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Wogonoside promotes apoptosis and ER stress in human
gastric cancer cells by regulating the IREla pathway
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Abstract. Gastric cancer is a disease that occurs in the
digestive system of humans and remains a problem in the
medical field. Wogonoside, a natural flavonoid, has been
reported to exert antitumor effects on various types of
tumors. However, the effects of wogonoside on gastric cancer
remain elusive. The aim of the present study was to detect
whether wogonoside treatment could induce apoptosis and
ER stress in gastric cancer cells. In the present study, CCK-8
assay was used to detect the cell viability, Annexin V/PI
staining was used to detect the cells apoptosis, western blot
analysis and real-time PCR analysis was used to detect the
endoplasmic reticulum (ER) stress in the AGS and MKN-45
gastric cancer cell lines. Wogonoside treatment reduced
the viability of AGS and MKN-45 cells and induced apop-
tosis. Furthermore, the expression level of caspase-3 and -9
significantly increased following wogonoside treatment
compared with that in non-treated cells, and the protein
expression levels of proapoptotic Bax and antiapoptotic
Bcl-2 increased and decreased, respectively compared with
that in the control group. In addition, the phosphorylated
protein expression levels of mitogen-activated protein
kinase kinase 5 (ASK1) and JNK increased following
wogonoside treatment, and the protein expression levels of
tumor necrosis factor receptor-associated factor 2 (TRAF2)
and serine/threonine-protein kinase/endoribonuclease IRE1
(IREla) were also increased following treatment with
50 uM wogonoside for 48 h. Furthermore, the interactions
between IREla, TRAF2 and ASKI significantly increased
following wogonoside treatment, suggesting that wogono-
side induced endoplasmic reticulum (ER) stress in the
AGS and MKN-45 cell lines. In addition, small interfering
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RNA-mediated silencing of IREla suppressed the activity of
the IRE1a-TRAF2-ASK1 complex and prevented wogono-
side-induced cell apoptosis. In conclusion, the results of the
present study suggested that wogonoside exhibited antitumor
activity by inducing ER stress-associated cell death through
the IRE1a-TRAF2-ASK1 pathway.

Introduction

Gastric cancers are one of the most frequent human malig-
nancies, account for nearly 15% of cancer-related mortalities
worldwide between 1970-2007, particularly in developing
countries (1,2). Conventional treatments for gastric cancer,
such as surgery and chemotherapy, improve the survival of
patients with early-stage gastric cancer; however, the prog-
nosis of advanced gastric cancer remains poor due to limited
chemosensitivity and multiple severe side effects (3,4).
Thus, biochemical and molecular studies are required to
develop novel and effective anticancer drugs for treating
gastric cancer.

Natural ingredients isolated from plants and modifications
of natural molecules have attracted considerable research
attention in the past few decades, including the modern anti-
cancer drugs, camptothecin, adriamycin and taxol (5-8). More
than ten polyphenolic flavonoids, such as quercetin, catechin,
luteolin, rutin and hesperidin, have been reported to possess
cytotoxic and antitumor properties (9-11). Their anticancer
effects primarily include antioxidant activity, promotion of
apoptosis, inhibition of proliferation, migration, invasion and
angiogenesis, modulation of signal transduction pathways
and reversal of drug resistance (8,12). Evidence has demon-
strated that wogonoside (wogonin-7-glucuronide, C,,H,,0,,),
a primary component of the Traditional Chinese Medicine
Scutellaria baicalensis, induces apoptosis and cell cycle arrest
in multiple types of tumor cells, such as non-small cell lung
cancer, hepatocellular carcinoma and chronic myelogenous
leukemia cells (13-15). However, whether wogonoside also has
antitumor effects in gastric cancer remains unclear.

In the present study, cell viability, apoptosis and endo-
plasmic reticulum (ER) stress were examined in the AGS
and MKN-45 gastric cancer cell lines following wogonoside
treatment. The aim of the present study was to investigate the
potential pro-apoptotic and pro-ER stress effects of wogonoside
on AGS and MKN-45 cells.
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Materials and methods

Materials and regents. Wogonoside was purchased from
Sigma-Aldrich (Merck KGaA) and dissolved in phos-
phate-buffered saline (PBS; HyClone; Cytiva). The Cell
Counting Kit (CCK)-8 Kit assay was purchased from Dojindo
Molecular Technologies, Inc. The primary antibodies targeting
IREla (cat. no. 3294; rabbit monoclonal), tumor necrosis factor
receptor-associated factor 2 (TRAF2; cat. no. 4724; rabbit
polyclonal), mitogen-activated protein kinase kinase kinase 5
(ASK; cat. no. 3762; rabbit polyclonal), phosphorylated(p)-ASK
(cat. no. 3764; rabbit polyclonal), JNK (cat. no. 4668; rabbit
monoclonal), JNK (cat. no. 9252; rabbit polyclonal), DNA
damage-inducible transcript 3 protein (CHOP; cat. no. 2895;
mouse monoclonal), endoplasmic reticulum chaperone BiP
[glucose regulated protein (GRP78); cat. no. 3177; rabbit
monoclonal], endoplasmin (GRP94; cat. no. 20292; rabbit
monoclonal), cleaved capsase-3 (cat. no. 9664; rabbit mono-
clonal), capsase-3 (cat. no. 9662; rabbit monoclonal), cleaved
capsase-9 (cat. no. 9505; rabbit monoclonal), capsase-9
(cat. no. 9502; rabbit monoclonal), Bcl-2 (cat. no. 4223; rabbit
monoclonal), BAX (cat. no. 5023; rabbit monoclonal) and
GAPDH (cat. no. 5174; rabbit monoclonal) were purchased
from Cell Signaling Technology, Inc. Distilled water was
used in all experiments for washing the cells. The Annexin V
Apoptosis Detection kit was obtained from BD Biosciences.

Cell culture and transfection. The AGS and MKN-45 cell
lines were purchased from the Chinese Academy of Sciences.
Immortalized human gastric epithelial GES-1 cell line was
purchased from the Department of Biophysics, Institute of
Preclinical Medicine, Peking Union Medical University. Cells
were cultured in DMEM (Sigma-Aldrich; Merck KGaA)
containing 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin G and 100 pg/ml strep-
tomycin (HyClone; Cytiva). Cells were maintained at 37°C
in a humidified incubator with 5% CO,. Short tandem repeat
DNA profiling analysis was used for cell line authentication.
Scrambled small interfering (si) RNA and IREla siRNA were
designed and synthesized by Sangon Biotech Co.,Ltd. and trans-
fected with Lipofectamine® RNAIMAX (Invitrogen; Thermo
Fisher Scientific, Inc.) The siRNA primer sequence of IREla
was as follows: forward, 5'-CCATCGAGCTGTGTGCAG-3'
and reverse, 5“-TGTTGAGGGAGTGGAGGTG-3'. A total of
5 ul of 50 nM siRNAs were added into 250 ul Opti-MEM
medium (Invitrogen; Thermo Fisher Scientific, Inc.). In addi-
tion, 0.2 uM control-siRNA (cat no. sc-36869; Santa Cruz
Biotechnology, Inc.) was used for the controls. The siRNA
solutions were transfected into the cells using Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. The transfection efficiency
was analysed 48 h post transfection.

CCK-8 assay. The CCK-8 assay was used according to the
manufacturer's protocol. The AGS, MKN-45 and GES-1 cell
lines were plated at 15x10* cells/well with 2 ml medium in to
reach a confluence of 70-90%. Before the cell viability assay,
cells were seeded in 96-well plates and treated with 0, 2.5,
5, 10, 25, 50 and 75 uM of wogonoside for 48 h, or treated
with wogonoside (50 M) for varying treatment times (0, 6,

12, 24, 48, 72 and 96 h). For the cell viability assay, 10 ul
CCK-8 solution was added to each well containing 100 ul
medium (volume ratio, 10%) for different doses or varying
time points; air bubbles were avoided. The plates were incu-
bated for an additional 1-4 h at 37°C in the incubator. The
absorbance at 450 nm was measured using a microplate reader
(BioTek Instruments, Inc.).

Annexin V/PI staining. Cell apoptosis was determined
using the FITC Annexin V Apoptosis Detection kit (BD
Biosciences). After treatment with 50 #M wogonoside for 48 h,
cells (~1x10° cells) were washed and resuspended in 100 ul
1X binding buffer. Following which, 5 ul Annexin V-FITC
and 5 pl PI was added to 100 ul of the cell suspension and
incubated for 15-20 min at room temperature in the dark. The
stained cells were diluted with the binding buffer (400 pl)
without washing and analysed using BD FACSVerse™ flow
cytometer (BD Biosciences) and the FlowJo™ VXI10 soft-
ware (FlowJo LLC). All the apoptotic cells contained early
apoptotic cells (Annexin V-positive and PI negative), as well
as late apoptotic and necrotic cells (Annexin V-positive and
PI-positive).

Immunoprecipitation. Cells were harvested and lysed with
immunoprecipitation lysis buffer (Pierce; Thermo Fisher
Scientific, Inc.), containing proteinase/phosphatase inhibitor
(Sigma-Aldrich; Merck KGaA) for 2 h at 4°C. The protein
concentrations of the samples were determined using a BCA
Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc.) and
adjusted to 1 mg/ml with lysis buffer. Samples were incubated
with anti-IREla antibody (1:200) or rabbit IgG (1:2,000) over-
night (12-16 h) at 4°C with gentle orbital rotation (8 rpm). Then,
50 ul protein A-Sepharose beads (Thermo Fisher Scientific,
Inc.) was added to the samples and incubated for a further 12 h
at 4°C. The beads were then washed three times with ice-cold
PBS and separated with 10% SDS-PAGE followed by western
blot analysis.

Western blot analysis. The AGS cells and MKN-45 cell lines
were harvested and lysed in cell lysate buffer (TakaraBio,
Inc.) for 30 min and subsequently centrifuged in a micro-
centrifuge at 12,000 x g for 15 min at 4°C. Proteins were
quantified using a BCA Protein Assay kit (Pierce; Thermo
Fisher Scientific, Inc.). Proteins (30 pg) were separated with
10% SDS-PAGE after heating at 37°C for 5 min in 1X SDS
loading buffer and transferred to a polyvinylidene difluoride
membrane (EMD Millipore) at 280 mA for 2.5 h. After
blocking with 5% skimmed milk at room temperature for
2 h, the membranes were incubated with cleaved caspase-3
(1:1,000), caspase-3 (1:1,000), cleaved caspase-9 (1:1,000),
caspase-9 (1:1,000), Bcl-2 (1:1,000), Bax (1:1,000), IREla
(1:1,000), TRAF2 (1:1,000), ASK (1:1,000), p-ASK (1:1,000),
p-JNK (1:1,000), JNK (1:1,000) or GAPDH (1:2,000) primary
antibodies overnight at 4°C and subsequently incubated with
horseradish peroxidase-conjugated anti-rabbit IgG secondary
antibody (cat. no. 7074; Cell Signaling Technology, Inc.) at
room temperature for 2 h. The protein bands were visualized
using an enhanced chemiluminescence reagent (Thermo Fisher
Scientific, Inc.). ImageJ 1.53 software (National Institutes of
Health) was used to analyse the mean grey values of each
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band. The relative protein expression levels were calculated
using GAPDH as the loading control, and phosphorylation
levels were analyzed by comparing the values with the total
levels of the corresponding proteins (16,17).

Reverse transcription-quantitative (RT-q) PCR. Total mRNA
was extracted from the AGS and MKN-45 cell lines using
TRIzol® (Thermo Fisher Scientific, Inc.). RT was performed
using a kit with gDNA Eraser (Takara Bio, Inc.) following the
manufacturer's protocol. Relative mRNA expression levels
of CHOP, GPR78, and GPR94 were measured using a SYBR
Premix Ex TaqlI kit (Takara Bio, Inc.) on a 7500 qPCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The
thermocycling conditions were as follows: Initial denaturation
at 95°C for 10 min; followed by 40 cycles of 95°C for 1 min
and 60°C for 1 min. Fold changes were calculated using the
2244 method (18). Actin was used as the reference gene. The
primers used for RT-qPCR were as follows: CHOP forward,
5'-AGAACAGCCGTTACTTCAGGA-3' and reverse, 5-CCG
CTGGTAGGAGGTTTTAGAG; GPR78 forward, 5'-CCA
CCAGGAAGATTGGCATTG and reverse, 5-CTTGCTGTA
GGTCAGGCACT; GPR94 forward, 5-AATACTTTGGCT
CTGTGGGT-3' and reverse, 5'-AACGACACACAAAAGCTC
T; actin forward, 5'-GAATCAATGCAAGTTCGGTTCC-3'
and reverse, 5S"TCATCTCCGCTATTAGCTCCG-3'.

Statistical analysis. Data are presented as the mean + SD of
at least three independent experiments. Comparisons between
two groups were performed using an unpaired Student's
t-test. Differences between >2 groups were determined using
one-way ANOVA followed by Bonferroni's post hoc test.
GraphPad Prism 8.0 (GraphPad Software, Inc.) and SPSS 25.0
software (IBM Corp.) were used for data analysis. P<0.05 was
considered to indicate a statistically significant difference.

Results

Wogonoside reduces cell viability of the AGS and MKN-45 cell
lines. Fig. 1A shows the molecular structure of wogonoside. To
investigate whether wogonoside affected cancer cell viability,
the AGS and MKN-45 cell lines were treated with varying
concentrations of wogonoside (0, 2.5, 5, 10, 25, 50 and 75 uM)
for 48 h and cell viability was then evaluated. The results of
the CCK-8 assay demonstrated that wogonoside significantly
reduced the cell viability of the AGS and MKN-45 cell
lines at concentrations =10 xM (Fig. 1B and C), with 50 uM
showing the most effective inhibitory effect of cell viability.
Subsequently, the AGS and MKN-45 cell lines were treated
with wogonoside (50 yM) for varying treatment times (0, 6, 12,
24,48,72 and 96 h). The results demonstrated that wogonoside
significantly reduced cell viability (Fig. 1D and E). The gastric
epithelial immortalized cell line (GES-1) was used as a control
to evaluate the effect of wogonoside. No significant difference
was observed in the cell viability of GES-1 cells by wogono-
side treatment at varying concentrations for 48 h (Fig. 1F). In
addition, wogonoside treatment did not affect the cell cycle of
the GES-1 cell line (data not shown)

Wogonoside induces apoptosis in the AGS and MKN-45 cell
line. To determine whether the reduction in cell viability was

caused by cell apoptosis, Annexin V/PI staining was performed
to evaluate the apoptotic rate of AGS and MKN-45 cells
following treatment with 50 #M wogonoside. The proportion
of Annexin V-labelled apoptotic cells significantly increased
following treatment with 50 M wogonoside for 48 h compared
with that in non-treated cells (Fig. 1H and I). However, apop-
tosis of GES-1 cells was not affected by treatment with 50 yM
wogonoside (Fig. 1G).

In addition, the levels of cleaved caspases and the protein
expression levels of apoptosis-related proteins were deter-
mined. The results demonstrated that the levels of cleaved
caspase-3 and -9 significantly increased when the AGS and
MKN-45 cells were treated with 50 M wogonoside compared
with that in the control group (Fig. 2A-D). In addition,
compared with that in the control group, wogonoside treatment
significantly downregulated the protein expression levels of
Bcl-2 and upregulated the expression levels of Bax, suggesting
that wogonoside induced apoptosis in the AGS and MKN-45
cell lines (Fig. 2A-D). Thus, these results indicated that high
concentrations of wogonoside induced apoptosis in the AGS
and MKN-45 cell lines.

Wogonoside induces ER stress in the AGS and MKN-45 cell
lines. In recent years, ER stress has emerged as a crucial
instigator of the intrinsic apoptotic pathway in multiple cell
types, including gastric cancer cells (19,20). To determine the
involvement of ER stress in wogonoside-induced apoptosis of
the AGS and MKN-45 cell lines, the activation of the ER stress
pathway was determined. Compared with that in the control
group the exposure to wogonoside significantly increased the
protein and mRNA expression levels of CHOP, a known ER
stress-related marker (21), and GRP78 and GPR94 (Fig. 3A-F),
suggesting that ER stress was initiated by wogonoside treat-
ment. In addition, compared with that in the control group
the phosphorylation levels of JNK and ASK and the protein
expression levels of TRAF2 and IREla were significantly
increased by 50 yuM wogonoside (Fig. 3G-J) thus, suggesting
that the JNK signaling pathway was involved in the response
to wogonoside-induced apoptosis and ER stress.

Wogonoside induces apoptosis by initiating ER stress via
the IREla-TRAF2-ASKI pathway. In response to ER stress,
unfolded or misfolded proteins that accumulate in the ER
leads to the unfolded protein response (UPR) (22). The ER
stress sensor, IREla initiates the UPR by recruiting TRAF2
to form the TRAF2-ASKI-IREla complex, further activating
the JNK signaling pathway (23,24). To investigate the mecha-
nism by which wogonoside initiates ER stress and apoptosis,
coimmunoprecipitation analyses revealed that the physical
interactions within the TRAF2-ASK-IREla complex were
enhanced following wogonoside treatment (Fig. 4A and B). In
addition, siRNA-mediated knockdown of the UPR transducer
IREla was performed in the AGS and MKN-45 cell lines.
As shown in Fig. S1, the protein levels of IREla decreased
both in AGS and MKN-45 cell lines after siRNA-mediated
knockdown. The wogonoside-induced upregulation of
IREla was significantly inhibited by ~85% in the AGS and
MKN-45 cell lines treated with siRNA-targeting IREla for
48 h (Fig. 4C-4F). The inactivation of IREla by RNA inter-
ference inhibited wogonoside-induced activation of ASK and
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Figure 1. Wogonoside decreases cell viability of AGS cells and MKN-45 cells. (A) Molecular structure of wogonoside. The AGS and MKN-45 cell lines
were treated with (B and C) different concentrations of wogonoside and at (D and E) different periods of time. (F) GES-1 cells were exposed to different
concentrations of wogonoside for 48 h. Cell viability (B, C, D and E) and apoptosis (G, H and I) were evaluated using Cell Counting Kit-8 assay and Annexin V
staining, respectively in the AGS, MKN-45 and GES-1 cell lines. “P<0.05, “P<0.01, ““P<0.001, **"P<0.0001, "P>0.05. Wog, wogonoside; NS, non-significant.
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Figure 2. Wogonoside induces apoptosis in the AGS and MKN-45 cell lines. The protein expression levels of caspase-3 and -9, Bax, Bcl-2 and GAPDH were
determined using western blot analysis in (A) AGS and (C) MKN-45 cell lines following 50 #uM wogonoside treatment for 48 h. Changes in relative protein
expression levels of caspase-3 and -9, Bax and Bcl-2 were determined using densitometry in the (B) AGS and (D) MKN-45 cells. “P<0.01 vs. con; ““P<0.001

vs. con. Wog, wogonoside; con, control, c; cleaved; cas, capase.

JNK, suggesting that IREla activation was required for INK
activation (Fig. 4C-F). In addition, wogonoside-induced cell
viability inhibition and apoptosis of the AGS and MKN-45
cell lines were also prevented by IREla interference
(Figs. 4G-J and S2) these findings suggested that the activation
of the IRE1a-TRAF2-ASK1 signaling pathway was required
for wogonoside-induced apoptosis in the AGS and MKN-45
cell lines.

Discussion

Traditional Chinese Medicines, including thousands of plants
and herbs, have antitumor properties with low toxicity and

side effects (25). Among them, Scutellaria baicalensis is
well-known for its antimicrobial activity and anti-inflamma-
tory effects. Several chemical compounds have been extracted
from Scutellaria baicalensis, including baicalein, baicalin,
wogonin and oroxylin A (26). Wogonin is recognized as the
primary component responsible for the therapeutic effects
of Scutellaria baicalensis (27). The antitumor effects of
wogonin, including induction of cell cycle arrest, promotion of
apoptosis and increase in drug sensitivity, have been reported
in cervical cancer cell lines (28-30). Wogonoside, a glycoside
of wogonin, is more stable in vivo. The effect of wogonoside
has been previously studied in various types of cancer, such
as breast, colon, and lung cancers (31). However, to the best



6 GU et al: WOGONOSIDE PROMOTES APOPTOSIS AND ER STRESS IN HUMAN GASTRIC CANCER CELLS

A AGS cells B
Wog (50 uM) - +
CHOP | =+ == E
£
GRPo4 [ i ;
%
GAPDH |8 <
D MKN-45 cells E
Wog (50 uM) -+
CHOP | == == E
<
GRP78 |™= g
a
=
GAPDH | &= =
G AGS cells
Wog (50 pM) -+
p-ASK -
TT
t-ASK
t-JNK — —
TRAF2 [*% -|
RE-1a | T
GAPDH E-
| MKN-45 cells
Wog (50 uM) -+
p-ASK | i
-
p-JNK .il
[ —
e ]
IRE-1c |..
GAPDH | w

Figure 3. Wogonoside activates endoplasmic reticulum stress and increases p-ASK and p-JNK protein expression levels in the AGS and MKN-45 cell lines.
The protein expression levels of CHOP, GRP78 and GRP94 were measured in the (A) AGS and (D) MKN-45 cell lines following 50 zM wogonoside treatment
for 48 h. Changes in relative protein expression levels of CHOP, GRP78 and GRP94 were determined using densitometry in the (B) AGS and (E) MKN-45
cell lines. Relative mRNA expression levels of CHOP, GRP78 and GRP94 were measured in the (C) AGS and (F) MKN-45 cell lines following 50 yM
wogonoside treatment for 48 h. The protein expression levels of p-ASK, t-ASK, p-JNK, t-JNK, TRAF2, IREla and $-actin were determined using western
blot analysis in (G) AGS and (I) MKN-45 cell lines following 50 M wogonoside treatment for 48 h. Changes in relative protein expression levels of p-ASK,
p-JNK TRAF2 and IREla were determined using densitometry in (H) AGS and (J) MKN-45 cell lines. "P<0.05 vs. con; “P<0.01 vs. con; ““P<0.001 vs. con.
Wog, wogonoside; con, control. t, total; ASK, mitogen-activated protein kinase kinase kinase 5; TRAF2, tumour necrosis factor receptor-associated factor 2;
IREla, serine/threonine-protein kinase/endoribonuclease IRE1; CHOP, DNA damage-inducible transcript 3 protein; GRP, glucose-regulated protein; GRP78,

AGS cells C AGS cells
* Con * Con
© Wog (50 uM) © Wog (50 pM)
ke xx @ 8
%lo 2 "
< 6
hd ﬂ:
E 4 *
@
ﬁl ml ﬁl & 0 hI mI h|
CHOP GRP78 GRP94 CHOP GRP78 GRP94
MKN-45 cells F MKN-45 cells
* Con * Con
© Wog (50 uM) ° Wog (50 uM)
5]
ke 0** § B £
° Ehkk
< 6
* [a g
E 4 *
| o O LA N e O | O
CHOP GRP78 GRP94 CHOP GRP78 GRP94
H AGS cells
* Con
© Wog (50 puM)
5- *h
g 4- ke .
c
§ 3- £
<]
o 2-
2
100N
@
e}

Relative protein level

0 T Y Y
p-ASK/t-ASK p-JNK/t-JNK TRAF2

MKN-45 cells
* Con
o Wog (50 uM)
67

whw

i

2

rﬁ uilln

Y
p-ASK/A-ASK p-JNK/t-JNK TRAF2

endoplasmic reticulum chaperone BiP; GRP94, endoplasmin; p, phosphorylated.

]

IRE-1at



EXPERIMENTAL AND THERAPEUTIC MEDICINE 21: 411, 2021

A AGS cells B AGS cells C MKN-45 cells D MKN-45 cells
IRE-1oSiRNA - + o si -
Wog (50 uM) - + Wog (50 uM) —  + IRE-10 8¥NA *
Wog (50 uM) +  + Wog (50 M) +  +
IB: ASK -I: IB: ASK E
- IRE-To - IRE-10: E.
: ™
IB: TRAF2 IP: IRE-10. IB:TRAF2 IP: IRE-1o,
- p-ASK p-ASK E.
+
—-—— o [
p-ASK IZI P-ASK |- a— p-JNK - p-JNK I.i
TRAF2 - TRAF2 [ == tINK - t-JNK E
— Input Input :
IRE-1o; - IRE-1 | - TRAF2 - TRAF2 l."'
cwonfwml|  owor S o B o [
E con PGS cells
. on
AGS cells AGS cells
_ . © Wog(50uM) G 1001 H 501
g 15 @ ok ‘6? '}'
o & <
£ 1.0 = 2
@ 1. = ]
o 4 50- o 254 e
Q ** L i .S :.3
g 0.5 ke % 5
G . O 2
[7] <
@ 0.0+ Y Y Y 04 e
IRE-10. Imgf F;jmf TRAF2 IRE-1SiRNA - + IRE-1siRNA - +
: ) Wog (50 uM)  +  + Wog (50 uM)  +  +
MKN-45 cells
F + Con | MKN-45 cells J MKN-45 cells
o Wog (50 uM) 1001 ~ 50
E 15 -&Q *dk 9_’
3 > 2
£ £ 3
2 1.0 S 504 L2 254 i
<] *x = g
o 3 g
9 05 Lt (@] o
ﬁ ahatad o <
& 0.0 ﬁ NP o
"UIRE-fa pASK/ pJNK/ TRAF2  RElorSIRNA -4 IRE-TocsiRNA - =
t-ASK  t-JNK Wog (50 M) +  + Wog (50 uM)  +  +
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48 h following transfection with or without IREla siRNA and the protein expression levels of p-ASK, ASK, p-JNK, t-JNK TRAF2 and IREla were measured

using western blot analysis of whole cell lysates in the (C) AGS and (D) MKN-

45 cell lines. The protein expression levels of IREla, TRAF2 and ASK relative

to GAPDH levels were calculated using densitometry in the (E) AGS and (F) MKN-45 cell lines. Cells transfected with or without siRNA were treated with
50 uM wogonoside for 48 h. The effects of siRNA-mediated IREla interference on wogonoside-induced decrease of cell viability in (G) AGS and (I) MKN-45
cell lines using Cell Counting Kit-8 assay. The effects of siRNA-mediated IREla interference on wogonoside-induced increase of apoptosis in the (H) AGS
and (J) MKN-45 cell lines. “P<0.01 vs. con; "“P<0.001 vs. con; “"P<0.0001 vs. con. Wog, wogonoside; con, control. t, total; ASK, apoptosis signal-regulating

kinase; TRAF2, tumour necrosis factor receptor-associated factor 2; IREla,
p, phosphorylated.

of our knowledge, no study has been conducted on the role of
wogonoside in human gastric cancer, or the effect of wogono-
side on ER stress activation and the IREla-TRAF2-ASK1
signaling pathway.

Apoptosis is a central mechanism for regulating cell
death and survival and the main basis for current tumor
treatment strategies (32). Caspases comprise a family of
cysteine proteases that serve essential roles in apoptosis (32).
Caspase-3 is a downstream apoptosis executor and activated

serine/threonine-protein kinase/endoribonuclease IRE1; si, small interfering;

by caspase-9 (33). Notably, the results of the present study
demonstrated that wogonoside increased the protein expres-
sion level of caspase-3 and -9. The release of cytochrome ¢
from the mitochondria into the cytoplasm is another char-
acteristic feature of apoptosis and has been considered an
initiator for the activation of the caspase cascades (34). The
released cytochrome c interacts with apoptotic protease
activating factor 1 in the cytosol, leading to the proteolytic
activation of caspase-9 (35). The activated caspase-9 further
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activates caspase-3 by proteolytic cleavage, which then trig-
gers apoptotic cell death (36). The Bcl-2 family is known for
regulating the release of cytochrome c. The proapoptotic Bcl-2
family members, Bax and Bcl-2 homologous antagonist/killer
(Bak), promote cytochrome c release, whereas antiapoptotic
Bcl-2 prevents the release of cytochrome ¢ by binding and
inhibiting Bax and Bak (37,38). The results of the present
study demonstrated that Bcl-2 protein expression level was
decreased, while Bax was increased after woginoside treat-
ment, suggesting that the mitochondrial pathway was activated
in wogonoside-induced apoptosis in the AGS and MKN-45
cell lines.

Previous studies have demonstrated that ER stress was
involved in apoptosis in several types of cancer cells, including
gastric cancer (19,20). The ER is a highly dynamic membra-
nous system that regulates cellular Ca* signaling and protein
folding in mammalian cells (39). ER dysfunction is induced
by various stimuli, such as nutrient deprivation, hypoxia
and insulin resistance, leading to the accumulation of unfolded
or misfolded proteins, ultimately causing ER stress and
UPR (40,41). Evidence has demonstrated that the multifunc-
tional transcription factor CHOP was activated in ER stress
and promoted apoptosis (42). Notably, the results of the present
study demonstrated that CHOP expression was significantly
increased in the gastric cancer cell lines following wogonoside
treatment. GRP78 and GRP94, commonly used as canonical
biomarkers of ER stress, are known to serve essential roles in
protein folding, sorting and secretion (43). The results of the
present study demonstrated that the protein expression levels
of GRP78 and GRP94 were elevated in AGS and MKN-45
cells following treatment with wogonoside for 48 h. The afore-
mentioned findings suggested that the ER stress response was
triggered and involved in wogonoside-induced apoptosis of the
AGS and MKN-45 cell lines.

IREla is well-known to act as the primary ER stress
transducer and serves a crucial role in regulating ER stress
and UPR (44,45). The apoptotic IREla signaling pathway is
triggered during severe or prolonged ER stress. The activated
IREla interacts with the scaffold molecule TRAF2 and
subsequently recruits ASK1. Then, the IRE1a-TRAF2-ASK1
complex activates JNK, which participates in cell apoptosis
by regulating the phosphorylation and activation of the Bcl-2
family proteins (44,45). The results of the present study
demonstrated that IREla, TRAF2, p-ASK1 and p-JNK
protein expression levels were significantly upregulated in the
AGS and MKN-45 cell lines following wogonoside exposure,
suggesting the activation of proapoptotic signaling. In addition,
the protein interactions in the IREla-TRAF2-ASK1 complex
and the activation of the ASKI1-JNK signaling pathway
were markedly increased following wogonoside treatment.
Furthermore, wogonoside-induced cell death was prevented
in the IREla-knockdown AGS and MKN-45 cell lines,
suggesting that IREla was essential for wogonoside-induced
activation of ER stress and cell apoptosis.

Previous studies have reported the oral bioavailability of
flavonoids included wogonoside in vivo and in vitro (46,47).
The local recycling of wogonoside is performed in the
upper small intestine (46,47). There were a number of
limiting factors of oral bioavailability for flavonoids in the
human intestinal Caco-2 cell line, including poor membrane

permeability, significant efflux and efficient intestinal
metabolism by conjugation (48). In addition, different
preparation methods also affected the pharmacokinetic
characteristics of wogonoside and active constituents in
the wogonoside-berberine complex (49). The formation of
the wogonoside-berberine complex serves a significant role
in the bioavailability enhancement of flavonoids and other
pharmacologically active constituents (46). For example,
Coptis Chinensis (CC) may decrease the bioavailability of
wogonoside in Radix Scutellariae following intragastric
gavage administration in rats and the mechanism was associ-
ated with CC decreasing the transport of flavonoid aglycones
from the mucosa side to the serosal side and the hydroly-
zation of flavonoids by inhibiting intestinal flora (49,50).
Notably, in future studies the effect of wogonoside on tumor
growth in vivo, as well as improving the bioavailability of
wogonoside will be investigated.

In conclusion, the results of the present study demon-
strated that wogonoside treatment decreased cell viability
and promoted apoptosis in the AGS and MKN-45 cell line.
The IRE10-TRAF2-ASKI signaling pathway could serve key
roles in ER stress signal transduction and wogonoside-induced
apoptosis. Furthermore, new insights into the mechanisms by
which wogonoside triggered cell death in human gastric cancer
cells were found. There were several limitations to the present
study. For example, the proapoptotic effect of wogonoside in
human gastric cancer cells was only investigated. Whether
wogonoside could inhibit the carcinogenesis of gastric cancer
in animal models requires verification. In addition, the exact
mechanism of wogonoside in gastric cancer initiation and/or
progression is unknown; therefore, animal models and clinical
studies are required to elucidate the therapeutic value of
wogonoside in gastric cancer.
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