAGGGTCACTCAGAAC-3' and
reverse, 5'-GCCCATTGCCACCAGTAGAC-3' and GAPDH
forward, 5'-ACAACTTTGGCATTGTGGAA-3' and reverse,
5'-GATGCAGGGATGATGTTCTG-3.

Statistical analysis. All experiments were independently
repeated three times and data are presented as the mean + SD.
One-way ANOVA followed by Tukey's post hoc was used
to compare multiple groups, and Welch's test followed by
Games-Howell post hoc test was applied to data with unequal
variances; unpaired Student's t-test was used to compare
statistical differences between two groups using SPSS 20.0
(SPSS, Inc.). P<0.05 was considered to indicate a statistically
significant difference.

Results

EV7I infection causes direct damage to cells. To assess
whether EV71 infection damages GES-1 cells, GES-1 cells
were infected with EV71 at various MOIs (0, 1, 3 and 5) for
24 h. Cell morphology was then observed under an inverted
microscope. The results showed that the cells became round,
the cytoplasm shrank and the overall number of cells decreased
(Fig. 1A). Cell viability was detected using a CCK-8 assay;
EV71 infection caused GES-1 cell death in a dose-dependent
manner (P<0.01; Fig. 1B). LDH release was used to detect the
damage to GES-1 cells; the results revealed that GES-1 cells
were markedly damaged with the increase of MOIs, with MOI

of 5 causing a significant increase in LDH release (P<0.01;
Fig. 1C). It was concluded that EV71 infection caused direct
damage to GES-1 cells.

EV71 induces apoptosis and pyroptosis. Considering the
association between EV71 and induction of PCD (8,28),
EV71-induced cell apoptosis and pyroptosis were investigated.
GES-1 cells were infected with EV71 at different MOIs for
24 h. The expression of apoptosis-associated proteins PARP,
c-PARP, Caspase-3 and c-caspase-3 were analyzed using
western blotting. Levels of PARP and caspase-3 protein
decreased following EV71 infection (P<0.01; Fig. 2A). The
pyroptosis-associated proteins pro-GSDMD and pro-IL-1
were also detected using western blotting. The results showed
that pro-GSDMD and pro-IL-1f in GES-1 cells were decreased
following EV71 infection (P<0.01; Fig. 2B). It was concluded
that EV71 induces apoptosis and pyroptosis in GES-1 cells.

ASTs alleviate EV71 infection-induced cell damage. To assess
the protective effect of ASTs on EV71 infection-induced cell
damage, GES-1 cells were treated with ASTs (10 ug/ml)
2 h before infection with EV71 (MOI=5, as >50% of GES-1
cells were damaged) for 24 h. GES-1 cell morphology was
observed under a microscope. The number of ASTs-treated
cells was higher than that of cells infected with EV71
(Fig. 3A). The viability of AST-treated cells infected with
EV71 was detected using CCK-8 assay; the results showed
that ASTs improved the viability of EV71-infected GES-1
cells (P<0.01; Fig. 3B). EV71 infection-induced damage in
AST-treated cells was measured using a LDH assay. The
results showed that ASTs alleviated EV71 infection-induced
cell damage (P<0.01; Fig. 3C).

ASTs inhibit GES-1 cell apoptosis. To assess whether ASTs
inhibit GES-1 cell apoptosis, DAPI was used to stain the
nucleus of GES-1 cells. The number of cells was found to be
decreased and the nucleus shrank following EV71 infection.
However, these pathological changes in the nucleus were
reversed following treatment with ASTs (Fig. 4A). In addi-
tion, changes in the expression levels of apoptotic proteins
were measured using western blotting. The results revealed
lower c-PARP and c-caspase-3 levels in EV71-infected and
AST-treated GES-1 cells compared with the control group
(P<0.01; Fig. 4B and C).

ASTs inhibit pyroptosis in GES-1 cells. To determine whether
ASTs inhibit GES-1 cell pyroptosis, western blotting was used
to detect marker proteins of pyroptosis. Compared with the
control group, the expression levels of pyroptosis-associated
proteins NLRP3 and c-caspase-1 were lower, and those of
pro-GSDMD, pro-caspase-1 and pro-IL-1p was significantly
higher in EV71-infected and AST-treated GES-1 cells (P<0.05
or P<0.01; Fig. 5A and B).

ASTs inhibit EV71 replication. ASTs inhibited apoptosis and
pyroptosis to alleviate EV71-induced cell damage. Therefore,
it was investigated whether the effect of ASTs on cell pyrop-
tosis and apoptosis was mediated by regulation of EV71. The
expression of the EV71 structural protein, VP1, was detected
using western blotting and VP1 mRNA expression levels were
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Figure 1. EV71 infection causes direct damage to cells. (A) GES-1 cells were infected with EV71 at MOIs of 0, 1, 3 and 5. Cell morphology was observed under
an inverted microscope (magnification, x100). (B) GES-1 cell activity was evaluated using a Cell Counting Kit-8 assay. (C) GES-1 cell damage was evaluated
by LDH release. Data are presented as the mean = SD (n=3). “P<0.01 vs. 0. EV71, enterovirus 71; LDH, lactate dehydrogenase; MOI, multiplicity of infection.
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Figure 2. EV71 induces apoptosis and pyroptosis. GES-1 cells were harvested and total protein was extracted to determine the expression of (A) apop-
tosis-associated proteins PARP, c-PARP, Caspase-3 and c-caspase-3 and (B) pyroptosis-associated proteins GSDMD and pro-IL-1f using western blotting. The
expression of B-actin served as an internal control. Data are presented as the mean + SD (n=3). “P<0.01 vs. 0. EV71, enterovirus 71; PARP, poly (ADP-Ribose)
polymerase; GSDMD, gasdermin D protein; MOI, multiplicity of infection; c-, cleaved.
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Figure 3. ASTs alleviate EV71 infection-induced cell damage. (A) To determine the protective effect of ASTs, GES-1 cells were treated with ASTs prior to
EV71 infection for 2 h. Cell morphology was observed using a light microscope (magnification, x100). (B) Cell Counting Kit-8 assay was performed to detect
the viability of treated cells. (C) LDH release was measured to assess cell damage. Data are presented as the mean £ SD (n=3). “P<0.05 and “P<0.01 vs. control,
"P<0.01 vs. EV71. ASTs, total astragalosides; EV71, enterovirus 71; LDH, lactate dehydrogenase.
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Figure 4. ASTs inhibit GES-1 cell apoptosis. (A) Cells were placed on the culture plates and treated with 10 pg/ml ASTs. After 2 h, cells were infected with
EV71 at an MOI of 5 in AST medium. DAPI was used to stain the nucleus (magnification, x200). (B and C) Western blotting was used to measure expression
levels of apoptosis-associated proteins PARP, c-PARP, caspase-3 and c-caspase-3. Data are presented as the mean + SD (n=3). “P<0.01 vs. control. P<0.01 vs.
EV71. EV71, enterovirus 71; ASTs, total astragalosides; PARP, poly (ADP-ribose) polymerase; MOI, multiplicity of infection; c-, cleaved.
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Figure 5. ASTs inhibit pyroptosis in GES-1 cells. (A) To determine the effect of ASTs on pyroptosis, GES-1 cells were seeded in culture plates and infected
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measured using RT-qPCR. Results showed that the protein
and mRNA expression of VP1 was decreased following AST
treatment (P<0.01 or P<0.05, respectively; Fig. 6A and B). A
TCIDS50 assay was used to detect EV71 release in the cell
culture supernatant. The results showed that ASTs inhibited
EV71 release in GES-1 cells (P<0.01; Fig. 6C). These results
showed that ASTs inhibited EV71 replication and release.

Discussion

HFMD is a pediatric disease caused by EV71 infection that is
prevalent worldwide (29). The incidence of HFMD in China
has been rising since 2008, but there are no specific antiviral
drugs for the control of EV71 infection (30). Therefore,
identifying effective antiviral agents against EV71 viral
infection is urgent.

Previous studies have shown that the active compo-
nents of certain plants exert antiviral effects. For example,
Kalanchoe gracilis leaf extract inhibits both Cox A16 and EV71
infection in vivo and in vitro by inhibiting viral non-structural
protein 2A protease activity (31). Apigenin directly binds
to heterogeneous nuclear ribonucleoprotein A2 protein to
prevent EV71 infection (32). Oblongifolin M extracted from
Garcinia oblongifolia suppresses EV71 replication by down-
regulating endoplasmic reticulum resident protein 57 (33).
Baicalin inhibits replication of EV71 by inhibiting expres-
sion of EV1 3D polymerase (34). As an active component
of AM, ASTs exert obvious protective effects in cell injury.
Li et al (24) found that ASTs protect the kidney from shock
wave-induced oxidation injury. In a previous study, the EV71
receptors scavenger receptor class B member 2 and P-selectin
glycoprotein ligand-1 were found to be distributed in the
human gastrointestinal tract, and the stomach was the primary
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Figure 6. ASTs inhibit EV71 replication. (A) To determine whether ASTs
inhibit replication of EV71, GES-1 cells were incubated with EV71 and
ASTs. Western blotting was used to assess the expression levels of VP1 and
host B-actin. (B) Reverse transcription-quantitative PCR was used to detect
levels of VP1 mRNA. (C) Supernatant from treated cells was collected, and a
median tissue culture infectious dose assay was performed to detect the virus
titer. Data are presented as the mean + SD (n=3). “P<0.05 and “P<0.01 vs.
EV71. ASTs, total astragalosides; EV71, enterovirus 71; VP1, virus structural
protein; MOI, multiplicity of infection.

site of EV71 infection (35). Our previous experiment showed
that GES-1 cells are sensitive to EV71 (36). However, the
present study discovered that EV71 infection led to shrinkage
of GES-1 cell cytoplasm and decrease in cell number, while
ASTs alleviated GES-1 cell damage.
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Apoptosis is an autonomous type of PCD (9). EV71,
hepatitis B and C and other viruses induce apoptosis (7,37,38).
Viruses tend to use host cells to induce apoptosis of tissue or
immune cells to infect the body (39). The present study found
that EV71 infection decreased expression levels of apoptosis
marker proteins caspase-3 and PARP in GES-1 cells, and ASTs
ameliorated this effect. Thus, the present study showed that
EV71 induced apoptosis of GES-1 cells and ASTs suppressed
this process. These results suggested that ASTs inhibited
EV71 replication and virus-induced cytopathic effects, such
as apoptosis and pyroptosis. However, the exact mechanism
requires further in vivo studies.

A variety of cytokines, such as TNF-a, IL-1, IL-6, IL-12,
IFN-a, IFN-B, monocyte chemoattractant protein-1 and IL-8 are
rapidly produced in the body following infection with microor-
ganisms, which is a significant cause of acute respiratory distress
syndrome and multiple organ failure (40). EV71 infection induces
IL-4,1L-6,1L-12, TNF and IFN production and pyroptosis (36,41).
Cells undergoing pyroptosis have been shown to produce IL-1p
and IL-18 cytokines, which induce inflammation in the body (42).
The present study revealed that EV71 infection induced an
increase in the protein level of NLRP3, while it decreased the
protein expression levels of GSDMD, pro-caspase-1 and pro-IL-1p
in GES-1 cells. Conversely, ASTs inhibited pyroptosis and IL-1p
production to suppress EV71-induced inflammation. Thus, ASTs
exerted both antiviral and anti-inflammatory effects, which may
support the further clinical application of ASTs in the treatment
of EV71-induced HFMD. Future studies should aim to provide
insight into the mechanism of AST-induced antiviral effects
in vitro, as well as searching for potential antiviral targets. The
present results will be further demonstrated in animal models.
However, an animal model of virus infection requires a special
biosafety laboratory and there are few laboratories in the world
with a license. The present cell experiments were performed in a
Biosafety Level II laboratory (43).

In conclusion, the findings of the present study suggested that
EV71 infection may induce GES-1 cell apoptosis and pyroptosis,
while ASTs may suppress these processes and alleviate cytotox-
icity. This protective effect may be due to the ability of ASTs to
suppress the replication and release of EV71 in GES-1 cells.
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