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Abstract

Trapa bispinosa Roxb. is a traditional Chinese food which is well known for its medicinal
properties. The shell of Trapa bispinosa has anticancer activity, maybe due to its high con-
tent of polyphenols. There are few studies on the chemical composition of Trapa bispinosa
shells, then we isolated the active components from Trapa bispinosa shell and clarified the
mechanism of its anticancer activity. One monomer compound was separated from the eth-
anol extract of the Trapa bispinosa shell by fractional extraction, silica gel, Sephadex LH-20
gel column chromatography and liquid phase separation. The structure, identified by NMR
was 1,2,3,6-tetra-O-galloyl-B-D-glucose. The results of the CCK-8 assay showed that
1,2,3,6-tetra-O-galloyl-B-D-glucose could significantly inhibit the proliferation of gastric can-
cer SGC7901 cells, and the effect was close to that of 5-fluorouracil. Here, 1,2,3,6-tetra-O-
galloyl-B-D-glucose could affect the cell cycle of SGC7901 cells. At the dose of 200 pg/mL
and an incubation time of 48 h, SGC7901 cells remained in the G1 phase, apoptosis
occurred, the intracellular calcium ion concentration increased and the mitochondrial mem-
brane potential decreased. Transcriptome sequencing analysis showed that the differen-
tially expressed genes were mainly enriched in the P53 signalling pathway associated with
apoptosis. The results of gPCR and Western blot showed that 1,2,3,6-tetra-O-galloyl-3-D-
glucose could induce apoptosis of SGC7901 cells by up-regulating the expression levels of
P21, PUMA, PERP and IGF-BP3 genes, down-regulating the CyclinD gene, increasing the
expression levels of cytochrome C, caspase-3, caspase-9 protein and decreasing that of
the protein BCL-2.

1. Introduction

Trapa bispinosa Roxb. (TbR), which commonly known as Water chestnut or Shuili and Sha-
jiao in China, is an annual aquatic herb belonging to the family Trapaceae. It is native to tem-
perate and tropical regions of Southeast Europe, Asia and Africa and is commercially
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cultivated in China, India, Japan and Southeast Asia [1, 2] and grows in shallow water fields,
lakes and irrigation ponds. The current planting area is about 40,000 hectares, with an annual
output of about 240,000 tons, mainly concentrated in dense lake areas [3]. Based on previous
studies, Trapa bispinosa is rich in active ingredients, which occur in different plant parts. Qual-
itative analysis has shown that Trapa bispinosa fruits contain carbohydrates, reducing sugar,
starch, protein and flavonoid [4], and the methanol extract has anti-bacterial [5] and immuno-
modulatory activity [6]. Leaves of Trapa bispinosa contain carbohydrates, phenols, saponins,
carboxylic acid, fixed oils and fats in petroleum ether extract [7] and have antioxidant and anti-
proliferative activities [8].

The dried fruit shell of Trapa bispinosa is often used in tea and other herbal medicines in
India and Japan. As a by-product of food processing, large amounts of TbR shells are usually
discarded as waste each year in China. However, extracts of TbR shells have beneficial proper-
ties, such as antioxidant activity [5, 9], antibacterial activity [10], cytotoxic activity [11], antidi-
abetic activity [12] and inhibition of glycometabolism [13]. The literature indicates that the
extract of TbR shells has anti-tumour activity. Ethanol extract of TbR shells has a high inhibi-
tory effect on the proliferation of liver cancer SMMC-7721 cells [14] and lung cancer A549
cells [15]. Some studies have shown that the TbR shell is rich in polyphenols, flavonoids and
alkaloids [16-18], with polyphenolic compounds being the most active ones [19-21]. Niu Fen-
glan et al. have isolated a polyphenol compound from the ethyl acetate extract of Toxoplasma
japonica and identified it as a dimer of 3,4,5-trihydroxybenzoic acid, inhibiting the activity of
gastric cancer cells [22]. Similarly, Lin Qiusheng et al. have systematically studied the activity
of two monomeric compounds (gallic acid and gallic acid dimer) in the ethyl acetate extract
and their inhibition of the activity of gastric cancer cells [23]. Other studies have shown that
polyphenolic compounds have anti-tumour effects [24-26], but the underlying mechanisms
are complex. Polyphenols could directly kill tumour cells [27], blocking the cell cycle [28] and
inhibiting tumour growth by improving the body’s immunity and antioxidant activity [29].

In our preliminary research, we showed that graded extracts of Trapa bispinosa shell could
inhibit gastric cancer SGC-7901 cell proliferation, causing apoptosis [30]. These studies were
performed using concentrated crude extracts or simple purification of TbR shells. However,
the main active compounds in these extracts have rarely been determined, and the underlying
molecular mechanisms need to be further elucidated. In this context, the present study has
been designed to isolate the monomeric compounds with tumour-suppressing activity and to
identify the chemical structure by NMR. One new compound, 1,2,3,6-tetra-O-galloyl-p-D-glu-
cose, was isolated, and the structure was verified through analysis of spectroscopic data (1H
NMR, 13C NMR). The inhibitory effects against human gastric cells and the molecular mecha-
nism were characterised.

2. Materials and methods
2.1 Chemicals

DMSO was obtained from Hubei Baisi Biotechnology Co., Ltd. Foetal bovine serum (FBS),
penicillin and streptomycin were purchased from Hangzhou Sijiging Bioengineering Materials
Co., Ltd., and 5-fluorouracil (5-Fu) was obtained from Sigma. The DMEM medium was pur-
chased from Hyclone, while the cell counting kit (CCK-8) was obtained from Japan Tongren
Reagent Co., Ltd. The T25 flasks, 96-well plates and 6-well plates were purchased Coming,
USA. Trypsin was obtained from the Hangzhou Gino Biomedical Technology Company, and
anhydrous ethanol, n-butanol, chloroform and methanol from Sinopharm Chemical Reagent
Co., Ltd. The 40-60 pm silica gel was obtained from Qingdao Ocean Chemical. The real-time
PCR kit, Sephadex LH-20, was obtained from BioRad, the total RNA extraction kit from
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Omega and the reverse transcription kit from Takara. The cell cycle detection kit, the mito-
chondrial membrane potential detection kit and the intracellular calcium ion concentration
detection kit were obtained from Solite. The apoptosis assay kit was purchased from BestBio.

2.2 Materials

The human gastric cancer cell line SGC7901, DMSO, was obtained from Hubei Baisi Biotech-
nology Co., Ltd. Trapa bispinosa Roxb. shells were collected in September 2018 in Wuhan,
Hubei province, P.R. China, and identified by Associate Professor Wanyong Zeng. The shells
were oven-dried for 3 days at 40°C and stored at 4°C.

2.3 Preparation of plant extracts

The dried Trapa bispinosa shells (200 g) were crushed and extracted with 10 equivalent vol-
umes of 70% ethanol. The obtained extracts were filtrated, concentrated in a vacuum evapora-
tor in a water bath and then further extracted with petroleum ether, ethyl acetate and n-
butanol. Subsequently, they were separated by column chromatography on a column contain-
ing 100 g of silica gel (60 mesh) and eluted with a mixture of ethyl acetate and petroleum ether
(3:6 v/v), followed by elution with a mixture of chloroform and methanol (2:8 v/v) to collect
the A component. Fraction A (8 g) was processed by Sephadex LH-20 gel column chromatog-
raphy with a gradient elution of methanol: H,O (30:70 to 100:0). The collected four compo-
nents (B1, B2, B3, B4), in particular, the B3 component, had highest inhibiting effect on
SGC7901 tumour cell proliferation. We then obtained the monomeric compounds (1.2 g)
from the high-performance liquid phase. A small amount of monomeric compounds were dis-
solved in methanol for chromatography and analyzed by LC-MS (Agilent,6410, CA, USA).
The m/z scanning range of the mass-to-charge ratio was 0~1000. Subsequently, the mono-
meric compounds were elucidated by the 1H, 13C and DEPT NMR techniques, using a 600
MHz Agilent NMR system (Agilent, Santa Clara, CA, USA).

2.4 Cell culture and treatments

Human gastric cancer SGC7901 cells were cultured in DMEM medium supplemented with
5% heat-inactivated FBS, 100 U mL™" of penicillin and 0.1 mg mL™" of streptomycin and
grown at 37°C with 5% CO, and 95% air. Cells were cultured every 3-4 days, and DMSO was
used as the vehicle for treatment delivery to the cells; the final concentration of DMSO in the
culture medium was 0.1% v/v for all experiments.

2.5 Cell viability assay

To determine the effects of the compounds on short-term proliferation, CCK-8 assays were
performed. The SGC7901 cells were seeded at 5 x 10° cells per well in a 96-well culture plate
and grown at 37°C in a 5% CO, atmosphere for 24 h. Subsequently, the cells were incubated
with various concentrations of isolated compounds and 5-fluorouracil (12.5, 25, 50, 100,

200 pg/mL, dissolved in dimethyl sulfoxide (DMSO) for 24 and 48 h, respectively. After this,
the cells were incubated with a 10 uL CCK-8 reagent per well for 3 h. The absorbance of the
formazan products was measured at 450 nm by using a microplate reader [31]. The cell inhibi-
tion rate was calculated by dividing the number of viable cells in the compound-treated groups
by that in the control group, using the following equation:

Ceu lnhlbltlon rate (%) = |:1 - (ODtest group ODblank group) / (ODcomrol group ODblank group):| x 100.
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The half maximal inhibitory concentration (ICsy) was then calculated and considered as the
concentration accounting for 50% of the viability.

2.6 Cell cycle analysis

Cell cycle analysis was performed using PI staining to measure the DNA content and the dis-
tribution of cells in various cell cycle stages. The SGC-7901 cells (1 x 10° cells/well) were
seeded in a 6-well plate and treated with isolated compounds (12.5, 25, 50, 100, 200 pg/mL) for
48 h. The cells were then harvested, washed with PBS, fixed in 70% ethanol and stored at
-20°C for 4 h. After incubation, cells were re-suspended in PI staining solution (50 pg/mL of
PI, 0.1% (v/v) of Triton X-100 and 100 pg/mL of RNase A) and further incubated for 30 min at
37°C in the dark [32]. The total DNA content was measured by CytoFLEX flow cytometry
(Beckman Coulter, Miami, FL, USA).

2.7 Annexin-V FITC/PI assay

Apoptosis was measured using a commercial Annexin-V FITC/PI kit according to the manu-
facturer’s instructions. The SGC-7901 cells were harvested and resuspended in binding buffer
(1.0 x 10° cells/mL). Subsequently, the cells were stained with 10 L of annexin-V-FITC and
5 uL of propidium iodide (PI) for 15 min at room temperature in the dark and measured by
CytoFLEX flow cytometry. The CytoFLEX Flow cytometric data were collected and analysed
using the Flow]Jo 10 software (TreeStar, Ashland, OR, USA).

2.8 Assessment of the mitochondrial membrane potential (MMP A'¥Y'm)

We used JC-1 staining to determine the MMP loss in SGC-7901 cells after being treated with
the isolated compounds. Cells (5 x 10° cells/well) seeded in a six-well plate were treated with
the compounds, followed by incubation for 48 hours. Cells were then stained with 1 mL of JC-
1 stain and again incubated for 30 min [33]. The excess dye was removed by washing with JC-
1 buffer, and the cells were then measured via CytoFLEX flow cytometry (Beckman Coulter,
Miami, FL, USA).

2.9 Intracellular calcium determination

Cells (5 x 10° cells/well) seeded in a six-well plate were treated with the compounds, followed
by incubation for 48 h. Cells were harvested, washed with Hank’s balanced salt solution
(HBSS, BI) and resuspended in 1 ml Fura 2-AM working solution (5 M) at a concentration of
1 x 10° cells/mL. Cells were incubated for 20 min, and the Fura 2-AM working solution was
then removed. Cells were washed once with HBSS and incubated for 1 h in HBSS, followed by
measuring via CytoFLEX flow cytometry (TreeStar, Ashland, OR, USA).

2.10 Transcriptomic data analysis, RNA extraction and quantitative
RT-PCR

A total of six samples of SGC7901 cells were prepared. Three control groups were treated with
50 ug/mL of 1,2,3,6-tetra-O-galloyl-B-D-glucose for 24 h, and finally, all samples were
extracted via the TRIZOL method. Transcriptome sequencing was performed using the BGI-
SEQ-500 platform.

Raw reads were first discarded if they contained more than 10% N bases, adaptor or low-
quality reads using SOAPnuke (version 1.5.2). The clean reads were aligned to the reference
genome by HISAT (version 2.0.4), and FPKM values (FPKM represents fragments per kilobase
and per million) were calculated using RSEM (version 1.2.12). Differentially expressed genes
(DEGs) between the control and treatment groups were analysed using DEseq2. Functional
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Table 1. PCR amplified primer sequence.
Gene
PUMA
P21
CyclinD
IGF-BP3
PERP
B-Actin
https://doi.org/10.1371/journal.pone.0269013.t001

Forward primer (5°—3’)

Reverse primer (5’—3’)

GAGGAGGAACAGTGGGCC GGAGTCCCATGATGAGATTGT
GACACCACTGGAGGGTGACT CAGGTCCACATGGTCTTCCT
AACTACCTGGACCGCTTCCT CCACTTGAGCTTGTTCACCA
CCTGCCGTAGAGAAATGGAA AGGCTGCCCATACTTATCCA
TGCCATCATTCTCATTGCAT AACCCCAGTTGAACTCATGG
CATCCGCAAAGACCTGTACG CCTGCTTGCTGATCCACATC

enrichment analysis of DEGs in gene ontology (GO) and the KEGG pathway database were
applied using phyper in the R package.

The RNA was isolated from cells using TRIZOL (Takara, Dalian, China), and RNA quantity
and quality were determined using the Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) at a wavelength of 260/280 nm. The cDNA was gener-
ated from 5 ug of total RNA, using SuperScript IV reverse transcriptase. The 20-uL amplifica-
tion reaction consisted of iTaq Universal SYBR ® Green Supermix (BioRad, Hercules, CA,
USA) with 300 nM of both reverse and forward primers (Table 1). All reactions were per-
formed on a CFX96 real-time PCR System (BioRad, Hercules, CA, USA). The thermal cycling
conditions were 50°C for 2 min and 95°C for 3 min, followed by 40 repeats at 95°C for 15s,
60°C for 30 s and 72°C for 30 s. To control for variations in the reactions, the amount of target
mRNA was normalised to invariable control gene Beta-Actin expression. The comparative
threshold cycle (Ct) method was used to determine the amount of target gene normalised to
tubada and relative to a calibrator 2 “**“*. The purity of the PCR products was verified by melt-
ing curves and gel electrophoresis.

2.11 Western blot analysis

Total cytoplasmic proteins from each sample were extracted using a microplate BCA protein
assay kit (Pierce, Rockford, IL, USA). Cell protein extracts were mixed with sample buffer
(62.5 mmol/L Tris-HCI pH 6.8 (BioRad), 25% glycerol, 2% SDS, 350 mmol/L DTT and 0.01%
bromophenol blue) at a ratio of 1:1 (v/v). The samples were then incubated in boiling water for
5 min, and aliquots of the samples (30 mg of protein) were separated by electrophoresis in
12.5% SDS-PAGE gels at a constant voltage (120 V) and then transferred to polyvinylidene
difluoride membranes (Millipore, USA). The membranes were blocked with 5% milk and
incubated overnight at 4°C with the following primary antibodies: anti-pIRS1(Ser307)
(1:1,000; AI623-1, Beyotime, China) and anti-IRS1 (1:1,000; 2382, CST, USA), while beta-actin
was selected as internal control. The optical densities of the bands of interest were analysed
quantitatively using the Quantity One software (Bio-Rad, USA).

2.12 Statistical analysis

All data are presented as the mean * SD values, with normal distribution. Differences among
the groups were determined by one-way ANOV A, followed by Turkey’s test for equality of var-
iances, using Graphpad Prism (version 7.0). Differences were considered statistically signifi-
cant at P < 0.05.

3. Results

3.1 Identification of the isolated components of the TbR shell

We isolated one compound from the TbR shell. It was a yellow powder, ESI-MS m/z:787
[M-H]  (Fig 1A), 1H-NMR(600MHz,MEOD)3 6.92(2H,s,Ar6-H2,6), 6.91(2H,s,Ar1-H2,6),
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Fig 1. Structural formula of the compound separated from the ethanol extract of the Trapa bispinosa shell. A. LC/MS analysis of the monomer
compound. B. Structural formula of monomer compound.

https://doi.org/10.1371/journal.pone.0269013.9001

6.88(2H,s,Ar3-H2,6), 6.81(2H,s,Ar2-H2,6), 6.13(1H,d,] = 8.4Hz,H-1), 5.52(1H,dd,

] =9.6,9.5Hz,H-2), 5.27(1H,dd,] = 8.4,7.9Hz,H-3), 4.44(1H,d,] = 9.4Hz,H-6a), 4.40(1H,dd,

] = 7.8,4.4Hz,H-6b), 4.08(1H,d,] = 7.6Hz,H-5), 3.81(1H,d,] = 4.8HzH-4). *C NMR(151MHz,
MEOD)$ 165.6(6-Gall-C 7), 165. 0(3-Gall-C7), 164. 6(2-Gall-C7), 163.9(1-Gall-C7), 145.5
(1,3,6-Gall-C3,5), 145.3(2-Gall-C3, 5), 139. 4(1-Gall-C4), 138.9(2-Gall-C4), 138.5(6-Gall-C4),
138.5(3-Gall-C4), 119.9(6-Gall-C1), 118.9(3-Gall-C1), 118.1(2-Gall-C1), 117.5(1-Gall-C1),
108.9(1-Gall-C2,6), 108.7(2, 3-Gall-C2,6), 108.6(6-Gall-C2,6), 92.0(Glc-C1), 76.3(Glc-C3),74.8
(Gle-C5), 70.6(Glc-C2), 67.4(Glc-C4), 62.8(Glc-Co) (Fig 1B). The structure was 1,2,3,6-tetra-
O-galloyl-B-D-glucose (TGG), determined via analysis of the NMR spectra and by comparing
the spectral data with data found in the literature [34, 35].
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Table 2. 1,2,3,6-tetra-O-galloyl-B-D-glucose inhibits tumor cell proliferation activity.

Sample

1, 2, 3, 6-tetra-O-galloyl-B-D-glucose

5-Fu

https://doi.org/10.1371/journal.pone.0269013.t002

Time SGC7901cell growth inhibition rate (%)
12.5ug/mL 25ug/mL 50pug/mL 100ug/mL 200ug/mL
24h 6.98+4.66 29.39+1.46 51.51+1.46 65.58+3.50 75.00+4.73
48h 24.08+8.90 43.37+4.21 61.15+3.08 73.86+3.14 80.27+1.15
24h 59.32+2.93 66.00+3.13 67.10+4.14 60.83+3.33 71.54+2.94
48h 69.08+1.90 70.38+4.80 81.73+4.50 90.04+2.50 94.88+1.30

3.2 1,2,3,6-tetra-O-galloyl-B-D-glucose suppress SGC7901 cell proliferation
and arrest the cell cycles

Based on Table 2, 1,2,3,6-tetra-O-galloyl-B-D-glucose has a certain inhibitory effect on the
proliferation of SGC7901 cells. As the concentration increased, the inhibition rate also
increased. Compared with the 5-FU inhibition effect, when the sample concentration was
12.5 ug/mL, the proliferation inhibition rate of 5-FU on SGC7901 was higher than that of
1,2,3,6-tetra-O-galloyl-B-D-glucose. When the concentration was 200 pg/mL, the inhibition
rate of 1,2,3,6-tetra-O-galloyl-B-D-glucose on SGC7901 was over 70% and equivalent to that
of 5-FU. The semi-inhibitory concentration (ICs, value) was calculated based on the strength of
the inhibition rate (Table 3). The ICs, values of the proliferation inhibition rate of ,2,3,6-tetra-
galloyl-B-D-glucose on SGC7901 were 59.15 and 36.23 pg/mL, respectively. The inhibitory
effect of 1,2,3,6-tetra-O-galloyl-B-D-glucose on SGC7901 cells was not as good as that of 5-FU.
As shown in Fig 2, 1,2,3,6-tetra-O-galloyl-B-D-glucose was used to incubate SGC-7901 cells
for 48 h. At al,2,3,6-tetra-O-galloyl-B-D-glucose dose of 12.5 and 25 pg/mL, the S phase cells
decreased significantly (P < 0.05), while the G2/M phase cells increased significantly
(P < 0.05) compared with the control group. With increased drug concentration, the S phase
and G2/M phase cells remained basically unchanged compared with the control group, and
GO/GI1 phase cells slightly increased. The results showed that 1,2,3,6-tetra-O-galloyl-B-D-glu-
cose could slightly arrest SGC7901 cells in the G1 phase, without a significant difference at
high concentrations (100 and 200 pg/mL).

3.3 1,2,3,6-tetra-O-galloyl-B-D-glucoseinduce SGC7901 cell apoptosis

As shown in Fig 3, human gastric cancer cells SGC7901 were treated with different concentra-
tions of 1,2,3,6-tetra-O-galloyl-B-D-glucose for 48 h. This substance increases the number of
apoptotic cells in a concentration-dependent manner. The apoptotic rates were 8.89, 12.01,
17.18, 24.34 and 28.78% at doses of 12.5, 25, 50, 100 and 200 pg/mL, respectively. The apopto-
tic rate was significantly different at high concentrations (100 and 200 ug/mL) (P < 0.05)
compared with the control group. The early apoptosis rate of cells was 3.45% at the concentra-
tion of 200 ug/mL, while the late rate was 25.33%. Based on Fig 3, the apoptosis rate increases
with increasing 5-FU concentrations. The apoptotic rates were 9.96, 12.48, 20.67, 41.09 and
48.96% at doses of 12.5, 25, 50, 100 and 200 pg/mL, respectively. The apoptosis rate was
extremely significant (P < 0.01) at doses of 100 and 200 pg/mL compared with the control

Table 3. ICs, values of 1,2,3,6-tetra-O-galloyl-p-D-glucose on SGC7901 cells.

Time ICsy (ug/mL)
L,2,3,6-tetra-O-galloyl-B-D-glucose 5-Fu
24h 59.15 9.12
48h 36.23 4.06

https://doi.org/10.1371/journal.pone.0269013.t003
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Fig 2. Evaluation of cell cycle in SGC-7901 cells after 1,2,3,6-tetra-O-galyl-B-D-glucose treatment. A. Intracellular the fluorescence intensity in SGC-
7901 cells cultured in the presence of 1,2,3,6-tetra-O-galloyl-B-D-glucose (0, 12.5,25, 50, 100 and 200 pg/mL) for 48 h. B. Average intensity of
fluorescence in SGC-7901cells.

https://doi.org/10.1371/journal.pone.0269013.9002

group. The early apoptotic rate of cells was 7.12%, while the late apoptotic rate was 41.57% at
200 ug/mL. Based on the above results, 1, 2,3,6-tetra-O-galloyl-B-D-glucose could induce apo-
ptosis of human gastric cancer SGC7901 cells in vitro, and the effect was 60% of that of the pos-
itive drug 5-FU.

3.4 Effect of 1,2,3,6-tetra-O-galloyl-p-D-glucose on mitochondrial
membrane potential

The SGC7901 cells were treated with different concentrations of 1,2,3,6-tetra-O-galloyl-B-D-
glucose for 48 h, and the mitochondrial membrane potential was measured by JC-1 staining.
The mitochondrial membrane potential of gastric cancer cells SGC7901 was decreased after
treatment with 1,2,3,6-tetra-O-galloyl-B-D-glucose (Fig 4). Compared with the control group,
1,2,3,6-tetra-O-garoyl-B-D-glucose only slightly affected the membrane potential of gastric
cancer cells at low concentrations (12.5-50 ug/mL). When the drug concentration reached
100 pg/mL, the mitochondrial membrane potential decrease rate was 56.38%, which was signif-
icantly different from that of the control group (P < 0.05). The highest concentration (200 ug/
mL) of 1,2,3,6-tetra-O-galloyl-B-D-glucose reduced the mitochondrial membrane potential of
SGC7901 cells by up to 66.42%. These experimental results demonstrate that 1,2,3,6-tetra-O-
galloyl-B-D-glucose induced apoptosis of SGC7901 cells by decreasing the mitochondrial
membrane potential and increasing the mitochondrial membrane permeability.

3.5 Effect of 1,2,3,6-tetra-O-galloyl-B-D-glucose on intracellular calcium

The concentration of Ca** in the cytoplasm of SGC7901 cells was measured by flow cytometry
after adding different concentrations of 1,2,3,6-tetra-O-galloyl-B-D-glucose. The Fluo-3-AM
decomposed into Fluo-3 in the cells, which could bound to free Ca**, and the emitted fluores-
cence could be captured by flow cytometry. The total fluorescence intensity of each group of
cells was shown in the spectrum. The Count axis shows the amount of cells loaded, and the
FITC-A measured the fluorescence intensity of the cells. Fig 5 shows that the number of cells
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https://doi.org/10.1371/journal.pone.0269013.9003

captured by the cytometer and the fluorescence intensity of SGC7901 cells increased with
increasing concentrations of 1,2,3,6-tetra-O-galloyl-B-D-glucose. Compared with the control
group, the intracellular calcium concentration did not change significantly when the drug con-
centration was 12.5-50 pg/mL. However, the intracellular calcium concentration increased
significantly (P < 0.05) when the concentration of 1,2,3,6-tetra-O-galloyl-B-D-glucose was
100-200 pg/mL and reached 77% at a concentration of 200 pug/mL. Thus, 1,2,3,6-tetra-O-gal-
loyl-B-D-glucose-mediated apoptosis of SGC7901 cells is closely related to the increase in
intracellular free calcium ion concentration.

3.6 Comparative transcriptomic study and qPCR validation between the
control and the treatment group

To investigate the molecular mechanisms underlying the facilitation of apoptosis by
1,2,3,6-tetra-O-galloyl-B-D-glucose in SGC7901 cells, a BGI-SEQ 500-based RNA-sequencing
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https://doi.org/10.1371/journal.pone.0269013.9004

strategy was applied to compare the gastric cancer mRNA levels between the control and the
treatment group. Three pooled mRNA samples from either the control or the treatment group
were extracted, library-constructed and sequenced in either the control or the treatment
group. The proportion of bases with sequencing error rate < 0.1% in the control group was
88.18%, 88.48%, and 88.22%. The proportion of the number of bases with sequencing error
rate < 0.1% was 88.18%, 87.95%, and 88.04% in the 1,2,3,6-tetragalloyl-B-D-glucose-treated
group. The total clean reads obtained in each sample were at least 21Mb, and more than 80%
of the clean reads were aligned against the human genome database (Table 4). As shown in
Venn diagram, a total of 18,038 genes were detected in SGC7901 cells and 1,076 genes were
differential expression between the control group and the treatment group (Fig 6A). It can be
seen from the gene differential expression analysis of the volcano plot that 563 genes were up-
regulated and 513 genes were down-regulated after treatment administration (Fig 6B, S1
Table).

To highlight the biological processes and molecular functions relevant to DEGs between
the two groups, gene ontology (GO) annotation was applied. In the biological process category,
691 DEGs were mapped to a reference list and classified in terms such as RNA metabolic pro-
cess, tissue development and location (Fig 6C, S2 Table). In the molecular function category,
681 DEGs were mapped and enriched in binding-related terms such as histone binding and
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transcription regulatory region sequence-specific DNA binding (Fig 6C). The DEG-associated
pathways were explored using KEGG pathway enrichment; The top 20 signaling pathways
with the most significant differences are listed (Table 5). 1,2,3,6-Tetragalloyl-B-D-glucose may
have an effect on SGC7901 cells in terms of energy metabolism, signal transduction and so on.
DEGs were mainly enriched in signal transduction pathways such as the PI3-AKT signalling
pathway and the P53 signalling pathway (Fig 6D, S3 Table). The differential genes shared by
p53 signaling pathway and PI3K-Akt signaling pathway were p21, IGF1, CCND1, IGFBP3
(Table 6). These several genes are closely related to cell proliferation and apoptosis. P21 and
CCNDI1 are cell cycle-related genes, and changes in these two genes can have an effect on the
cell cycle. IGFBP3 and IGF1 were associated with apoptosis. P21, IGFBP3 were upregulated
and IGF1, CCND1 were downregulated compared with the control group. In addition to the
above differential genes in P53 signaling pathway, there were significant differences in PUMA
and PERP genes. Both PUMA and PERP were downstream effectors of P53 and could induce
apoptosis. The differentially expressed genes in the p53 signaling pathway were shown in the
heat map analysis (Fig 7A). In the P53 pathway, the expression levels of several key genes were
elevated after 1,2,3,6-tetra-O-galloyl-B-D-glucose treatment, including PUMA, P21, CyclinD
and IGF-BP3 (Fig 7B).

We applied 100 pg/mL of 1,2,3,6-tetra-O-galloyl-B-D-glucose to SGC7901 cells for 24 h,
and subsequently, qPCR was used to detect changes in mRNA levels of apoptosis-related genes
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Table 4. Summary of data quality assessment.

Sample | Total Raw Reads (M) | Total Clean Reads (M) | Total Clean Bases (Gb) | Clean Reads Q20 (%) | Clean Reads Q30 (%) | Clean Reads Ratio (%)
control_1 21.88 21.72 1.09 96.67 88.18 99.26
control_2 21.88 21.74 1.09 96.76 88.48 99.34
control_3 21.88 21.75 1.09 96.66 88.22 99.39

treat_1 21.89 21.77 1.09 96.72 88.18 99.47

treat_2 21.89 21.75 1.09 96.56 87.95 99.37

treat_3 21.89 21.73 1.09 96.65 88.04 99.27

Note: Clean reads: the total number of reads obtained from filtration, GC%, the percentage of the number of G+C in total number of reads. Q20: the ratio of reads with

the sequencing error rate < 1%. Q30: the ratio of reads with the sequencing error rate < 0.1%.

https://doi.org/10.1371/journal.pone.0269013.t004

A

(P21, PUMA, PERP, IGF-BP3, CyclinD) in the P53 signalling pathway. The results are shown
in Fig 8. Compared with the control group, the mRNA expression levels of P21, PUMA, PERP
and IGF-BP3 significantly increased (P < 0.01). The expression level of CyclinD mRNA was
significantly lower than that of the control group (P < 0.01). The results show that
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https://doi.org/10.1371/journal.pone.0269013.9g006
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Table 5. Differential gene KEGG enrichment.

Pathway Name
Metabolic pathways
PI3K-Akt signaling pathway
Human papillomavirus infection
Focal adhesion
ECM-receptor interaction
AGE-RAGE signaling pathway in diabetic complications
Protein digestion and absorption
Ribosome biogenesis in eukaryotes
TGF-beta signaling pathway
Platelet activation
Amoebiasis
FoxO signaling pathway
Relaxin signaling pathway
Measles
Malaria
PPAR signaling pathway
Chagas disease (American trypanosomiasis)
P53 signaling pathway
HIF-1 signaling pathway

https://doi.org/10.1371/journal.pone.0269013.t005

Gene Num
127
47
43
34
25
21
21
15
15
20
17
18
17
16
13
14
13
12
13

Rich Ratio P value
0.22 0.006
0.08 0.001
0.07 0.01
0.06 0.003
0.04 0
0.04 0
0.04 0
0.03 0.003
0.03 0.005
0.03 0.005
0.03 0.005
0.03 0.008
0.03 0.024
0.03 0.036
0.02 0
0.02 0.007
0.02 0.029
0.02 0.035
0.02 0.041

1,2,3,6-tetra-O-galloyl-B-D-glucose induced different changes in the expression level of apopto-

sis-related gene mRNA in SGC7901 cells.

3.7 Western blot analysis of protein expression treated with 1,2,3,6-tetra-

O-galloyl-B-D-glucose

To elucidate the mechanism of inducing apoptosis of SGC7901 cells by 1,2,3,6-tetra-O-galloyl-
B-D-glucose, the expression of P53 and downstream-related proteins was detected by Western
blot; the results are shown in Fig 9. After 24 hours of treating SGC7901 cells with 1,2,3,6-tetra-
galloyl-B-D-glucose, caspase-3 protein was cleaved and its corresponding splicing content

increased. The content of caspase-9 also significantly increased (P < 0.01), suggesting that cas-
pase protein plays a role in the apoptosis of SGC7901 cells induced by 1,2,3,6-tetragalloyl-p-D-

glucose.

Western blot was used to detect changes in the expression levels of Bcl-2 family-related pro-
teins. The results show that the pro-apoptotic protein Bax expression level was up-regulated,

and the anti-apoptotic Bcl-2 protein level was significantly decreased (P < 0.01). The trend of
the Bax/Bcl-2 ratio indicates that Bcl-2 family proteins are involved in the regulation of apo-
ptosis of SGC7901 cells induced by 1,2,3,6-tetra-O-galloyl-p-D-glucose.

Table 6. Differential genes common to p53 signaling pathway and PI3K-Akt signaling pathway.

Pathway Gene name description Fold Difference
P53 signaling pathway, PI3K-Akt signaling pathway IGFBP3 insulin-like growth factor-binding protein-3 2.36
CDKNIA, P21, CIP1 Cyclin-dependent kinase inhibitor 1A 1.17
IGF1 Insulin-like growth factor type-1 -1.41
CCND1 G1/8S specific cyclin-D1 -1.48
https://doi.org/10.1371/journal.pone.0269013.t006
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Expressed Genes. B. Gene expression changes in P53 signalling pathway.
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Western blot analysis showed that the expression levels of P53, P21 and PUMA were signifi-
cantly increased compared with the control group (P < 0.01), indicating that P53, P21 and
PUMA may be involved in the regulation of apoptosis of SGC7901 cells induced by
1,2,3,6-tetra-O-galloyl-B-D-glucose.

4. Discussion

The mechanism underlying the effect of1,2,3,6-tetra-O-galloyl-B-D-glucose on SGC7901 cells
was investigated by transcriptome sequencing. Transcriptomics has been of the most active
areas of functional genomics research in the past 2 years [36-38]. After drug intervention in
the body or in cells, high-throughput sequencing and screening for changes in related tran-
scriptomes help to understand the targets and possible effects of drug action mechanisms. In
this study, RNA-seq detection showed significant changes in the expression of 1,076 genes, of
which 513 genes were significantly down-regulated (P < 0.01) and 563 genes were significantly
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Fig 8. Results of gene detection in SGC7901 cells. gPCR was used to detect changes in mRNA levels of apoptosis-related gene expression in SGC7901
cells. (A. PUMA, PERP, IGF-BP3. B. P21, CyclinD Cells were treated with 1,2,3,6-Tetra-O-galoyl-B-D-glucose at 100 ug/mL for 24 h.

https://doi.org/10.1371/journal.pone.0269013.9008
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up-regulated (P < 0.01) in SGC7901 cells treated with 50 ug/mL 1,2,3,6-tetra-O-galloyl-B-D-
glucose for 48 h. We speculate that these genes mainly affect the proliferation and apoptosis of
gastric cancer cells through the P53 signalling pathway.

The ATM belongs to the PIKK family, which could sense DNA damage, transmit DNA
damage signals to downstream target proteins and initiate stress systems through cascade
amplification, resulting in cycle arrest, repair and even apoptosis [39]. The Chk2 is a substrate
for ATM [40], and after DNA damage, ATM allows Chk2 to acquire kinase activity, thereby
phosphorylating downstream substrates (such as MDM2, P53 and Cdc25). The P21 is a down-
stream target protein of P53, belonging to the Chip and Kip families, and a tumour suppressor
protein [41]. It is located on the short arm of chromosome 6 (6P21.2); its DNA is 8.6 x 104 bp
in length and has three exons. It is a member of the family of cyclin-dependent kinase inhibi-
tors (CDKIs) and the negative regulator of the cycle. The CDKIs, through binding to cyclins,
cyclin-dependent kinases (CDKs) or cyclin-CDK, cause cell cycle arrest, thereby blocking cell
proliferation. The Insulin-like growth factor binding protein 3 (IGF-BP3) is also a downstream
target protein of P53 and promotes apoptosis through IGF-dependent pathways in different
tumours [42]. The PERP is a newly discovered P53 downstream effector molecule. In mouse
embryonic fibrosis (MEF), PERP is directly regulated by P53 to perform functions in
P53-dependent apoptosis, but not in the apoptosis of other pathways [43]. The PUMA gene
has first been reported as a P53 transcriptional target gene in 2001 [44]. It is a tumour suppres-
sor gene that induces apoptosis in cancer cells and increases the sensitivity of tumour cells to
anti-tumour drugs; PUMA is regulated by the P53 gene, which acts as a transcription factor to
induce PUMA expression, and induces apoptosis mainly through the mitochondrial pathway
[45]. Similar to Bax, PUMA belongs to the Bcl-2 family of proteins and contains the BH3
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domain, which plays a pro-apoptotic role by antagonising the anti-apoptotic protein Bcl-2
[46]. Studies have shown that 1,2,3,6-tetragalloyl-B-D-glucose can increase the mRNA expres-
sion of P21, PUMA, PERP and IGF-BP3 in SGC7901 cells, CyclinD. In our study, the mRNA
expression significantly decreased (P < 0.01).

The mitochondrial apoptotic pathway is a classical apoptotic pathway [47-49]. In the pres-
ent study, 1,2,3,6-tetra-O-galloyl-B-D-glucose caused a decrease in the mitochondrial mem-
brane potential in gastric cancer SGC7901 cells. Western blot showed an increase in the
cytochrome c content in the cytosol, indicating that 1,2,3,6-tetragalloyl-B-D-glucose promotes
the translocation of cytochrome c¢ from the mitochondria into the cytosol. Cytochrome ¢
enters the cytoplasm and activates caspase-9 with the help of Apaf-1; the activated caspase-9
can cleave and activate caspase-3, which is an important apoptosis-executing protein in the
apoptotic pathway A variety of apoptosis-related proteins, such as activated caspase-3, ulti-
mately induce apoptosis. In this study, after treatment of gastric cancer cells with 1,2,3,6-tetra-
O-galloyl-B-D-glucose for 24 h, the expression of caspase-9 in the cytosol was increased and
caspase-3 was cleaved, indicating that the cell mitochondrial apoptosis pathway was activated.

We also found that 1,2,3,6-tetra-O-galloyl-B-D-glucose can affect the regulatory proteins of
the mitochondrial apoptosis pathway. The protein Bcl-2 is a negative regulatory protein in the
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Fig 10. 1,2,3,6-Tetra-O-galoyl-B-D-glucose induced apoptosis signalling pathway in SGC7901 cells. 1,2,3,6-tetragalloyl-B-D-glucose is effective
against human gastric cancer SGC7901 cells in vitro by inhibiting the cell cycle and inducing apoptosis in tumour cells.

https://doi.org/10.1371/journal.pone.0269013.9g010
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apoptotic pathway and blocks the formation of dimers of Bax and Bak to inhibit the release of
Cytochrome ¢ [49]. In our study, 1,2,3,6-tetra-O-galloyl-B-D-glucose down-regulated the
expression of Bcl-2; moreover, 1,2,3,6-tetra-O-galloyl-B-D-glucose can up-regulate the expres-
sion of P53. However, P53 can react with Bcl-2 type polymer, thereby attenuating the inhibi-
tory effect of Bcl-2 on the formation of Bax and Bak dimers.

In summary, 1,2,3,6-tetra-O-galloyl-B-D-glucose has an effect against human gastric cancer
SGC7901 cells in vitro. One of the mechanisms is the inhibition of the cell cycle; 1,2,3,6-tetra-
O-galloyl-B-D-glucose can up-regulate the expression of the P21 gene and down-regulate the
expression of the CyclinD gene to arrest SGC7901 cells in the G1 phase. Another mechanism
is the induction of apoptosis in tumour cells. In SGC7901 cells, the mitochondrial membrane
potential decreased and the intracellular calcium ion concentration increased under the action
of 1,2,3,6-tetra-O-galloyl-B-D-glucose. Cytochrome c is transferred from the mitochondria to
the cytoplasm, and the mitochondrial apoptosis pathway-associated proteins caspase-9 and
caspase-3 are activated. At the same time, 1,2,3,6-tetra-O-galloyl-B-D-glucose also up-regulates
P53 protein expression, activates the P53 signalling pathway, weakens the Bcl-2 inhibition of
Bax and promotes cytochrome c release to induce apoptosis of SGC7901 cells (Fig 10).

5. Conclusions

We isolated 1,2,3,6-tetra-O-galloyl-B-D-glucose from an ethanol extract of TbR shells. This
substance has a good inhibitory effect on SGC7901 cells and could affect the cell cycle of
SGC7901, arrest cells in the G1 phase, induce apoptosis in SGC7901 cells, increase the intracel-
lular calcium concentration and decrease the mitochondrial membrane potential. Transcrip-
tome sequencing analysis showed that 1,2,3,6-tetra-O-galloyl-B-D-glucose may induce
apoptosis in SGC7901 cells via the P53 signalling pathway. The results of qPCR and Western
blot show that 1,2,3,6-tetra-O-galloyl-B-D-glucose could up-regulate the expression of the
CyclinD gene by up-regulating the expression levels of P21, PUMA, PERP and IGF-BP3 genes.
It also increased the expression levels of P53, Bax, cytochrome C, caspase-3 and caspase-9 and
decreased that of Bcl-2, thereby inducing apoptosis of SGC7901 cells.

Supporting information

S1 Table. The expression of DEGs in treat-vs-control group.
(XLSX)

S2 Table. Distribution of DEGs in different GO terms.
(XLSX)

S3 Table. The KEGG enrichment of DEGs.
(XLSX)

Acknowledgments

We thank proof-reading-service.com for English language editing.

Author Contributions

Conceptualization: Hongxun Wang.

Data curation: Limei Wang, Dongjie Yin, Yanhui Fan, Yang Yi.
Formal analysis: Ting Min.

Funding acquisition: Limei Wang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0269013  June 2, 2022 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269013.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269013.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269013.s003
https://doi.org/10.1371/journal.pone.0269013

PLOS ONE

Ant-gastric cancer activity of 1,2,3,6-tetra-O-galloyl-B-D-glucose isolated from Trapa bispinosa Roxb shell

Methodology: Limei Wang.

Resources: Ting Min, Yang Yi, Hongxun Wang.

Software: Limei Wang, Yanhui Fan, Ting Min.

Writing - original draft: Limei Wang, Dongjie Yin.

Writing - review & editing: Limei Wang, Dongjie Yin, Hongxun Wang.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Faruk MO, Amin MZ, Sana NK, Shaha RK, Biswas KK. Biochemical analysis of two varieties of water
chestnuts (Trapa sp.). Pakistan journal of biological sciences: PJBS. 2012; 15(21):1019-26. https://doi.
0rg/10.3923/pjbs.2012.1019.1026 PMID: 24163944

Singh S, David J. Development of pudding with different levels of water chestnut ( Trapa bispinosa) pow-
der. The Pharma Innovation. 2017; 6(4, Part B):111.

Adkar P, Dongare A, Ambavade S, Bhaskar V. Trapa bispinosa Roxb.: a review on nutritional and phar-
macological aspects. Advances in pharmacological sciences. 2014; 2014. https://doi.org/10.1155/
2014/959830 PMID: 24669216

Pandey V. Phytochemical and Therapeutic Potential of Bioenergetic plant: Trapa bispinosa Roxb. Jour-
nal of Drug Delivery and Therapeutics. 2019; 9(2-s):111—4.

Imtiyaz S, Anwar M, Ali SJ, Tariq M, Chaudhury SS. Trapa bispinosa Roxb.: an ethnopharmacological
review. Int Res J Pharm Plant Sci. 2013; 1:13-20.

Ambikar D, Harle U, Khandare R, Bore V, Vyawahare N. Neuroprotective effect of hydroalcoholic
extract of dried fruits of Trapa bispinosa Roxb. on lipofuscinogenesis and fluorescence product in brain
of D-galactose induced ageing accelerated mice. 2010. PMID: 20726336

Agrawal K-M, Methwani N-S. Qualitative and quantitative phytochemical investigation of Trapa Bis-
pinpsa Roxb., Leaves extract. World J. Pharm. Res. 2019; 7:2144-55.

XiaJ, Yang C, Wang Y, Yang Y, Yu J. Antioxidant and antiproliferative activities of the leaf extracts from
Trapa bispinosa and active components. South African Journal of Botany. 2017; 113:377-81.

Takeshita S, Yagi M, Uemura T, Yamada M, Yonei Y. Peel extract of water chestnut ( Trapa bispinosa
Roxb.) inhibits glycation, degradesa-dicarbonyl compound, and breaks advanced glycation end product
crosslinks. Glycative Stress Res. 2015; 2:72-9.

Rahman M, Wahed M, Biswas M, Sadik G, Haque ME. In vitro antibacterial activity of the compounds of
Trapa bispinosa Roxb. 2001; 1:214-6.

Rahman MM, Mosaddik MA, Wahed MIl, Haque ME. Antimicrobial activity and cytotoxicity of Trapa bis-
pinosa. Fitoterapia. 2000; 71(6):704—6. https://doi.org/10.1016/s0367-326x(00)00226-4 PMID:
11077181

Das PK, Bhattacharya S, Pandey J, Biswas M. Antidiabetic activity of Trapa natans fruit peel extract
against streptozotocin induced diabetic rats. Global J Pharmacol. 2010; 5(3):186—90.

Takeshita S, Ishioka Y, Yagi M, Uemura T, Yamada M, Yonei Y. The effects of water chestnut (Trapa
bispinosa Roxb.) on the inhibition of glycometabolism and the improvement in postprandial blood glu-
cose levels in humans. Glycative Stress Res. 2016; 3:24—132.

LU Z, GONG S, NIU F, WANG X. Effects of purified product from trapa manshurica fler on apoptosis
and cell cycle progression of tumor cells in vitro. Journal of Jilin University (Medicine Edition). 2006;
5:788-90.

WU C-h, DING Y-Z, PEI G, WEI X-y, LIAO X-h, TIAN X-f. Study of different extracts from water caltrop
shells on inhibiting lung cancer cell line A549. Journal of Traditional Chinese Medicine University of
Hunan. 2012; 1:27-30.

Zhang Y. C., Yan Q., Research progress on active ingredients and pharmacological effects in extracts
of water chestnut shells, Journal of Hubei University of Science and Technology (Medical Edition),
2016, 30:86-88.

Dong J-L, Gao G-C, Huang W, et al. Research progress in chemical composition and pharmacological
activity of water chestnut shell. Journal of Jiaxing University. 2014; 26:68—71.

LI P-J, LIU X-G, LONG H-R, YANG Y, CHENG Y-f, WEI X-y. Ultrasonic-assisted extraction and antioxi-
dant activity of flavonoids from water chestnut shell. Food Science and Technology. 2011; 36(01):167—
71.

PLOS ONE | https://doi.org/10.1371/journal.pone.0269013  June 2, 2022 18/20


https://doi.org/10.3923/pjbs.2012.1019.1026
https://doi.org/10.3923/pjbs.2012.1019.1026
http://www.ncbi.nlm.nih.gov/pubmed/24163944
https://doi.org/10.1155/2014/959830
https://doi.org/10.1155/2014/959830
http://www.ncbi.nlm.nih.gov/pubmed/24669216
http://www.ncbi.nlm.nih.gov/pubmed/20726336
https://doi.org/10.1016/s0367-326x%2800%2900226-4
http://www.ncbi.nlm.nih.gov/pubmed/11077181
https://doi.org/10.1371/journal.pone.0269013

PLOS ONE

Ant-gastric cancer activity of 1,2,3,6-tetra-O-galloyl-B-D-glucose isolated from Trapa bispinosa Roxb shell

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

Yan G, Hu Q-M, Xiang D-B. Comparative study on antioxidant capacity of different extracts of diploid
and tetragonal shells. Chinese Journal of Pharmaceutical Economics. 2013; 1:225-6.

Jiang N, Wang M, Wei D, Feng X. Research progress on plant polyphenols. Journal of Food Safety and
Quality. 2016; 7(2):439—-44.

Peng R-J, Wang J-D, Han W. Research progress in extraction, purification and analysis of plant poly-
phenols. Electromechanical Information. 2016; 14:21-9.

Niu F-L, Yin J-Y, Dong W-Y. Isolation, purification and structural identification of anti-tumor active com-
ponents in water chestnut. Chemical Journal of Chinese Universities. 2005; 5:852-5.

Lin Q. S., Analysis of bioactive components of diamond shell and mechanism of anti-gastric cancer{D].
Zhejiang University, 2013.

Zhang Q, Cui C, Chen C-Q, Hu X-L, Liu Y-H, Fan Y-H, et al. Anti-proliferative and pro-apoptotic activi-
ties of Alpinia oxyphylla on HepG2 cells through ROS-mediated signaling pathway. Journal of Ethno-
pharmacology. 2015; 169:99-108. https://doi.org/10.1016/j.jep.2015.03.073 PMID: 25891473

Xie J, Xu'Y, Huang X, Chen Y, Fu J, Xi M, et al. Berberine-induced apoptosis in human breast cancer
cells is mediated by reactive oxygen species generation and mitochondrial-related apoptotic pathway.
Tumor Biology. 2015; 36(2):1279-88. https://doi.org/10.1007/s13277-014-2754-7 PMID: 25352028

Wicaksono BD, Tangkearung E, Sandra F. Brucea javanica leaf extract induced apoptosis in human
oral squamous cell carcinoma (HSC2) cells by attenuation of mitochondrial membrane permeability.
The Indonesian Biomedical Journal. 2015; 7(2):107-10.

Berdowska |, Zielinski B, Fecka I, Kulbacka J, Saczko J, Gamian A. Cytotoxic impact of phenolics from
Lamiaceae species on human breast cancer cells. Food Chemistry. 2013; 141(2):1313-21. https://doi.
org/10.1016/j.foodchem.2013.03.090 PMID: 23790919

Lee E-J, Moon G-S, Choi W-S, Kim W-J, Moon S-K. Naringin-induced p21WAF1-mediated G1-phase
cell cycle arrest via activation of the Ras/Raf/ERK signaling pathway in vascular smooth muscle cells.
Food and chemical toxicology. 2008; 46(12):3800—7. https://doi.org/10.1016/j.fct.2008.10.002 PMID:
18951945

Lambert JD, Elias RJ. The antioxidant and pro-oxidant activities of green tea polyphenols: a role in can-
cer prevention. Archives of biochemistry and biophysics. 2010; 501(1):65—72. https://doi.org/10.1016/].
abb.2010.06.013 PMID: 20558130

FANY-H, Dai Y, Shan T-T, Yi Y, Wang H-X, Wang L-M. Effects of proliferation and apoptosis by water
chestnut shell extracts on tumor cells. Science and Technology of Food Industry. 2019; 40:295-301.

Huang KJ, Kuo CH, Chen SH, Lin CY, Lee YR. Honokiol inhibits in vitro and in vivo growth of oral squa-
mous cell carcinoma through induction of apoptosis, cell cycle arrest and autophagy. Journal of Cellular
and Molecular Medicine. 2018; 22(3):1894—-908. https://doi.org/10.1111/jcmm.13474 PMID: 29363886

Zhou X, Wu W, Zeng A, Nie E, Jin X, Yu T, et al. MicroRNA-141-3p promotes glioma cell growth and
temozolomide resistance by directly targeting p53. Oncotarget. 2017; 8(41):71080. https://doi.org/10.
18632/oncotarget.20528 PMID: 29050344

Marcondes NA, Terra SR, Lasta CS, Hlavac NRC, Dalmolin ML, Lacerda LdA, et al. Comparison of JC-
1 and MitoTracker probes for mitochondrial viability assessment in stored canine platelet concentrates:
A flow cytometry study. Cytometry Part A. 2019; 95(2):214-8. https://doi.org/10.1002/cyto.a.23567
PMID: 30107098

Wang K-J, Yang C-R, Zhang Y-J. Phenolic antioxidants from Chinese toon (fresh young leaves and
shoots of Toona sinensis). Food chemistry. 2007; 101(1):365-71.

Lavoie S, Ouellet M, Fleury P-Y, Gauthier C, Legault J, Pichette A. Complete 1H and 13C NMR assign-
ments of a series of pergalloylated tannins. Magnetic Resonance in Chemistry. 2016; 54(2):168-74.
https://doi.org/10.1002/mrc.4328 PMID: 26352595

Klein AM, Mazutis L, Akartuna |, Tallapragada N, Veres A, Li V, et al. Droplet barcoding for single-cell
transcriptomics applied to embryonic stem cells. Cell. 2015; 161(5):1187—-201. https://doi.org/10.1016/].
cell.2015.04.044 PMID: 26000487

Lowe R, Shirley N, Bleackley M, Dolan S, Shafee T. Transcriptomics technologies. PLoS computational
biology. 2017; 13(5):€1005457. https://doi.org/10.1371/journal.pcbi.1005457 PMID: 28545146

Chambers DC, Carew AM, Lukowski SW, Powell JE. Transcriptomics and single-cell RNA-sequencing.
Respirology. 2019; 24(1):29-36. https://doi.org/10.1111/resp.13412 PMID: 30264869

Cam H, Houghton PJ. Complex regulation of mTOR function by p53 protein. AACR; 2007.

Carlessi L, Buscemi G, Fontanella E, Delia D. A protein phosphatase feedback mechanism regulates
the basal phosphorylation of Chk2 kinase in the absence of DNA damage. Biochimica et Biophysica
Acta (BBA)-Molecular Cell Research. 2010; 1803(10):1213-23. https://doi.org/10.1016/j.bbamcr.2010.
06.002 PMID: 20599567

PLOS ONE | https://doi.org/10.1371/journal.pone.0269013  June 2, 2022 19/20


https://doi.org/10.1016/j.jep.2015.03.073
http://www.ncbi.nlm.nih.gov/pubmed/25891473
https://doi.org/10.1007/s13277-014-2754-7
http://www.ncbi.nlm.nih.gov/pubmed/25352028
https://doi.org/10.1016/j.foodchem.2013.03.090
https://doi.org/10.1016/j.foodchem.2013.03.090
http://www.ncbi.nlm.nih.gov/pubmed/23790919
https://doi.org/10.1016/j.fct.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18951945
https://doi.org/10.1016/j.abb.2010.06.013
https://doi.org/10.1016/j.abb.2010.06.013
http://www.ncbi.nlm.nih.gov/pubmed/20558130
https://doi.org/10.1111/jcmm.13474
http://www.ncbi.nlm.nih.gov/pubmed/29363886
https://doi.org/10.18632/oncotarget.20528
https://doi.org/10.18632/oncotarget.20528
http://www.ncbi.nlm.nih.gov/pubmed/29050344
https://doi.org/10.1002/cyto.a.23567
http://www.ncbi.nlm.nih.gov/pubmed/30107098
https://doi.org/10.1002/mrc.4328
http://www.ncbi.nlm.nih.gov/pubmed/26352595
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.cell.2015.04.044
http://www.ncbi.nlm.nih.gov/pubmed/26000487
https://doi.org/10.1371/journal.pcbi.1005457
http://www.ncbi.nlm.nih.gov/pubmed/28545146
https://doi.org/10.1111/resp.13412
http://www.ncbi.nlm.nih.gov/pubmed/30264869
https://doi.org/10.1016/j.bbamcr.2010.06.002
https://doi.org/10.1016/j.bbamcr.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20599567
https://doi.org/10.1371/journal.pone.0269013

PLOS ONE

Ant-gastric cancer activity of 1,2,3,6-tetra-O-galloyl-B-D-glucose isolated from Trapa bispinosa Roxb shell

41.

42,

43.

44.

45.

46.

47.

48.

49.

Matsuda T, Kato T, Kiyotani K, Tarhan YE, Saloura V, Chung S, et al. p53-independent p21 induction
by MELK inhibition. Oncotarget. 2017; 8(35):57938. https://doi.org/10.18632/oncotarget. 18488 PMID:
28938528

Torng P-L, Lin C-W, Chan MW, Yang H-W, Huang S-C, Lin C-T. Promoter methylation of IGFBP-3 and
p53 expression in ovarian endometrioid carcinoma. Molecular cancer. 2009; 8(1):1-12. https://doi.org/
10.1186/1476-4598-8-120 PMID: 20003326

Davies L, Spiller D, White M, Grierson |, Paraoan L. PERP expression stabilizes active p53 via modula-
tion of p53-MDM2 interaction in uveal melanoma cells. Cell death & disease. 2011; 2(3):e136. https:/
doi.org/10.1038/cddis.2011.19 PMID: 21451571

Nakano K, Vousden KH. PUMA, a novel proapoptotic gene, is induced by p53. Molecular cell. 2001;
7(83):683-94. https://doi.org/10.1016/s1097-2765(01)00214-3 PMID: 11463392

Roulston A, Muller WJ, Shore GC. BIM, PUMA, and the achilles’ heel of oncogene addiction. Science
signaling. 2013; 6(268):pe12. https://doi.org/10.1126/scisignal.2004113 PMID: 23532333

Peter B, Cerny-Reiterer S, Hadzijusufovic E, Schuch K, Stefanzl G, Eisenwort G, et al. The pan-Bcl-2
blocker obatoclax promotes the expression of Puma, Noxa, and Bim mRNA and induces apoptosis in
neoplastic mast cells. Journal of leukocyte biology. 2014; 95(1):95—104. https://doi.org/10.1189/jlb.
1112609 PMID: 24052572

Wang X, Chen C, Zhou G, Ye J, Yin R, Feng D, et al. Sepia ink oligopeptide induces apoptosis of lung
cancer cells via mitochondrial pathway. Cellular Physiology and Biochemistry. 2018; 45(5):2095—106.
https://doi.org/10.1159/000488046 PMID: 29533931

YuK, Wang T, Li'Y, Wang C, Wang X, Zhang M, et al. Niclosamide induces apoptosis through mito-
chondrial intrinsic pathway and inhibits migration and invasion in human thyroid cancer in vitro. Biomedi-
cine & Pharmacotherapy. 2017; 92:403—-11. https://doi.org/10.1016/j.biopha.2017.05.097 PMID:
28575805

Iguchi M, Hiroi M, Kanegae H, Ohmori Y. Costimulation of murine osteoblasts with interferon-y and
tumor necrosis factor-a induces apoptosis through downregulation of Bcl-2 and release of cytochrome ¢
from mitochondria. Mediators of Inflammation. 2018; 1:1-10. https://doi.org/10.1155/2018/3979606
PMID: 30158833

PLOS ONE | https://doi.org/10.1371/journal.pone.0269013  June 2, 2022 20/20


https://doi.org/10.18632/oncotarget.18488
http://www.ncbi.nlm.nih.gov/pubmed/28938528
https://doi.org/10.1186/1476-4598-8-120
https://doi.org/10.1186/1476-4598-8-120
http://www.ncbi.nlm.nih.gov/pubmed/20003326
https://doi.org/10.1038/cddis.2011.19
https://doi.org/10.1038/cddis.2011.19
http://www.ncbi.nlm.nih.gov/pubmed/21451571
https://doi.org/10.1016/s1097-2765%2801%2900214-3
http://www.ncbi.nlm.nih.gov/pubmed/11463392
https://doi.org/10.1126/scisignal.2004113
http://www.ncbi.nlm.nih.gov/pubmed/23532333
https://doi.org/10.1189/jlb.1112609
https://doi.org/10.1189/jlb.1112609
http://www.ncbi.nlm.nih.gov/pubmed/24052572
https://doi.org/10.1159/000488046
http://www.ncbi.nlm.nih.gov/pubmed/29533931
https://doi.org/10.1016/j.biopha.2017.05.097
http://www.ncbi.nlm.nih.gov/pubmed/28575805
https://doi.org/10.1155/2018/3979606
http://www.ncbi.nlm.nih.gov/pubmed/30158833
https://doi.org/10.1371/journal.pone.0269013

