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Aim: Gastric cancer (GC) is a common human malignancy tumor of digestive tract in worldwide. Physcion 8-O-
B-glucopyranoside (PG) exhibits anti-tumor effects in various cancer cells. This study aimed to explore the
biological behavior effects of PG on GC cells, and determine its underlying mechanism.

Material and methods: The effect of PG treatment on the ferroptotic GC cell death was detected by ROS level,
intracellular Fe>* level and malondialdehyde (MDA) generation in vitro. The mRNA expression was detected by
RT-qPCR. The interaction between miR-103a-3p and glutaminase 2 (GLS2) were verified by dual-luciferase
reporter gene assay. Cell proliferation, invasion and migration were examined by CCK-8 and Transwell assay.
Western blot was used to examine the expression of GLS2, SLC1A5 and epithelial-mesenchymal transition (EMT)
related proteins. We also evaluated the influence of PG on the tumor growth and metastasis in vivo.

Results: PG-induced ferroptosis in GC cells through upregulating ROS level, intracellular Fe?* level and MDA
generation. Besides, PG also significantly enhanced the protein level of GLS2, which was an important trans-
porter of glutamine to glutamate. Importantly, miR-103a-3p directly interacted with GLS2 and suppressed its
expression. Mechanistically, PG treatment significantly promoted ferroptosis and anti-tumorigenesis by down-
regulating inhibitory effect of miR-103a-3p on GLS2 expression.

Conclusion: Our studies confirmed that PG exerts pro-ferroptosis and anti-tumor effects in vitro and in vivo

through regulating miR-103a-3p/GLS2 axis, thereby highlighting its therapeutic potential in GC.

1. Introduction

Gastric cancer (GC) is a serious malignant tumor threatening the
survival and health of all human beings, and Asia is one of the high-
incidence areas [14]. In China, the incidence number of GC ranks first
in Asia and the incidence and mortality rate are among the top three in
all malignant tumors [10]. Due to the early symptoms are not clear and
lack of standardized physical examination, the majority of patients with
GC already have metastasis, which lead to poor prognosis. Therefore, to
explore the molecular mechanism of metastasis and search for effective
therapeutic agents/drugs against GC may provide a new point for the
prediction, diagnosis and treatment of GC metastasis.

Chinese medicine in the treatment of malignant tumor has a sig-
nificant advantage [1,16], a large number of basic and clinical research
at home and abroad have confirmed that traditional Chinese medicine
through multi-channel, multi-target, multi-link plays a role, with
comprehensive onset characteristics, so as to play a preventive and
treatment of tumor efficacy [27]. Of note, the natural plant and its
active ingredients of antitumor activity has been initially recognized by
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the international medical profession [7]. Physcion 8-O-f-glucopyrano-
side (PG) is one of the chemical components contained in Rumex ja-
ponicus Houtt, and current studies have demonstrated the PG has an-
titumor effects in multiple solid tumor [36]. For example, PG-induced
apoptosis and inhibited proliferation, invasion and migration of cancer
cells, including glioblastoma [18], hepatocellular carcinoma [30] and
cell renal cell carcinoma (Wang et al., 2018a), etc. However, the anti-
tumor effects of PG on the growth and metastasis of GC is still unknown.

Ferroptosis is a newly-established form of regulated cell death,
which is coined after the requirement for free ferrous iron [33]. Bio-
chemically, the process of ferroptosis is characterized by accumulation
of lipid peroxidation products and lethal reactive oxygen species (ROS)
derived from iron metabolism. Of note, ferroptosis plays an important
role involved in regulating the progression of multiple tumors, in-
cluding breast cancer [37], colon cancer [21], liver cancer [41], etc. In
addition, previous studies have showed that natural active components
alleviated multidrug resistance of cancer and inhibit the progression of
multiple tumors through inducing ferroptosis [12,17]. For example,
artemisinin compounds exhibit antitumor effects in multiple tumor cells
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via inhibiting GPX4 expression to induce ferroptosis [5]. Furthermore,
accumulating evidence confirmed that microRNA (miRNA) targets
downstream gene to induced ferroptosis in cancer cells [35,40]. These
results indicated that a tumor suppressive function of ferroptosis in
malignant tumor, but its underlying mechanism was needed to be
elucidated further. This study was aimed to determine the role of PG in
GC progression through mediating ferroptosis and its potential anti-
tumorigeneses mechanism.

2. Materials and methods
2.1. Cell culture

GC cell lines (MGC-803 and MKN-45) were obtained from the
Chinese Academy of Sciences Cell Bank (Shanghai, China). Both cells
were maintained in Dulbecco's modified Eagle medium (Gibco BRL,
USA) containing 10% fetal bovine serum (Hyclone, Logan, USA) at
37 °C in a humidified atmosphere containing 95% air and 5% CO,.

2.2. Cell transfection

The MGC-803 and MKN-45 cells were seeded in six-well plates with
optimum density and then incubated overnight. miR-103a-3p mimics/
inhibitor, pcDNA-GLS2, GLS2 siRNA and control vector were trans-
fected into both GC cells with Lipofectamine 3000 reagent (Invitrogen
Life Technologies, USA) and Opti-MEM medium (Invitrogen Life
Technologies, USA) in the light of the specification. The miR-103a-3p
mimics/inhibitor, pcDNA-GLS2, GLS2 siRNA and control vector were
bought from Tolo Biotech (Shanghai, China).

2.3. RT-qPCR

Total RNA was extracted from the cells using Trizol reagent (Takara,
Japan). Reverse transcription was performed using the PrimeScriptTM
RT reagent Kit with gDNA Eraser (Takara, Japan) according to the
manufacturer's protocol. RT-qPCR was performed using the SYBR
Premix Ex Taq (Takara, Japan) under standard conditions according to
the manufacturer's instruction. RT-qPCR was conducted with CFX96
Real-Time PCR Detection System (Bio-Rad, USA). The sequence of
quantitative PCR primers of miR103a-3p and U6 were purchased from
Shanghai GenePharma Co., Ltd (Shanghai, China), U6 as the internal
control. The 224%* methods were applied to calculate the relative ex-
pression levels of total mRNA. The experiment for each group was re-
peated three times.

2.4. CCK-8 assay

Cell counting kit-8 (CCK-8, Sigma, Japan) was used to detect the
proliferation of MGC-803 and MKN-45 cells. Cells were seeded in 96-
well plates at a density of 1 x 10*cells per well and cultured with 5%
CO, at 37 °C an incubator for 2 h to allow cells adhere. A total of 10 uL
CCK-8 solution was added to each well and mixed, and cells were in-
cubated for a further 2h. A dual-wavelength microplate reader was
used to measure proliferation at 450 nm (Beckman Coulter, USA). Each
experiment was set up with three parallel repeats.

2.5. Transwell invasion and migration assay

Matrigel (BD Biosciences, USA) (only for invasion assay) was coated
the upper surface of polycarbonate filters. Paced the 1 x 10* (for mi-
gration assay) or 5 X 10* (for invasion assay) cells on the surface of the
Transwell upper chamber. After 24 h, the migration and invasive cells
were fixed with 4% PFA (paraformaldehyde) and rinsed three times
with PBS, then stained with 0.1% crystal violet for 10 min and rinsed
three times with PBS. Random selection 5 fields of vision for cell count,
observation and photography.
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2.6. Western blot

Total protein was extracted for Western blot analysis. The PVDF
(polyvinylidene fluoride) was incubated overnight at 4°C with the
primary antibodies against SLC1A5 (1:1000, ab58690, Abcam, UK),
GLS2 (1:1000, ab113509, Abcam, UK), E-cadherin (1:1000, ab1416,
Abcam, UK), N-cadherin (1:1000, ab18203, Abcam, UK), Vimentin
(1:1000, ab8978, Abcam, UK), and subsequently incubated with a
horseradish peroxidase-coupled secondary antibody (1:4000, Abcam,
UK). B-actin was the internal reference. Signals were detected with
chemiluminescence using an ECL kit (Bio-Rad, USA).

2.7. Dual-luciferase reporter gene assay

The cells were seeded in 24-well plates at a density of 60%. ac-
cording to the manufacturer's instructions, the reporter construct con-
taining GLS2 wild-type or mutant 3’'UTR was co-transfected into cells
with miR-103a-3p using Lipofectamine 3000 reagent. After 48 h, the
cells were collected and tested for luciferase by dual-luciferase assay
system (Promega, USA).

2.8. Nude mice model

Female BALB/c nude mice (4-5 weeks old) were purchased from
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The model was
approved by the Ethical Committee of First Affiliated Hospital of
Zhengzhou University. MGC-803 cells (1 x 10°) were suspended in
serum-free DMEM medium and then inoculated in (10 mice in each
group) at 6-7 weeks old. After 21 days of adaptive feeding, a total of 30
mice were randomly divided into three groups: control and PG at the
dose of 30 mg/kg/d or 50 mg/kg/d group. Mice in PG group were in-
jected intraperitoneally with 30 mg/kg/d or 50 mg/kg/d PG (Beijing
Sollarbio Science & Technology, China). Mice in control group were
injected with 0.9% sodium chloride plus 1% DMSO. Tumor growth was
recorded every three days by measuring tumor length and width. After
4 weeks incubation, the mice were killed and the mice tumor tissues to
be collected for further evaluated. And hematoxylin and eosin (H&E)
and immunohistochemistry staining was applied to observe the histo-
morphology and examine the expression of Ki-67, E-cadherin and
Vimentin according to the previous studies [9].

2.9. Determination of ROS level, MDA generation and intracellular Fe?™*
level

The expression of expression level of ROS and Fe?*, and MDA
generation in cells or tissues were determined by using DCF ROS Assay
Kit (ab238535, Abcam, UK), Iron Assay Kit (ab83366, Abcam, UK) and
Lipid peroxidative Assay Kit (ab118970, Abcam, UK) under standard
conditions according to the manufacturer's instructions. The experi-
ment for each group was repeated three times.

2.10. Statistical analysis

The experimental data and image preprocessing were respectively
analyzed by SPSS 20.0 statistical software (IBM, USA) and GraphPad
Prism8.0 software (La Jolla, USA). Besides, student's t-test was used to
analyze the significant difference between the two-independent group,
and the differences between multiple groups were compared by one-
way ANOVA. Moreover, P < 0.05 was identified as statistically sig-
nificant.

3. Results
3.1. PG induced ferroptosis in gastric cancer cells

Previous studies confirmed that PG exhibits antitumor effects in
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tumor cells through inducing cell apoptosis [18]. In this study, CCK-8
assay was used to evaluate the proliferation of MGC-803 and MKN-
45 cells treated with PG at the dose of 10, 20, 40 and 50 uM for 24 h.
The result showed that PG significantly inhibited both cell viability in a
dose-dependent manner (Fig. 1A, B). However, there was no significant
difference in the concentration of PG between 40puM and 50 puM.
Moreover, to further prove whether the Ferroptosis caused this result in
both MGC-803 and MKN-45 cells, we treated both cell lines with several
cell death inhibitors. As shown in Fig. 1C and D, treatment with PG or
ferroptosis inducer erastin significantly decreased the proliferation of
MGC-803 and MKN-45 cells compared with the control group (all
P < 0.001). Besides, pre-treating both cells with ferroptosis inhibitor
Ferrostatin-1 (Fer-1) abolished PG-induced ferroptosis (P < 0.001,
Fig. 1C, D), but not apoptotic inhibitor ZVAD-FMK and necroptotic
inhibitor Necro-sulfonamide (Nec). Furthermore, we assessed two main
events in the process of ferroptosis, including lipid peroxidative and
iron accumulation. The results showed that PG or erastin treatment
notably increased the levels of ROS and MDA generation (P < 0.01,
P < 0.001, Fig. 1E, F), as well as enhanced intracellular Fe>* level in
both MGC-803 and MKN-45 cells (all P < 0.01, Fig. 1G). Taken to-
gether, PG exhibits anti-proliferation effects in MGC-803 and MKN-
45 cells through inducing ferroptosis.

3.2. Inhibition of Glutamine uptake was a required for PG-induced
ferroptosis in MGC-803 and MKN-45 cells

Increasing evidence confirmed that glutamine metabolism plays an
important role involved in regulating ferroptosis induced by lipid per-
oxidative in cancer cells [3], and its detail regulation process was
shown in Fig. 2A. In this study, both MGC-803 and MKN-45 cells treated
with key regulatory gene inhibitors (GPNA and compound 968 (968))
of glutamine metabolism in the process of ferroptosis, and their viabi-
lity were determined by CCK-8. As shown in Fig. 2B and C, PG sig-
nificantly suppressed the viability of MGC-803 and MKN-45 cells (all
P < 0.001), while pre-treated with GPNA or 968 markedly attenuated
PG-induced cell death in both cell lines (all P < 0.001). To further
validate this hypothesis, our finding showed that GPNA and 968 atte-
nuated PG-induced ferroptosis by decreasing intracellular Fe?* levels
(all P < 0.01, Fig. 2C, D), MDA generation (all P < 0.001, Fig. 2F, G)
and ROS level (all P < 0.001, Fig. 2H, I). Furthermore, we also ana-
lyzed the protein levels of GLS2 and SLC1A5 in MGC-803 and MKN-
45 cells, and found that PG significantly enhanced the expression of
GLS2 (both P < 0.001, Fig. 2J-M), but did not affect SLC1A5 expres-
sion. Taken together, PG-induced ferroptosis in the MGC-803 and MKN-
45 cells via regulating GLS2-mediated glutamine metabolism.
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group.
3.3. PG-induced ferroptosis by upregulating GLS2 expression

GLS2 plays an important role in the transformation of glutamine to
glutamate, and knockdown of GLS2 could block ferroptosis in cancer
cells [15]. We further to evaluate the role of GLS2 involved in PG-in-
duced ferroptosis by regulating glutamine metabolism. Primally, both
MGC-803 and MKN-45 cells transfected with GLS2 siRNA, and its
transfection efficiency was detected by Western blot (both P < 0.001,

Fig. 3A-C). Moreover, knockdown of GLS2 significantly repressed the
inhibitor effect of PG on cell viability in both MGC-803 and MKN-
45 cells (all P < 0.01, Fig. 3D, E). Furthermore, knockdown of GLS2
notably alleviated the PG-induced ROS level (both P < 0.001, Fig. 3F),
MDA production (both P < 0.001, Fig. 3G), and intracellular Fe2*
levels (both P < 0.01, Fig. 3H). Collectively, PG-induced ferroptosis
through upregulating GLS2 in both MGC-803 and MKN-45 cells.
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3.4. miR-103a-3p directly targeted GLS2 in gastric cancer cells specifically binding to the 3'UTR region of GLS2 mRNA to regulate the

expression of GLS2 by dual-luciferase reporter gene assay. The results

To further understand the mechanism underlying the effect of GLS2 showed that luciferase activity in GLS2-WT + miR-103a-3p mimics

on PG-induced ferroptosis, we discovered that miR-103a-3p may tar- group was lower than GLS2-WT + miR-NC group (P < 0.01, Fig. 4B),
geted GLS2 directly from the starBase database (http://starbase.sysu. but there was no significant difference exist between miR-103a-3p
edu.cn/) (Fig. 4A). To further confirm that miR-103a-3p was mimics or NC were transferred in the GLS2-MUT group (P > 0.05).
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Meanwhile, we used Western blot to test the expression level of GLS2
when miR-103a-3p inhibitor was transfected into MGC-803 and MKN-
45 cells. The analysis results pointed out that silencing of miR-103a-3p
significantly increased the expression of GLS2 protein (both P < 0.001,
Fig. 4C, D). Furthermore, PG-treated notably decreased the expression
of miR-103a-3p in both MGC-803 and MKN-45 cells compared with the
control group (both P < 0.001, Fig. 4E). Taken together, these results
suggested that GLS2 was the direct target of miR-103a-3p which was
negatively regulated GLS2 expression.

3.5. PG-induced ferroptosis via regulating miR-103a-3p/GLS2 axis

To further determine the role of miR-103a-3p/GLS2 axis in reg-
ulating PG-induced ferroptosis in both MGC-803 and MKN-45 cells.
Western blot results showed that the expression of GLS2 protein was
significantly decreased in both MGC-803 and MKN-45 cells when
transfected with miR-103-3p mimics (both P < 0.01, Fig. 5A-C), while
co-transfected miR-103a-p mimics and pcDNA-GLS2 alleviated this ef-
fect (both P < 0.01). Moreover, overexpression of miR-103a-3p sig-
nificantly downregulated the promotion effect of PG on the

intracellular Fe?" level (both P < 0.05, Fig. 5D, E), ROS level (both
P < 0.01, Fig. 5F, G) and MDA (both P < 0.001, Fig. 5H, I) in both
MGC-803 and MKN-45 cells. However, the inhibitory effect of miR-
103a-3p on ferroptosis of both MGC-803 and MKN-45 cells were re-
versed by co-transfecting with pcDNA-GLS2 (Fig. 5D-I). These results
suggested that PG promoted ferroptosis in both MGC-803 and MKN-
45 cells through downregulating inhibitory effect of miR-103a-3p on
GLS2 expression.

3.6. PG suppresses proliferation and metastasis of gastric cancer cells via
regulating miR-103a-3p/GLS2 axis

To further explore the anti-tumor effect of PG on gastric cancer
through miR-103a-3p/GLS2 axis in vitro. Our studies revealed that
overexpression of miR-103a-3p significantly downregulated the in-
hibitory effect of PG-treated on the proliferation, invasion and migra-
tion of MGC-803 and MKN-45 cells (P < 0.01, P < 0.001, Fig. 6A-H).
However, the upregulation effect of miR-103a-3p on the malignant
biological behavior of MGC-803 and MKN-45 cells were reversed by co-
transfecting with pcDNA-GLS2 (all P < 0.01, Fig. 6A-H). Moreover,
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Fig. 6. PG suppresses proliferation and metastasis of gastric cancer cells via regulating miR-103a-3p/GLS2 axis A and B: The proliferation of both MGC-803 and
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Fig. 7. PG suppresses growth and metastasis of gastric
cancer. A: The tumor size was obtained from nude mice;
B: The tumor weight was measured; C: The tumor volume
curve of nude mice treated with BAN (30 mg/kg/d) or
control was analyzed; D: The apoptotic cells was detected
by TUNEL staining; E: The expression of Ki-67, E-cad-
herin and Vimentin were detected in tumor tissues by
immunohistochemistry; F: The lipid ROS levels was de-
termined by lipid ROS assay; G: The level of MDA was
measured by lipid peroxidative assay kit; H: HE staining
was applied to evaluate the changes in the lung, heart,
kidney and liver tissues; I: The body weight of nude mice
were measured. **P < 0.01, ***P < 0.001, compared
with control group.
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Western blot showed that upregulation of miR-103a-3p significantly
decreased PG-induced EMT of MGC-803 and MKN-45cells (all
P < 0.01, Fig. 61, J). However, no significant difference between only
PG-treated group and miR-103a-3p + GLS2+PG group (Fig. 6). Taken
together, these results confirmed that PG administration suppressed
proliferation and metastasis of MGC-803 and MKN-45 cells through
mediating miR-103a-3p/GLS2 axis.

3.7. PG suppresses growth and metastasis of tumor in vivo

The role of PG was also evaluated in a xenograft model of gastric
cancer. As shown in Fig. 7A-C, both 30 and 50 mg/kg/day doses of PG
significantly suppressed tumor growth in terms of weight and volume
(P < 0.01, P < 0.001). Moreover, PG markedly increased the per-
centage of TUNEL positive apoptotic cells in the tumors (P < 0.01,
P < 0.001, Fig. 7D, E). Besides, immunohistochemistry results showed
that PG also decreased the expression of vimentin and Ki-67 in the
tumors tissues (Fig. 7E), but increased the expression of E-cadherin,
indicating a potent anti-proliferative and anti-metastasis effect in vivo.
As expected, PG significantly enhanced the ROS level and MDA pro-
duction in tumor tissues compared with the untreated group
(P < 0.01, P < 0.001, Fig. 7F, G). Furthermore, to evaluate the safety
of PG, the body weight of the mice, pathological changes in the lung,
liver, kidney and heart tissues were detected. PG treatment did not
cause any acute injury to the major organs (Fig. 7H), nor did it ad-
versely affect the body weight (Fig. 7I). Taken together, PG exhibits
anti-tumor effect in gastric cancer through inducing ferroptosis.

4. Discussion

GC, the fourth most commonly cancer in the world, is a major public
health problem that needs to be solved on a global scale. In this study,
we discussed the molecular mechanism of PG inhibits malignant bio-
logical behavior of GC cells through regulating ferroptosis. PG-treated
significantly induced ferroptosis and inhibited migration and invasion
of MGC-803 and MKN-45 cells, but enhanced the expression of GLS2
protein. Mechanically, overexpression of miR-0103a-3p targets GLS2 to
alleviate PG-induced ferroptosis and antitumorigenic in vitro and in vivo.
Hence, PG significantly trigged the GC cells ferroptosis and suppressed
biological behavior by downregulating the inhibitory effect of miR-
103a-3p on GLS2 expression and provided a new tool for target treat-
ment of GC patients.

In recent years, increasing evidence suggest that ferroptosis plays an
important regulatory role in radiotherapy, chemotherapy and devel-
opment and progression of multiple malignant tumors. For example,
activation of ferroptosis was attenuated cancer cells-acquired drug re-
sistance and immune evasion [8]. Sui et al. found that ferroptosis in-
ducer RSL3 decreased the progression of colorectal cancer through
GPX4 inactivation and ROS generation [26]. In addition, GLS2 was a
master transporter that regulated glutamine converted to glutaminase
in mitochondria [4,20]. Interestingly, glutaminolysis pathway was a
key regulator of cell growth, apoptosis, ferroptosis, autophagy [23,28].
Luo et al. showed that inhibition of GLS2 was repressed ferroptosis
induced by lipid peroxidative in melanoma [19]. Meanwhile, GLS2,
which is a target gene of p53, was exerted antitumor effect in cancer
cells by inducing ferroptosis [13]. Furthermore, GLS2-mediated gluta-
mine metabolism and its expression were negative correlated with
malignant and growth of tumor [22]. In the present study, our finding
revealed that upregulation of GLS2 inhibited proliferation and metas-
tasis of GC cells, and promoted ROS level and MDA generation, which
was induced by PG treatment.

Accumulating evidence has reported that PG plays important role in
the control of proliferation and metastasis of cancer cells, including
melanoma [38], breast cancer [6] and hepatocellular carcinoma [31].
Moreover, PG regulated the progression of malignant tumor by main-
taining ATP levels in response to energy stress caused by mitochondrial
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dysfunction, hypoxia, and shortage of essential metabolic fuel, for ex-
ample, PG suppressed clear-cell renal cell carcinoma progression by
inhibiting glycolysis [32]. Recent studies have confirmed that PG
mediates the development of multiple solid tumors by regulating
miRNA and its downstream target genes [34]. For instance, Zhang et al.
showed that upregulation of miR-124 by PG suppresses proliferation
and invasion of melanoma by targeting RLIP76 [38]. In the present
study, we demonstrated that PG plays a critical role in the biological
behavior of GC cells, and promotes ferroptosis induced by lipid per-
oxidative. Further studies confirmed that PG inhibits growth and me-
tastasis of GC by downregulating the inhibitory effect of miR-103a-3p
on GLS2 expression.

Accumulating evidence confirmed that microRNA (miRNA), as a
new type of regulatory factor, plays an important role in tumorigenesis
of many malignant tumors including GC, and the role of oncogene or
tumor suppressor gene [24,25]. For example, miR-103a-3p, acts a
tumor suppressor, was upregulated in gastric cancer, and inhibition of
miR-103a-3p was associated with superior outcome [11]. Moreover,
miR-103a-3p can be used as a biomarker for early diagnosis of malig-
nant tumors [2,39]. Furthermore, some studies have explored the
therapeutic targeting of miRNA in cancer, and miRNAs induced fer-
roptosis have been confirmed [19,40]. For example, Wang et al. found
that miR-6852 targets cystathionine-f-synthase (CBS), a surrogate
marker of ferroptosis, to inhibit cell proliferation via inducing ferrop-
tosis in lung cancer [29]. The results of the present study showed that
knockdown of miR-103a-3p targets GLS2 to inhibits cell viability and
promoted ferroptosis in GC cells, which was induced by PG treatment.

In summary, our results confirmed that PG plays a vital role in the
development and progression of GC. Besides, PG dramatically trigger
ferroptosis and suppress tumor growth by upregulating GLS2 expres-
sion. More importantly, PG exhibits antitumor effects in GC through
downregulating inhibitory effect of miR-103a-3p on GLS2 expression.
These findings provided a new therapeutic target for the treatment of
GC patients.
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