
toxins

Article

4′-O-methylpyridoxine: Preparation from Ginkgo biloba Seeds
and Cytotoxicity in GES-1 Cells

Jin-Peng Zhu 1,† , Hao Gong 2,†, Cai-E Wu 1,3,*, Gong-Jian Fan 1,3 , Ting-Ting Li 1,3 and Jia-Hong Wang 1,3

����������
�������

Citation: Zhu, J.-P.; Gong, H.; Wu,

C.-E.; Fan, G.-J.; Li, T.-T.; Wang, J.-H.

4′-O-methylpyridoxine: Preparation

from Ginkgo biloba Seeds and

Cytotoxicity in GES-1 Cells. Toxins

2021, 13, 95. https://doi.org/

10.3390/toxins13020095

Received: 10 January 2021

Accepted: 20 January 2021

Published: 26 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 College of Light Industry and Food Engineering, Nanjing Forestry University, Nanjing 210037, Jiangsu, China;
zjp@njfu.edu.cn (J.-P.Z.); fangongjian@njfu.edu.cn (G.-J.F.); Litingting@njfu.edu.cn (T.-T.L.);
njfuwjh@njfu.edu.cn (J.-H.W.)

2 College of Food Engineering, Xuzhou University of Technology, Xuzhou 221018, Jiangsu, China;
11902@xzit.edu.cn

3 Co-Innovation Center of Efficient Processing and Utilization of Forest Resources, Nanjing Forestry University,
Nanjing 210037, Jiangsu, China

* Correspondence: wucaie@njfu.edu.cn; Tel./Fax: +86-25-85427844
† These authors contributed equally to this work.

Abstract: Ginkgo biloba seeds are wildly used in the food and medicine industry. It has been found
that 4′-O-methylpyridoxine (MPN) is responsible for the poisoning caused by G. biloba seeds. The ob-
jective of this study was to explore and optimize the extraction method of MPN from G. biloba seeds,
and investigate its toxic effect on human gastric epithelial cells (GES-1) and the potential related mech-
anisms. The results showed that the extraction amount of MPN was 1.933 µg/mg, when extracted
at 40 ◦C for 100 min, with the solid–liquid ratio at 1:10. MPN inhibited the proliferation of GES-1
cells, for which the inhibition rate was 38.27% when the concentration of MPN was 100 µM, and the
IC50 value was 127.80 µM; meanwhile, the cell cycle was arrested in G2 phase. High concentration of
MPN (100 µM) had significant effects on the nucleus of GES-1 cells, and the proportion of apoptotic
cells reached 43.80%. Furthermore, the Western blotting analysis showed that MPN could reduce
mitochondrial membrane potential by increasing the expression levels of apoptotic proteins Caspase
8 and Bax in GES-1 cells. In conclusion, MPN may induce apoptosis in GES-1 cells, which leads to
toxicity in the human body.

Keywords: Ginkgo biloba seeds; 4′-O-methylpyridoxine; GES-1 cells; apoptosis; extraction

Key Contribution: The extraction method of MPN from Ginkgo biloba seeds was explored and
optimized in this study. This work demonstrated the toxicity of MPN on humans from the cellular
level, and confirmed the toxicity to the human gastrointestinal system firstly.

1. Introduction

Ginkgo biloba L. has existed on the earth for more than 200 million years since the
Carboniferous period and has been known as a “living fossil” in China [1]. The seeds of G.
biloba have been used as food and traditional medicine to treat coughs, asthma, and urinary
diseases, which was recorded in “Compendium of Materia Medica” [2]. According to
previous reports, overconsumption of G. biloba seeds can lead to toxicosis and even death [1].
Wada et al. revealed that 4′-O-methylpyridoxine (MPN), a derivative of vitamin B6, is
responsible for the poisoning caused by the overconsumption of G. biloba seeds [3]. Scott
et al. had found that 4′-O-methylpyridoxine-5′-glucoside (MPNG), the glucoside of MPN,
is also toxic [4].

In previous reports, distilled water was used to extract MPN analogs from G. biloba
seeds, and these analogs were analyzed using high-performance liquid chromatography
(HPLC) [5]. Moreover, different temperatures (room temperature, 40 ◦C, 70 ◦C, and 100 ◦C)
were used in sample preparation [6–9]. However, MPN analogs, which will convert into
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MPNG, were unstable when the G. biloba seeds were heated [10]. Given the differences in
toxicity between MPN and MPNG, determining the native distribution of MPN analogs
in G. biloba seeds is important. Meanwhile, vitamin B6 contents can be influenced by
physical and chemical factors, such as heat, light, and pH [11]. Although MPN analogs
are structurally similar to vitamin B6, little information is known about the effects of
extract conditions on MPN analogs during sample preparation. Hence, sample preparation
procedures must be optimized to investigate the characteristics of MPN.

According to previous research, MPN has a certain toxic effect on the body’s nervous
system, gastrointestinal system, and respiratory system both with in vivo and in vitro ex-
periments [12]. Miwa et al. have found that excessive consumption of G. biloba seeds caused
frequent vomiting and generalized convulsions [13]. Kajiyama et al. have reported that a
young girl presented with vomiting and diarrhea after eating G. biloba seeds, meanwhile
the concentration of MPN had raised to a high level in her serum [14]. However, the toxic
effects of MPN on humans at the cellular level have yet to be investigated.

Apoptosis, or programmed cell death, refers to a form of cell death in an active and in-
herently controlled manner that eliminates cells that are no longer wanted [15]. In addition
to maintaining cell stability, the process of apoptosis also occurs under the induction of
diseases such as tumors, diabetes, radiation, and drugs [16–18]. Cell and nuclear shrinkage,
chromatin condensation, formation of apoptotic bodies and phagocytosis by neighboring
cells characterize the main morphological changes of the apoptosis process [16]. Besides,
the process of apoptosis is controlled by multiple genes, which mainly include Bcl-2 family,
Caspase family, oncogenes such as C-myc and tumor suppressor gene P53, and the disorder
of apoptosis process is often accompanied by abnormal expression of these genes [19].

This work aimed to explore and optimize the extraction method of MPN from G.
biloba seeds. Furthermore, the toxicity of MPN was investigated at the cellular level by
administration in human gastric epithelial (GES-1) cells. The mechanism of MPN inhibitory
and apoptosis on GES-1 cells provides a reference for the in-depth study of the cytotoxicity
of MPN compounds in G. biloba seeds.

2. Results
2.1. Optimization of MPN Extraction Conditions by Orthogonal Test

Based on the L9(34) orthogonal test, results were calculated and showed in Table 1. In
order to facilitate comparative analysis, Figure 1 showed the average value of each factor
at each level for different test results. As can be seen in Figure 1, the best combination of
theoretical process parameters is A1B2C3.

Table 1. The orthogonal test results with L9(34).

Test No.
Factors

Extraction Amount of
4′-O-methylpyridoxine (MPN) (µg/mg)A: Temperature

(◦C)
B: Solid-to-Liquid

Ratio (m/v) C: Time(min) Blank

1 1(40) 1(1:5) 1(60) 1 1.870
2 1 2(1:10) 2(80) 2 2.007
3 1 3(1:15) 3(100) 3 1.777
4 2(50) 1 2 3 1.928
5 2 2 3 1 1.913
6 2 3 1 2 1.496
7 3(60) 1 3 2 1.455
8 3 2 1 3 1.376
9 3 3 2 1 1.123
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Figure 1. The average value of per level for each factor.

The temperature (A), as the most influential factor, has a dominant effect on the
extraction amount of MPN (Table 2). The verification test was carried out between A1B2C3
and A1B2C2, as the experimental combination of the best results in Table 1 is A1B2C2.
Finally, the optimum extract conditions of MPN were the temperature of 40 ◦C, the solid–
liquid ratio of 1:10 and the time of 100 min, in which the extraction amount of MPN can
reach 1.933 µg/mg, according to the results of the verification test.

Table 2. Analysis of variance.

Source of Variation Sum of Squares Degree of Freedom F Value F0.05(2.2) = 19 F0.01(2.2) = 99

A: Temperature 0.545 2 109.000 * * *
B: Solid-to-liquid ratio 0.172 2 34.400 *

C: Time 0.030 2 6.000
Blank 0.005 2 1.000
Error 0.01 2

“**” means the difference is significant at the 0.01 level, while “*” means the difference is significant at the 0.05 level.

2.2. Inhibition of MPN at Different Concentrations on GES-1 Cells Activity

MPN had no inhibitory effect on GES-1 cells when the concentration was 5 µM com-
pared with the control group (Figure 2). The MPN had significant inhibitory effects on
GES-1 cells at 50 µM and 100 µM, with inhibition rates of 13.64% and 38.27%, respec-
tively. The IC50 value of MPN to GES-1 cells was 127.80 µM, which was calculated by
GraphPad Prism.

2.3. Hoechst 33342 Staining Assay

In order to observe the morphological alterations of the nucleus and the cytoplasm,
GES-1 cells were treated with different concentrations of MPN and subsequently stained
with fluorescent stains like Hoechst 33342. Most GES-1 cells in the blank control group
and the 5 µM treatment group showed uniform light blue fluorescence (Figure 3). It
revealed that the morphology of the GES-1 nucleus was completely round or oval, evenly
distributed, and without obvious apoptosis. As the concentration of MPN increased, the
dense fluorescence appeared, and in apoptotic cells’ nuclei, the fluorescence is brighter. The
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results indicated that a high concentration of MPN can have an effect on the fluorescence
intensity of GES-1 cells’ nuclei after staining.

Figure 2. Inhibition of MPN on human gastric epithelial (GES-1) cells; “a” represents the difference
between different MPN concentrations compared with the control group at p < 0.05.

Figure 3. The GES-1 cells were treated with different concentrations of MPN and Hoechst 33342
stain was used to observe the alterations in the morphology of cell nuclei. There was a considerable
change in the morphology of the cell nuclei as compared to the control group. Untreated control
GES-1 cells (A) and 5 µM group (B) showed no sign of apoptosis after staining with Hoechst 33342.
The fluorescent nuclei showed obvious aggregation after being treated with 50 µM of MPN (C), and
especially in the 100 µM group (D).
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2.4. Induction of Apoptosis of GES-1 Cells by Different Concentrations of MPN

As shown in Figure 4, most of the cells in the blank group and the 5 µM treatment
group were in the lower left quadrant. The survival rates of the two groups of cells
in this area were calculated as 92.90% and 90.80%, respectively (Table S4). There is no
significant difference in the proportion of apoptotic cells, which appeared at upper right
and lower right quadrants. With the increase in MPN concentration, the proportion of
living cells (lower left quadrant) decreased significantly. And early apoptotic cells (lower
right quadrant) increased significantly, while late apoptosis and necrotic cells (upper right
and upper left quadrant) also gradually increased. It can be found that the apoptosis of
GES-1 cells is related to the concentration of MPN. When the concentration of MPN was
100 µM, the apoptosis rate of GES-1 cells was the highest (43.80%).

Figure 4. Effects of MPN on apoptosis in GES-1 cells. Cells were collected after the treatment
with different concentration of MPN, (A) blank control, (B) 5 µM, (C) 50 µM, (D) 100 µM, for 16 h;
apoptosis was evaluated using Annexin V-FITC/PI double staining followed by flow cytometry
analysis. Both abscissa and ordinate represent the relative fluorescence intensity. Percentage of living
cells (Q4), early apoptosis cells (Q3), and late apoptosis cells (Q2) showed in the flow cytometry chart.

2.5. Effects of MPN at Different Concentrations on GES-1 Cells Cycle

When the concentration of MPN was 5 and 50 µM, MPN had no significant effect on
the ratio of cells in G1/G0 and S phases (Figure 5). When the administration concentration
of MPN was 100 µM, the number of GES-1 cells in the G1 and G0 phases increased
significantly, while the percentage of cells in the S phase decreased significantly. For the
G2/M period, there was no significant change between 5 µM group and the blank group.
It can be seen in Table S5, as the concentration of MPN increased, the ratio of G1/G0
and G2/M phases increased significantly, and the percentage of S phase cells decreased.
The cell cycle of GES-1 cells has been blocked in S phase, which led cells to be prevented
from undergoing a normal cell proliferation cycle, finally inducing apoptosis.
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Figure 5. Flow cytometric histograms for the effect of MPN on the cell-cycle distribution of GES-1
cells. The abscissa represents the relative fluorescence intensity, while the ordinate represents the
number of cells. The two red peaks indicate that the cells are in the G1/G0 and G2/M phases, while
the middle peak indicates that the cells are in the S phase. The GES-1 cells lines were (A) treated
with medium for a control, (B) treated with 5 µM of MPN, (C) treated with 50 µM of MPN, and (D)
treated with 100 µM of MPN. An increase in G1/G0 and G2/M, while a decrease in S was observed
in (D) for GES-1 cell cycle treated with 100 µM of MPN.

2.6. Effects of MPN at Different Concentrations on the Mitochondrial Membrane Potential of
GES-1 Cells

Mitochondrial membrane potential (∆Ψm) decreases early in apoptosis. When the
mitochondrial membrane potential is at a high level, JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetramethylbenzimidazolylcarbocyanineiodide) accumulates in the mitochondrial matrix
to form a red fluorescent polymer. When the mitochondrial membrane potential at a low
level, JC-1 is a monomer and produces green fluorescence. Therefore, changes in cell
fluorescence color were detected before and after administration, which can determine
changes in mitochondrial membrane potential.

JC-1 is aggregated and GES-1 cell mitochondrial membrane potential is high in the
blank group and the 5 µM group (Figure 6). Meanwhile, ∆Ψm is normal and there is no
significant change in green fluorescence intensity. With the increase in MPN concentration,
JC-1 is dispersed, and the green fluorescence intensity increases accordingly. When the
treatment concentration is 100 µM, the green fluorescence intensity reaches 30.35%, which is
a maximum value (Table S6).
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Figure 6. Effect of MPN on the mitochondrial membrane depolarization (JC1) in GES-1 cells. The GES-
1 cells were treated with MPN for 16 h. (A) Blank control, (B) 5 µM, (C) 50 µM, (D) 100 µM. JC-1
staining for ∆ψm, observed by flow cytometry. Both abscissa and ordinate represent the relative
fluorescence intensity.

2.7. Effects of MPN at Different Concentrations on the Expression of Caspase 8 and Bax in
GES-1 Cells

The caspase-dependent apoptotic pathway is main characterized by Caspases and
Bcl-2 family, which upon activation will trigger cell apoptosis. After treated with different
concentrations of MPN, the expression of Caspase 8 and Bax in GES-1 cells were detected
by Western blotting.

As an internal reference, the expression of β-tublin did not correlate with the concen-
tration of MPN. With the increase in MPN concentration, the expression level of Caspase
8 in GES-1 cells was increased gradually compared with the internal reference, and its
expression level depended on the concentration of MPN (Figure 7). The expression of
Caspase 8 reached the highest level when the MPN concentration was 100 µM. There was
no significant difference in the expression level of Bax between the blank and the 5 µM
group. When the concentration of MPN continued to increase, the expression level of Bax
also increased gradually. These results revealed that the expression levels of Caspase 8
and Bax in GES-1 cells can be increased by MPN, which can also activate the apoptosis
pathway in the cell.
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Figure 7. Effect of MPN on the expression of Caspase 8 and Bax in GES-1 cells by Western blot. In
the Western blotting analysis, cell lysates were subjected to SDS-PAGE, with β-tublin used as an
internal control. Signals of proteins were visualized with an ECL detection system. The results were
representative of three independent experiments. (A) Western blotting analysis for detecting Caspase
8 and Bax protein levels after indicated treatment; (B) relative protein expression level of Caspase
8 and Bax to β-tublin. Different letters (a–c) indicate the difference of different administered MPN
concentrations at p < 0.05.

2.8. Correlation Analysis

The correlation matrix presented in Table S7 shows that a certain degree of correlation
existed between the various indicators. For example, inhibition rate and apoptotic rate were
positively correlated (r2 = 0.994, p < 0.01). Apoptotic rate and the number of S phase cells
were negatively correlated (r2 = −0.997, p < 0.01). It confirms our previous conclusion that
a high dose of MPN can block cell cycle in S phase. There was also a positive correlation
between apoptosis rate and the expression of Caspase 8 and Bax in GES-1 cells, for which
r2 was 0.984 (p < 0.05) and 0.995 (p < 0.05), respectively.

3. Discussion

This study is the first to investigate the toxicity of MPN on humans at the cellular
level. MPN had no significant inhibitory effect on GES-1 cells when the concentration was
5 µM. While, when the concentration of MPN was 100 µM, the inhibition rate to GES-1
cells reached 38.27%. Meanwhile, the IC50 value of the GES-1 cells was 127.80 µM. Patients
with ginkgo poisoning will exhibit gastrointestinal symptoms such as nausea, vomiting,
abdominal pain, and diarrhea, while respiratory symptoms are less common [12]. Accord-
ing to some in vitro studies, MPN showed strong toxicity to nerve cells, gastric mucosal
epithelial cells, and small intestinal epithelial cells [12]. These results indicated that the
toxicity of MPN has dose-dependence and specificity.
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Pyridoxine (PN) is one of the interconvertible pyridine compounds of vitamin B6.
Studies have shown that overconsumption of PN can cause human poisoning [20,21].
Fiehe et al. found that MPN can be synthesized by PN in the presence of S-adenosyl
methionine [22]. When the MPN administration concentration was 50 and 100 µM, it
caused apoptosis of GES-1 cells. Hoechst 33342 staining found that high-dose MPN
treatment can change the shape of the nucleus of GES-1 cells. Cell cycle detection further
found that when the concentration of MPN was 100 µM, the proportion of cells in G1/G0
and G2/M phases increased significantly, while the proportion of cells in S phase decreased
significantly. These results show that MPN may cause disturbance of DNA metabolism in
GES-1 cells. Lorenzo et al. reported that the addition of PN can induce DNA damage in
non-small cell lung cancer cells, aggravating the apoptosis of cancer cells [23]. In addition,
this study also found that GES-1 cells showed obvious apoptosis after MPN administration.
When concentration of administered MPN increased from 50 to 100 µM, the proportion of
apoptotic cells increased from 14.46% to 43.80%.

The cell apoptosis has two different pathways that include an extrinsic pathway and
an intrinsic pathway. Mitochondria serve a pivotal role in the intrinsic pathway and are
involved in drug-induced apoptosis; in addition, members of the Bcl-2 family take part
in intrinsic pathway regulation, including regulation of the Bax gene [24]. Caspases are
the core of apoptosis mechanism, as they act as both the promoters and the executors of
cell death [25]. Furthermore, caspase 8 is a key enzyme acting in the upstream apoptosis
pathway, and also acts as an important apoptosis initiation factor by activating almost all of
the downstream caspases in the apoptotic cascade [26]. Bcl-2 family proteins can mediate
the activation of cysteine aspartic acid-specific proteases (caspases) for inducing apopto-
sis [27,28]. Bax, a pro-apoptosis Bcl-2 family member, translocates from the cytoplasm to
the mitochondria in response to stimulation, which subsequently results in the release of
cytochrome c and cell apoptosis [29,30].

The mitochondrial membrane potential will be formed if the asymmetric distribution
of protons and other ion concentrations occurs on both sides of the inner membrane, as
the energy generated by mitochondria is stored in the inner mitochondrial membrane [31].
The mitochondrial membrane potential is more sensitive to apoptosis, and changes in mem-
brane potential can be detected early in apoptosis [32]. It was found that the mitochondrial
membrane potential of GES-1 cells was reduced significantly when the concentration of
MPN was 50 and 100 µM. In addition, when the mitochondrial membrane was depolarized
cytochrome c was also released [33]. Cytochrome c can combine apoptotic protease activat-
ing factor-1 and pro-caspase-9, which form apoptosomes, activating caspase 9 and caspase
3, which inhibit cells via the mitochondrial-mediated pathway [34]. In previous reports, the
increased level of cytochrome c and caspase 8, which can stimulate activation of caspase 3,
has been described as a key component in the execution stage of apoptosis inducing final
apoptosis [35]. After MPN treatment, the expression level of the two proteins in GES-1
cells increased significantly. Previous studies also reported that PN can induce apoptosis
of SHSY5Y cells, alongside the increased expression level of Caspase 8 and Bax, which
further indicated that MPN also may induce apoptosis in GES-1 cells [36]. However, a more
accurate mechanism of MPN-induced GES-1 apoptosis demands further in-depth study.

VB6 has important biological functions including anti-immune response, anti-tumor
and antioxidant activities [37,38]. Plant-based food is an important source for human to
obtain VB6, as only plants and microorganisms can synthesize VB6 [39]. According to
previous studies, the content of VB6 in Ginkgo biloba seeds is 400.44–586.82 µg/g, which
was higher than that of common foods (e.g., milk, wheat and potato) [40,41]. Some scholars
speculated that MPN in Ginkgo seeds may act as an antagonist of VB6 in the human body,
for that MPN is similar to the PN form of VB6 [42]. It is well known that VB6 is also involved
in protein synthesis and catabolism, amino acid metabolism, synthesis of certain nerve
mediators, nucleic acid, and DNA metabolism in the human body [43]. In vitro studies
have shown that overconsumption of PN can interfere with the VB6 salvage pathway
in the body or directly inhibit the activity of amino acid metabolizing enzymes such as
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tyrosine decarboxylase and alanine aminotransferase [32]. Related studies have shown
that the intake of MPN can also cause disturbances in the VB6 salvage pathway in rats,
such as an increase in pyridoxal (PL) content and a decrease in pyridoxal-5′-phosphate
(PLP) content [44]. On the other hand, MPN can be phosphorylated by PL kinase to form
4′-O-methylpyridoxine-5′-phosphate (MPNP), and then it can compete with pyridoxal-
5′-phosphate (PLP) as a coenzyme of glutamate decarboxylase to inhibit its activity [45].
Combined with the results of this study, it can be speculated that MPN may inhibit cell
growth and induce apoptosis through the following two aspects. Firstly, MPN interfered
with the VB6 salvage pathway, affecting the normal metabolism of intracellular substances
such as amino acid metabolism, protein synthesis, and DNA replication. Secondly, MPN,
as a toxic factor, induced apoptosis in GES-1 cells directly.

4. Conclusions

In summary, this study explored and optimized the extraction method of MPN from G.
biloba seeds by orthogonal testing and is the first study to demonstrate the toxicity of MPN
on humans at the cellular level. The findings of this study suggested that MPN initiated
apoptosis of GES-1 cells in a dose-dependent manner. Through this process, MPN with
high concentration can significantly increase the expression levels of Caspase 8 and Bax
in GES-1 cells, while reducing the mitochondrial membrane potential, which may lead
the release of cytochrome c and stimulate activation of caspase 3, a downstream caspase.
These novel observations further support the hypothesis that MPN can induce apoptosis
in GES-1 cells, doing harm to human health. It is of great value to study the cytotoxicity of
MPN compounds in Ginkgo biloba seeds.

5. Materials and Methods
5.1. Sample Preparation

G. biloba seeds were harvested in Taizhou (China) in 2019. Fresh seeds were shelled
and then freeze-dried (500 g) for two days. Afterward, the samples were ground and stored
at −80 ◦C until analysis. The remaining fresh seeds were stored at 0 ◦C until use.

5.2. Optimization of MPN Water Extraction Process

Based on single-factor experiments, the impact of temperature, time, and solid-to-
liquid ratio on extraction rate was discussed according to orthogonal testing. According
to Figure S3, freeze-dried powders of G. biloba seeds (400 mg) were suspended in ultra-
pure water with different solid-to-liquid ratios (1:5, 1:10, 1:15). From Figures S1 and S2,
the resulting solution was continuously shocked at different temperatures (40 ◦C, 50 ◦C,
60 ◦C) for different times (60 min, 80 min, 100 min) at 220 rpm (Jinghong, model THZ320,
Shanghai, China). Afterward, the solution was centrifuged at 10,000 rpm for 25 min at
4 ◦C (Sigma, Model 2-16K, San Francisco, CA, USA), and the supernatant was filtered
through a 0.45 µm syringe filter (Jinglong, Tianjing, China). The extraction of MPN was
injected into the HPLC system, for which the conditions and steps were presented in our
previous works [46]. The validation of HPLC method, which contained preparation of
standard curve, recovery test, and precision test, was conducted according to our previous
works [47].

5.3. Cell Culture

Human gastric mucosal epithelial cells (GES-1) were purchased from Enogene Biotech-
nology Company (Nanjing, China). The cells were maintained Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco Company Inc., Grand Island, NE, USA) supplemented with 10%
Fetal Bovine Serum (FBS) (ScienCell Research Laboratories Company Inc., Carlsbad, CA,
USA) in a humidified incubator with 5% CO2 and 37 ◦C (MCO-15AC, Sanyo, Osaka, Japan)
for 24 h. Moreover, the inhibitory effect of MPN on cells under different concentrations and
different treatment times (6, 10, 16, 24, 48 and 72 h) have been studied, in previous studies.
According to Figure S4, when the concentration of MPN exceeded 50 µM, the inhibition
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rate of MPN to GES-1 cells was higher both after 16 h and 24 h than others. Furthermore,
as the IC50 value of 16 h treatment time was lower than others (Table S8), 16 h of treatment
time was chosen for further studies.

5.4. Cell Viability Assay

Cell viability was examined by using Cell Counting Kit-8 (CCK-8) (E1CK-000208-10,
Enogene Biotechnology Co., Nanjing, China) according to the manufacturer’s instruc-
tions. Briefly, GES-1 cells were exposed to different concentrations of MPN (0, 5, 50, and
100 µM). After 16 h of incubation, 10 µL of CCK-8 solution was added to the wells and
incubated for additional 4 h at 37 ◦C. Finally, the absorbance was detected at 450 nm by a
microplate reader (MUTISKAN-MK3, Thermo scientific, Waltham, MA, USA). The results
were expressed as percentages of cell viability.

5.5. Hoechst 33342 Stain

MPN was added to GES-1 cells, after which the cells were collected and inoculated in
a 96-well plate. After 16 h of treatment, the cells were washed with phosphate buffered
saline (PBS) twice, and then incubated with 1 µg/mL Hoechst 33342 Stain (Beyotime
Biotechnology Co., Shanghai, China) at 37 ◦C in the dark for 20 min. Thereafter, the staining
solution was removed and washed with PBS twice. Then, the morphology of treated cells
was observed under a fluorescence microscope (XD-202, NOVEL, Nanjing, China).

5.6. Annexin V-FITC/Propidium Iodide (PI) Assay

Annexin V-FITC and propidium iodide (PI) staining were performed as previously
described with some modifications [48]. Briefly, GES-1 cells were treated with various
concentrations of MPN for 16 h. Then, the cells were harvested by centrifugation at
2000 rpm for 5 min (D2012, SCILOGEX, Pittsburgh, PA, USA), washed with PBS, and
resuspended in 500 µL of binding buffer. Thereafter, 5 µL of Annexin V-FITC and PI were
added and incubated in the dark at room temperature for 15 min. The stained cells were
analyzed by using a flow cytometry (AccuriTM-C6, BD Biosciences, San Diego, CA, USA).

5.7. Cell Cycle Analysis

The PI staining was performed to analyze the changes that took place in the cell cycle
upon MPN treatment. As described above, 1 × 104 cells per well in a 96-well plate were
seeded and treated with MPN for 16 h. After that, cells were transferred to 70% cold
ethanol, then collected at 2000 rpm (D2012, SCILOGEX, Pittsburgh, PA, USA) for 5 min,
and resuspended in PBS. Cells, then, were centrifuged again at 2000 rpm for 5 min and
treated with 100 µL of RNAse in a water bath at 37 ◦C for 30 min. Lastly, 400 µL of PI
(50 µg/mL) was added and incubated at 4 ◦C in dark for 30 min. The PI fluorescence was
read on a flow cytometry at 488 nm.

5.8. Detection of Mitochondrial Membrane Potential

The mitochondrial potential (∆Ψm) was measured by using JC-1 mitochondrial mem-
brane potential detection kit (BA1450, Enogene Biotechnology Co., Nanjing, China) ac-
cording to the manufacturer’s instructions. In brief, GES-1 cells were treated with various
concentrations of MPN at 37 ◦C for 16 h. Then, the treated cells were washed with PBS
twice, suspended in 500 µL JC-1 dye, and incubated for 15 min. After that, samples were
centrifuged at 2000 rpm for 5 min, then resuspended in 500 µL staining binding solution.
Finally, the red and green fluorescence was observed with flow cytometry at 488 nm.

5.9. Western Blotting Analysis

The cell samples were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Subsequently, the proteins were transferred onto a polyvinylidene
fluoride (PVDF, Merck Millipore, Billerica, MA, USA) membrane and incubated overnight
at 4 ◦C with the following primary antibodies: Caspase-8 antibody (E18-5267, Enogene
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Biotechnology Co., Nanjing, China), Bax antibody (E18-0083, Enogene Biotechnology Co.,
Nanjing, China), and β-Tublin antibody (E12-043, Enogene Biotechnology Co., Nanjing,
China). Next, the PVDF membrane was washed with TBST three times, and incubated
for 2 h with the following secondary antibodies: HRP-labeled goat anti-rabbit secondary
antibody (Enogene Biotechnology Co., Nanjing, China), HRP-labeled goat anti-mouse sec-
ondary antibody (Enogene Biotechnology Co., Nanjing, China). Finally, immunoreactivity
was detected by using an ECL Plus chemiluminescence detection kit (P0018A, Beyotime
Co., Shanghai, China) and a Fluor Chem M system (Protein Simple, Santa Clara, CA, USA).
The gray value of each band was calculated by using Photoshop software.

5.10. Statistical Analysis

The measurement data were expressed as mean ± standard deviation. The results
were subjected to analysis of variance (ANOVA) using the Statistical Package for the Social
Sciences (SPSS Inc., Chicago, IL, USA). GraphPad Prism Version 8.0 (GraphPad Software,
San Diego, CA, USA) for Windows was used to calculate the IC50 value. Significant
differences between sample means were determined by using student’s t-test at p < 0.05.
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Table S2: Precision of the determination methods for MPN. The values were expressed as mean ± SE
(n = 6), Table S3: Accuracy of the determination methods for MPN. The values were expressed as
mean ± SE (n = 3); Table S4: The percentages of GES-1 cells in different quadrants of scatterplot from
flow cytometry; Table S5: Effect of MPN on cell-cycle distribution of GES-1 cells; Table S6: The change
of fluorescence of MPN-treated GES-1 cells stained with JC-1; Table S7: The correlation coefficients of
the eight indicators; Table S8: The IC50 values of MPN at different treatment time.
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