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Abstract Toxicarioside N (Tox N), a natural product

extract from Antiaris toxicaria, has been reported to induce

apoptosis in human gastric cancer cells. However, the

mechanism and actual role of autophagy in Tox N-induced

apoptosis of human gastric cancer cells remains poorly

understood. In the current study, we demonstrated that Tox

N could induce autophagy by inhibiting the Akt/mTOR

signaling pathway in SGC-7901 cells. Moreover, we found

that the inhibition of autophagy by 3-methyladenine, an

autophagy inhibitor, enhanced Tox N-induced apoptotic

cell death. However, the stimulation of autophagy by

rapamycin, an autophagy activator, remarkably suppressed

Tox N-induced apoptosis, suggesting that autophagy plays

a protective role in Tox N-induced apoptosis. Thus, the

results from this study suggested that Tox N combination

with an autophagy inhibitor might be a promising strategy

to enhance the anticancer activity of Tox N for the treat-

ment of human gastric cancer.
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Introduction

Gastric cancer, a malignant disease with poor prognosis, is

a most common cancer with high morbidity and mortality

worldwide (Torre et al. 2015; Charalampakis et al. 2018).

Due to lack of the specific symptoms in the early gastric

cancer, most patients are found to be at advanced stages

after diagnosis (Foukakis et al. 2007). Currently, the

treatment of patients with advanced-stage gastric cancer is

usually based on surgery associated with chemotherapy,

but the treatment outcome for gastric cancer remains

unsatisfactory (Van Cutsem et al. 2016). Therefore, there is

an urgent demand to develop effective therapeutic agents

with fewer side effects in advanced-stage gastric cancer

treatment.

Medicinal plants are rich in bioactive compounds and

over 60% of all currently used therapeutic agents origi-

nated from natural compounds (Cragg and Pezzuto 2016).

Toxicarioside N (Tox N) is a natural product extracted

from the seeds of Antiaris toxicaria in the Hainan province,

China. Tox N is a cardenolide compound with a special

structure that was first identified by our cooperative labo-

ratory (Zuo et al. 2013). Traditionally, toxicaria com-

pounds are used to treat congestive heart failure and

arrhythmia (Newman et al. 2008; Shi et al. 2010). A recent

study from our group showed that Tox N exhibits potent

anticancer activity in the human gastric cancer cell line

SGC-7901 (Zhao et al. 2018), yet the detailed mechanisms

of cell death induced by Tox N are not well understood.

Autophagy is an evolutionarily conserved catabolic

process that degrades and recycles cellular components,
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such as misfolded/unfolded proteins and unneces-

sary/damaged organelles, to maintain intracellular home-

ostasis and protect cells against environmental stresses.

Recently, autophagy has gained increasing attention due to

its important regulatory role in cell death (Levin-Salomon

et al. 2014). Growing evidence has demonstrated that

autophagy is related to various diseases including cancer

(Chang et al. 2011; Zheng et al. 2012), and can be active in

cancer cells treated with chemotherapeutic compounds

(Cho et al. 2014). However, the functional role of autop-

hagy in cancer cells is controversial. In most cases,

autophagy protects cancer cells (Singh et al. 2018); how-

ever, in some conditions, autophagy activation can promote

tumor cell death (Fulda and Kogel 2015). Generally, the

induction of autophagy is tightly regulated by various

signaling pathways, and one of them is the classic Akt/

mTOR signaling pathway that causes the inhibition of

autophagy (Zou et al. 2017). Although there is growing

interest in modulating autophagy to treat cancer cells

combined with anti-cancer agents, little is known about

the regulatory role of autophagy in Tox N-induced apop-

tosis against human gastric cancer cells.

Our preliminary study showed that Tox N induced

apoptosis in SGC-7901 cells by activating the p38 MAPK

pathway (Zhao et al. 2018). In the present study, we

demonstrated that Tox N induced protective autophagy in

SGC-7901 cells by inhibiting the Akt/mTOR pathway. The

inhibition of autophagy increased the Tox N-induced

apoptosis in SGC-7901 cells, where its activation sup-

pressed the cells apoptosis. Therefore, the com-bined

treatment of Tox N with an autophagic inhibitor could

enhance the efficiency of Tox N as an anti-cancer drug

against human gastric cancer cells.

Materials and methods

Cell culture, reagents and antibodies

Humangastric cancer cell lineSGC-7901was purchased from

the Cell Bank of Type Culture Collection of Chinese Acad-

emy of Sciences, Shanghai Institute of Cell Biology (Shang-

hai, China). Tox N was extracted and purified from the seeds

of Antiaris toxicaria in our laboratory (Zuo et al. 2013). The

purifiedToxNwas dissolved inDMSO (1 mg/mL) and stored

at - 20 �C for subsequent experiments in this study. RPMI

1640, fetal bovine serum, streptomycin, and penicillin were

purchased from Gibco (Grand Island, NY, USA). The

Annexin V-FITC (fluorescein isothiocyanate)/PI (propidium

iodide) Apoptosis kit was obtained from the Beyotime Insti-

tute of Biotechnology (Beyotime, Jiangsu, China). 3-MA and

Rap were obtained from Sigma (St. Louis, MO, USA). The

following antibodies were used in this study: the

phosphorylated forms ofAkt andmTORwerepurchased from

Cell Signaling Technology (Danvers, MA, USA), and the

antibodies of SQSTM1/p62, LC3, Beclin-1, caspase-3 and

PARP were purchased fromAbcam (Cambridge, MA, USA).

Cell grouping and drug treatment

Cells were cultured in RPMI1640 supplemented with 10%

fetal bovine serum, 100 U/mL penicillin, and 100 lg/mL

streptomycin at 37 �C in a humidified atmosphere containing

5% CO2. The experiment had the following six groups:

control group, 3-MA group, Rap group, Tox N group, Tox N

combined 3-MA group (Tox N ? 3-MA), Tox N combined

Rap group (Tox N ? Rap). The drug dosage of the control

group was zero; 5 mmol/L 3-MA was adopted in the 3-MA

group; 100 nmol/L Rap was adopted in the Rap group; and

30 nM Tox N was adopted in the Tox N group.

Immunofluorescence staining for evaluation

of autophagy

Cells were grown on sterile cover slips in a 6-well plate at a

concentration of 0.5–1 9 105 cell/mL for 24 h. The cells

were fixed with 4% paraformaldehyde for 30 min at room

temperature, incubated with 0.1% Triton X-100 for per-

meabilization and then blocked with 5% skim milk in PBS

for 30 min. After washing with PBS, the cells were incu-

bated with LC3-II polyclonal antibody overnight at 4 �C.
Subsequently, the treated cells were washed three times

with PBS and incubated with Alexa Fluor 488—conjugated

goat anti-rabbit IgG at room temperature for 1 h. Finally,

the nuclei were counterstained with Hoechst for 5 min and

observed under a confocal laser scanning microscope

(Olympus Corporation, Tokyo, Japan).

Western blot

Cells were harvested and lysed in RIPA lysis buffer

(Beyotime, Beijing, China) with protease inhibitors. The

supernatant fractions were collected and centrifuged at

12,0009g for 15 min at 4 �C, and the protein concentration
was determined by a bicinchoninic acid (BCA) kit (Bey-

otime, shanghai, China). Equal amounts of protein (40 lg/
sample) were separated by 12% SDS-PAGE gels and

transferred onto the PVDF membranes. The membranes

were blocked with 5% non-fat milk at 37 �C for 1 h to

block non-specific binding and were probed with different

primary antibodies against specific proteins at 4 �C over-

night. After being washed with PBST, the membranes were

incubated with anti-IgG secondary antibody conjugated to

horseradish peroxidase at room temperature for 1 h. The

reactive proteins were observed by an ECL chemilumi-

nescence system (Eastman-Kodak, NY, USA) after the
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final washing. The polyclonal antibody specific to b-actin
was used as an internal control.

Apoptosis analysis

In this study, MTT, Hoechst 33,258, AnnexinV-FITC/PI

and the western blot were used to analyze apoptosis as

mentioned in our previous study (Zhao et al. 2018).

Treatment with Akt inhibitor

To further investigate whether the Akt/mTOR signaling

pathway was involved in a Tox N-induced autophagy,

SGC-7901 cells were treated with 8 mM MK-2206 (an Akt

inhibitor), and incubated with Tox N for 24 h. The

autophagy-related proteins were determined.

Statistical analysis

All experiments were repeated three times, independently,

and the data were analyzed using the Graph Pad Prism

software. Statistical analysis was employed using Student’s

t test. A p**\ 0.01 was considered to be statistically

significant.

Results

Tox N induced autophagy in SGC-7901 cells

An increasing number of reports have suggested that

appropriate autophagy can be considered as a target for

anticancer therapy (Rubinsztein et al. 2012; Li et al. 2013).

Therefore, we first investigated whether autophagy was

induced by Tox N in SGC-7901 cells. SGC-7901 cells were

treated with different concentrations of Tox N (0, 7.5, 15,

30 nM), and the western blot analysis was performed to

detect the conversion of LC3-I to lipidated LC3-II, which

is a hallmark of autophagy induction and is closely related

to the autophagosomes membrane. Next, we detected the

expression level of SQSTM1 and Beclin-1 (two autophagy

related proteins). As shown in Fig. 1a, Tox N treatment

markedly up-regulated LC3-II conversion, elevated the

expression of Beclin1 and decreased the expression of

SQSTM in a dose-dependent manner. To examine the

effect of Tox N on autophagy, we also treated cells with

30 nM Tox N for different lengths of time. The results

shown in Fig. 1b indicated that the Tox N-induced autop-

hagy occurred in a time-dependent manner.

The autophagy induction was further evaluated by

monitoring the distribution of endogenous LC3 puncta

using immunofluorescence staining. Confocal microscopic

analysis indicated that after being incubated with Tox N,

the LC3 green fluorescent puncta numbers in cytoplasm

increased significantly with increasing concentrations of

Tox N (Fig. 1c), and the numbers of LC3 puncta were

increased compared with those of the control groups in

SGC-7901 cells (Fig. 1d).

The effect of Tox N on autophagic flux in SGC-7901

cells

Autophagy consists of a multistep process, including the

formation of autophagosome and their fusion with lyso-

somes to form autophagy lysosomes and degradation

(Fulda and Kogel 2015). Thus, the increase in the level of

LC3-II and the number of LC3-containing autophagosomes

after Tox N treatment could be attributed to either

increased autophagic capacity at an early step or the

decreased turnover of autophagosomes at a late stage.

Therefore, we used autophagy inhibitors 3-MA and CQ to

investigate the effect of Tox N on autophagic flux in SGC-

7901 cells. As shown in Fig. 2a, we found that the com-

binatorial treatment with 3-MA significantly decreased the

LC3-II conversion in Tox N-treated cells and suppressed

the Tox N-induced formation of LC3 puncta (Fig. 2b, c).

The results indicated that Tox N induced the formation of

autophagosomes in the SGC-7901 cells. The treatment with

CQ, a lysosomal inhibitor, led to the accumulation of

SQSTM1 and LC3-II conversion (Fig. 2d), and signifi-

cantly increased the endogenous LC3-II accumulation

(Fig. 2e, f). Altogether, these results suggested that Tox N

induced autophagic flux in SGC-7901 cells.

Tox N induced a protective autophagy in SGC-7901

cells

In our previous study, we demonstrated that Tox N induced

apoptosis in SGC-7901 cells through multiple methods

(Zhao et al. 2018). In the present study, to explore the role

that autophagy plays in Tox N-induced apoptotic cell

death, an autophagy inhibitor 3-MA and an autophagy

activator Rap were used. As shown in Fig. 3a, b, a com-

binatorial treatment with 3-MA can enhance the inhibition

ratio of cell proliferation, and cell typical apoptotic mor-

phology cells caused by Tox N became more pronounced

after 3-MA pretreatment (Fig. 3c, d). Then, AnnexinV-

FITC/PI double staining also showed that the pretreatment

of 3-MA enhanced Tox N-induced apoptosis (Fig. 3e, f).

Moreover, apoptosis-associated proteins were determined

by western blot analysis, as shown in Fig. 3g, h, and the

cleaved forms of PARP and caspase-3 were potentiated by

autophagy inhibition. In contrast, Rap attenuated Tox

N-induced apoptotic cell death. Overall, the results indi-

cated that Tox N-induced autophagy plays a protective role
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against Tox N-induced apoptosis in human gastric cancer

cells.

Tox N induced autophagy by inhibiting the Akt/

mTOR pathway

The Akt/mTOR signaling pathway has been considered

as a major negative regulator of cellular autophagy (Zou

et al. 2017). To determine the possible mechanism of

Tox N-mediated autophagy in SGC-7901 cells, we

measured the expression levels of the phosphorylated

forms of Akt/mTOR pathway-related proteins, including

p-Akt, p-mTOR. As shown in Fig. 4a, the expression of

phosphorylated Akt and mTOR were decreased in SGC-

7901 cells after Tox N treatment, suggesting that the

Akt/mTOR signaling pathway was involved in Tox

N-induced autophagy. The results indicated that Tox N

suppressed the Akt/mTOR pathway in SGC-7901 cells

and was involved in Tox N-induced autophagy in SGC-

7901 cells.

To further verify whether the suppression of the Akt/

mTOR pathway is involved in Tox N-induced autophagy,

we inhibited the Akt/mTOR pathway by MK-2206 in SGC-

7901 cells. The effects of MK-2206 on the role of autop-

hagy were examined, as shown in Fig. 4b. Akt inhibition

by MK-2206 produced markedly increased the level of
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Fig. 1 Tox N induced autophagy in SGC-7901 cells. a The expression levels of LC3-II/LC3-I, Beclin1 and SQSTM1 were examined after the

cells were treated with different concentrations of Tox N for 24 h. b The expression level of LC3-II/LC3-I, Beclin1 and SQSTM1 were examined

after cells were treated with 30 nM Tox N at different time points. c SGC-7901 cells were treated with 0, 7.5, 15 and 30 nM Tox N for 24 h and

stained with anti-LC3 antibody to detect the LC3 puncta and Hoechst for nuclei by immunofluorescence used a confocal microscopy. d The

numbers of LC3-II positive cells in each group were counted from at least 100 random fields. All the data shown in this figure are representative

of at least three independent experiments. **p\ 0.01
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LC3-II conversion in the Tox N-treated cells compared to

that in the controls, and the LC3 green fluorescent puncta

numbers in the cytoplasm increased significantly after

incubation with MK-2206. The results indicated that the

Akt/mTOR signaling pathway was involved in Tox N-in-

duced autophagy in the SGC-7901 cells.
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data shown in this figure are representative of at least three independent experiments, ** p\ 0.01
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Discussion

Tox N, as a natural cardenolide glycoside, is extracted from

the seeds of Antiaris toxicaria, which is widespread

throughout many tropical areas in the Southeast Asia.

Traditionally, cardenolide glycosides are used in the

treatment of congestive heart failure and as anti-arrhythmic

agents (Newman et al. 2008; Shi et al. 2010). However,

recent studies have demonstrated that certain cardenolides

extracted from some plants and animals exhibit anticancer

activities in various cancer cell lines (Prassas and Dia-

mandis 2008; Prassas et al. 2011). The reports from our

group have proved that cardenolide compounds isolated

from the latex and seeds of Antiaris toxicaria possess sig-

nificant cytotoxicity (Huang et al. 2012; Zhao et al. 2018).

Our previous study showed that Tox N exhibited the

potential anticancer activities against human gastric cancer

SGC-7901 cells. However, whether Tox N could trigger

autophagy in SGC-7901 cells and the role of autophagy in

Tox N-induced apoptosis still must be elucidated.

There is some evidence that many antitumor agents can

induce autophagy in various cancer cells (Huang et al.

2017; Brothers et al. 2018). The role of autophagy on the

survival of cancer cells is paradoxical. Autophagy can

promote cancer cell survival by removing dysfunctional

organelles and recycling nutrients upon anticancer treat-

ment. However, accumulating evidence indicates that

numerous chemotherapeutic agents may trigger autophagic

cell death, and thus, increase the efficacy of chemothera-

peutic efficacy in cancer therapy (Dou et al. 2016; Liu et al.

2017). Therefore, further studies are required to explore the

exact role of autophagy in Tox N-induced apoptosis. In the

present study, we demonstrated that Tox N was able to

induce autophagy in SGC-7901 cells and that autophagy

played a protective role of in Tox N-induced apoptosis.

In the present study, we observed that the formation of

LC3 puncta aggregation increased in cytoplasm of SGC-

7901 cells after Tox N treatment and that the protein levels

of LC3-II, a reliable marker of autophagy (Tanida and

Waguri 2010), were markedly up-regulated after cell

treatment with Tox N. Moreover, the protein level of

SQSTM1, a substrate of autophagy (Vitale et al. 2015), was

significantly down-regulated, indicating that autophagy

was triggered by this drug. To the best of our knowledge,

these results demonstrated for the first time that Tox N

induced autophagy in SGC-7901 cells. To testify the exact

effect of autophagy in Tox N-induced apoptosis, we used

the autophagy inhibitor 3-MA and autophagy inducer Rap

to regulate the level of autophagy in the present study.

According to the analyses, the pretreatment with 3-MA

could effectively increase the inhibitory effect of cell

proliferation and up-regulate the levels of cleaved caspase-

3 and cleaved PARP. Conversely, Rap attenuated Tox

N-induced cell apoptosis. These results suggested that Tox

N-induced autophagy plays a protective role in SGC-7901

cells and that the combinatory use of an autophagic inhi-

bitor may improve Tox N-induced apoptotic cell death in

SGC-7901 cells.

Multiple signaling pathways have been proved to be

involved in autophagy; the Akt/mTOR pathway is one

pathway, and is well-known as the major negative regulator

of autophagy (Zou et al. 2017). Accumulating reports

indicate that extracts from Chinese medicines have anti-

cancer effects by inducing autophagy and apoptosis

through blocking the Akt/mTOR signaling pathway (Lee

et al. 2014; Zhang et al. 2015).The results from the present

study showed that the phosphorylation levels of Akt and

mTOR were significantly decreased after cells were incu-

bated with Tox N in SGC-7901 cells, which suggested that

the Akt/mTOR signaling pathway was involved in the

autophagic process induced by Tox N. To better understand

the Tox N-induced autophagy in SGC-7901 cells through

blocking the Akt/mTOR signaling pathway, the effects of

Akt inhibitor (MK-2206) on the Akt/mTOR signaling

pathway were evaluated. The results showed that the

inhibition of Akt/mTOR by MK-2206 substantially acti-

vated Tox N-induced autophagy, and Tox N-induced

autophagy by blocking the Akt/mTOR signaling pathway.

Thus, the results of the present study revealed that Tox

N could induce autophagy by blocking the Akt/mTOR

signaling pathway in SGC-7901 cells and that autophagy

played a protective role in SGC-7901 cells. These findings

suggest that the combined autophagy inhibitor with Tox N

treatment can be a promising and effective therapy to treat

human gastric malignancies.
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