
Cell Physiol Biochem 2018;49:335-348
DOI: 10.1159/000492884
Published online: 23 August, 2018 335

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Gao et al.: FOXO3 Inhibits AGS Cell Growth via Autophagy

Original Paper

Accepted: 14 August, 2018

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution 
for commercial purposes as well as any distribution of modified material requires written permission.

DOI: 10.1159/000492884
Published online: 23 August, 2018

© 2018 The Author(s) 
Published by S. Karger AG, Basel
www.karger.com/cpb

FOXO3 Inhibits Human Gastric 
Adenocarcinoma (AGS) Cell Growth 
by Promoting Autophagy in an Acidic 
Microenvironment
Yuan Gaoa    Weiwei Qib    Libin Sunb    Jing Lvb    Wensheng Qiub    Shihai Liuc

aQingdao University, Qingdao, Shandong, bDepartment of Oncology, Affiliated Hospital of Qingdao 
University, Qingdao, Shandong, cCentral Laboratory, Affiliated Hospital of Qingdao University School, 
Qingdao, Shandong, China

Key Words
Foxo3 • Autophagy • Acidic microenvironment • Gastric tumour

Abstract
Background/Aims: Previous studies have shown that FOXO3, a member of the forkhead 
box O (FOXO) family, regulates autophagy in various cells. To date, whether the induction of 
autophagy in gastric cancer (GC) cells is triggered by an acidic microenvironment is unclear. 
Little is known about the relationship between FOXO3 and acidic microenvironments in GC. 
The aims of our study were to investigate the roles of FOXO3 and the acidic microenvironment 
in autophagy and to determine how FOXO3 and the acidic microenvironment regulate GC 
cell growth through autophagy. Methods: We cultured human gastric adenocarcinoma (AGS) 
cells in media with different pH values in vitro, transfected the cells with FOXO3a plasmids 
and then detected autophagy in the cells under different conditions. In addition, we also 
performed cell counting kit 8 (CCK8), wound and cell invasion assays to test cell viability 
and invasion, respectively. We employed real-time PCR, western blotting and mRFP-GFP-LC3 
vectors to detect the expression of various autophagy indicators. Results: We found that 
cells treated with FOXO3 and exposed to an acidic microenvironment displayed suppressed 
growth compared with control cells. We also found that the protein expression levels of 
several autophagy makers, such as LC3I, LC3II and Beclin-1, were higher in FOXO3 plasmid-
transfected AGS cells cultured in an acidic microenvironment than in control cells, while P62 
protein expression levels were clearly decreased in FOXO3 plasmid-transfected cells compared 
with control cells. Moreover, we observed autophagic flux in AGS cells overexpressing FOXO3 
and exposed to low pH conditions. Conclusion: These findings suggest that FOXO3 inhibits 
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AGS cell growth by promoting autophagy in an acidic microenvironment. Furthermore, the 
results showed that anticancer therapies targeting FOXO3 and low pH conditions may be 
useful in the treatment of GC.

Introduction

Gastric cancer (GC) is one of the most common types of cancer and ranks as the second 
leading cause of cancer-related death worldwide [1]. Currently, the most effective treatment 
for localized GC is surgery; however, almost half of affected patients relapse and develop 
advanced-stage disease after tumour removal. Moreover, although effective therapies have 
greatly improved five-year survival rates in patients with GC, the prognoses of patients with 
GC remain relatively poor. Patients with advanced disease are treated with chemotherapy 
and radiation therapy. However, the efficacy of these treatments is limited by their side 
effects [2]. Therefore, studies aiming to develop new anticancer agents and potent treatment 
strategies for patients with GC are urgently needed.

Evidence assembled over the past few years has shown that the pH of human tumours 
is, for the most part, lower than that of normal tissues [3]. Thus, tumour acidosis is an 
important factor in various aspects of disease progression, including growth, invasion, 
neoangiogenesis, and genetic instability. In addition, cancer cells develop mechanisms for 
surviving in acidic microenvironments. Therefore, many researchers have investigated the 
feasibility of regulating tumour pH to treat cancer [4].

The tumour microenvironment is very different from the physiologic microenvironment, 
as the tumour microenvironment is more acidic and is hypoxic, and nutrient deprived 
compared with its counterpart. These conditions can induce autophagy, thereby providing 
cells with an energy source with which to maintain cellular homeostasis; thus, autophagy 
can protect cells against acidic microenvironments [5, 6]. We propose that autophagy 
can be stimulated by the acidic tumour microenvironment and that the acidic tumour 
microenvironment and autophagy  interact with each other.

Autophagy, which digests damaged cytoplasmic proteins, macromolecules and 
organelles, is a catabolic process through which cellular homeostasis is maintained. 
According to previous studies, autophagy is a self-sufficient program that improves tumour 
cell viability under adverse microenvironmental conditions. However, increasing evidence 
shows that the autophagy induced by cancer cells serves as a dynamic mechanism that either 
supports or inhibits the proliferation and growth of targeted tumours [7]. However, whether 
autophagy is involved in cell death is a controversial issue. The involvement of autophagy in 
cell death appears to depend on tumour types and stages and the strength of the autophagy-
inducing stimulus [2]. Many researchers believe that autophagy and apoptosis often occur 
simultaneously in cells and that autophagy often leads to apoptosis. Based on the afore 
mentioned findings, it may be beneficial to develop a novel anticancer agent that induces 
autophagy and apoptosis simultaneously. Clarifying the role of autophagy in tumour cells 
may be beneficial with respect to the development of new therapies.

Previous studies have shown that FOXO3, a member of the forkhead box O (FOXO) 
transcriptional protein family, is involved in regulating autophagy [8]. FOXO3 has been 
shown to function as a downstream effector of serine/threonine protein kinase B (PKB)/
Akt. When activated by PI3K/Akt pathway inhibition, FOXO3 modulates several cellular 
processes, as it induces autophagy and inhibits metastasis and apoptotic cell death [9]. 
FOXO3 phosphorylation by Akt induces the release of the protein from the nucleus, as well 
as its degradation, leading to the inhibition of transcription [10]. Some evidences have 
showed that FOXO3 may facilitate the survival and metastasis of cancer cells. However, some 
evidences have showed that FOXO3 may facilitate the survival and metastasis of cancer cells 
[11]. But additionally, in recent years, FOXO3 has been demonstrated to activate autophagy in 
atrophying muscle cells, breast cancer cells and oesophageal cancer cells [12-14]. However, 
the role of FOXO3 in GC remains unclear. We speculate that FOXO3 inhibits human gastric 
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adenocarcinoma (AGS) cell growth by inducing autophagy.
In this study, we determined whether FOXO3 harnesses autophagy to kill GC cells by 

exerting proapoptotic effects in an acidic microenvironment.

Materials and Methods

Cell culture
The AGS cells were acquired from Cell Research Company and were maintained in F12K (CELL 

RESEARCH, 500 ml) supplemented with 10% FBS (Gibco, New York, USA) containing 100 units/mL penicillin 
and 100 µg/mL streptomycin (HyClone Laboratories) . The cells were maintained at 37 °C in a humidified 
atmosphere of 5% CO2. The medium was replaced every 2 days. The pH value of medium was adjusted by 
the addition of 1 M HCl. The cells were randomly assigned to four groups incubated at pHs of 6.0 or 7.4. We 
monitored the cells by microscopy to ensure that they maintained their original morphology. The pH of 
the medium in each group was measured before every experiment to ensure that the cells were exposed to 
stable experimental conditions.

Transfection of FOXO3 plasmids
Plasmids expressing active Flag-tagged FOXO3 or a non-DNA-binding Flag-tagged FOXO3 (which 

served as a negative control) were provided by GeneChem. We divided the plasmids into the following two 
groups: a control group (no FOXO3) , and a positive FOXO3 expression group. Each plasmid construct was 
transfected into AGS cells. Endogenous FOXO3 expression was detected by real-time PCR after 24 hours.

For the transfection experiments, the cells were seeded in 24-well plates and incubated overnight at 
37 °C with 5% CO2. The above plasmids were transfected into the cells using Lip3000 (Life Technologies) , 
according to the manufacturer’s protocol. The AGS cells were then cultured for 24 h at 37 °C with 5% CO2.

CCK8 assay for cell viability
Cell viability was detected using cell counting kit 8 (CCK) assay [15]. Cells exposed to media with 

different pH values (6.0 and 7.4) were inoculated in 96-well culture plates at a density of 4×103 per well. 
Each well contained 100 µL of medium. The cells were incubated overnight, after which the medium was 
replaced with 100 µL of fresh medium containing 10% CCK8 (WST-8, yiyuanbiotech). The cells were 
subsequently incubated for 1-3 h at 37 °C with 5% CO2, and the absorbance was measured at 450 nm with 
a microplate spectrophotometer. Cell viability was calculated as follows: Cell viability (%) = [A450 (sample) 
- A450 (blank)/A450 (control) - A450 (blank)]×100%.

Cell wound scrape assay
Cells from each group were seeded in 6-well plates. A small wound was introduced in the confluent 

monolayer with a 200-µL pipette tip. The cells were then washed with PBS and incubated in serum-free 
F12k medium for 24 h at 37 °C with 5% CO2. Thereafter, we captured images of the cells at different times 
over a 48 h period. Wound width was measured at x100 magnification using a microscope. Measurements 
of the length of the wound were performed at random intervals, and the data were analysed by ImageJ 
software. This experiment was repeated three times [16].

Cell invasion assay
Transwell experiments, which are an alternative method of estimating cancer cell invasiveness, were 

performed in this study. Briefly, cell invasion was measured using Matrigel-coated Transwell cell culture 
chambers. Cells in the logarithmic phase were starved in serum-free F12k medium for 24 h, after which they 
were digested by 0.25% EDTA-trypsin. The cell suspension was then treated with serum-free F12k medium, 
during which the density of the suspension was adjusted to 2×105/mL. Approximately 200 μL of the cell 

suspension was added to the upper portion of the Transwell insert (Corning Costar) , and F12k medium 
containing 10% FBS was added to the lower portion of the inset at a concentration of 600 μL/well. The cells 
were then cultured for 24 h at 37 °C with 5% CO2. Three duplicate systems were used for each group. After 
24 h, the chamber was dislodged, fixed with methanol for 20 min, and then dried at room temperature. 
The chamber was then dyed by crystal violet for 20 min. The cells that had were unable to pass through 
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the upper portion of the chamber were removed with a wet cotton swab, and then the chamber was placed 
under an inverted microscope so that the remaining cells could be counted. The images were analysed by 
ImageJ software [16, 17].

Real-time PCR
RNA was isolated from cells using Trizol reagent (TaKaRa) . One microgram of RNA per sample was 

reverse transcribed in a final mixture of 5×primer script buffer, primer script enzymes, oligo dT primers and 
reverse transcriptase (TaKaRa) . Reverse transcription was performed at 37 °C for 15 min, 84 °C for 5 s and 
4 °C for the appropriate amount of time.

  mRNA expression was quantified using a SYBR Green System, as previously described [18]. Expression 
levels of the autophagy-related and apoptosis-related genes were normalized using the β-actin gene. Each 
experiment was repeated three times and was performed independently in duplicate. mRNA expression 
up-regulation or down-regulation was quantified by the cycle threshold (CT) method, and SPSS version 
11.5 (Mann-Whitney U test) was used to calculate the statistical significance of the differences in the mRNA 
expression levels of various genes among different samples. P ＜ 0.05 was considered significant [19].

Western blot analysis
Twenty micrograms of protein per sample was separated on a 12% SDS gel, after which semi-dry 

western blotting was performed. The membranes were subsequently blocked with 5% BSA in TBST (50 mM 
Tris–HCl (pH 7.5) and 150 mM NaCl containing 0.05% Tween 20). The blots were incubated with primary 
antibodies against β-actin(1:1000, antirabbit, HuaBio), LC3B (1:1000, antirabbit, Bioworld), Beclin1 
(1:1000, antimouse, Bioworld), SQSTM1/P62 (1:1000, antirabbit, CST), Bcl2 (1:1000, antirabbit, CST), NF-
κB (1:1000, antirabbit, abcam), caspase3 (1:1000, antirabbit, CST), Bax (1:1000, antirabbit, Bioworld), Akt 
(1:1000, antirabbit, CST), p-Akt (1:1000, antirabbit, CST), PTEN (1:1000, antirabbit, HuaBio) and FOXO3 
(1:1000, antirabbit, Bioworld) overnight at 4 °C. The membranes were incubated with HRP-conjugated 
secondary antibodies (1:10000 dilution, CST) for approximately 1 h at room temperature. Antibody staining 
was subsequently visualized by chemiluminescence [6, 18-20].

Detection of mRFP-GFP-LC3
AGS cells grown in media with different pH values were seeded on gelatinized coverslips and infected 

with mRFP-GFP-LC3 adenoviruses. The medium was replaced with fresh medium after 24 h. Some cells 
were fixed with 4% paraformaldehyde for mRFP-GFP observation. The fixed cells were treated with 5% BSA 
for 30 min and stained with DAPI for 6 min, after which the coverslips were air-dried and mounted in Gel 
Tol. mRFP-GFP-LC3 fluorescence was observed under a fluorescence microscope, as previously described 
[6, 21, 22]. We counted the numbers of mRFP-GFP-LC3 punctae in three independent visual fields.

Statistical analysis
All the results for our study are presented as the mean ± SD. ANOVA was used to assess any differences 

among the four groups, and all statistical analyses were performed with SPSS version 15.0 statistical 
software. Differences were considered statistically significant at P < 0.05.

Results

FOXO3 overexpression and an acidic microenvironment effectively suppressed AGS cell 
growth, migration and invasion.
Previous studies have shown that acidic microenvironments drive tumour growth, 

invasion and autophagy [23]. However, FOXO3 suppresses cancer invasion and growth but 
induces autophagy. To determine whether FOXO3 and an acidic microenvironment inhibited 
AGS cell growth and proliferation in vitro, we treated the cells with media with different pHs 
(pH 6.0 and 7.4) and FOXO3-expressing plasmids or negative control plasmids. Thus, the 
following four different groups of cells were utilized in this study: a group of cells transfected 
with FOXO3-expressing plasmids and treated with medium with a pH of 6.0, a group of cells 
transfected with negative control plasmids and treated with medium with a pH of 6.0, a group 
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of cells transfected with FOXO3-expressing plasmids and treated with medium with a pH of 
7.4 and a group of cells transfected with negative control plasmids and treated with medium 
with a pH of 7.4. CCK8 assay was conducted to measure cell viability. As shown in Fig. 1, the 
results indicated that FOXO3 and low pH treatment greatly suppressed AGS cell growth (P < 
0.001). However, cells treated with only FOXO3 plasmids displayed barely detectable signs 
of toxicity, suggesting that this treatment had slight cytostatic effects (P < 0.001). In addition, 
cell viability was slightly increased in the group of AGS cells treated with only medium with 
a low pH (pH 6.0). These findings led us to conclude that FOXO3 and low-pH medium can 
effectively reduce AGS cell viability.

To evaluate the effect of FOXO3 on AGS cell migration and invasion in an acidic 
microenvironment, we performed transwell and cell wound scrape assays. We found that 
FOXO3 overexpression and a low pH led to dramatic decreases in cell migration and invasion 
in the group transfected with FOXO3-expressing plasmids and treated with media with a pH 
of 6.0 compared with the other groups (P < 0.001, Fig. 2A-D). However, cell migration and 
invasion were slightly enhanced in the group of cells treated with only FOXO3-overexpressing 
plasmids (P < 0.001, Fig. 2A-D) and moderately enhanced in the group of cells treated with 
only medium with a low pH. Based on these results, we concluded that the combination of 
FOXO3 overexpression and a low pH play an important role in inhibiting AGS cell migration 
and invasion.

To study AGS cell migration and invasion further, we assessed the expression of MMP-
2, MMP-9 and PTEN, proteins that play functional roles in cell migration and invasion. As 
shown in Fig. 2E-F, western blotting revealed that enhancing FOXO3 expression and a low pH 
markedly decreased MMP-2 and MMP-9 production, while significantly increased PTEN (P < 
0.001) . However, treatment with only a low pH slightly improved cell migration and invasion 
ability (P < 0.001). In addition, FOXO3 overexpression increased cell migration and invasion 
ability (P < 0.001). These results were consistent with those of the transwell and cell wound 
scrape experiments.

FOXO3 overexpression and an acidic microenvironment increase autophagy in AGS cells.
Previous studies have shown that acidic environments and FOXO3 transcription factors 

can induce autophagy in cancer cells; however, few studies have investigated whether 
autophagy occurs in AGS cells exposed to an acidic microenvironment and transfected with 
plasmids overexpressing FOXO3. To determine whether increases in FOXO3 expression and 
low-pH exposure enhances the expression of autophagic genes, we performed real-time 
quantitative RT-PCR analysis to detect LC3, Beclin1, P62, Atg5 and PTEN expression. The 
results showed that the basal mRNA expression levels of LC3, Beclin1, Atg5 and PTEN were 

Fig. 1. FOXO3-overexpressing plasmids and low-pH 
microenvironment treatment had dramatic cytotoxic 
effects on AGS cells. AGS cells were cultured under two 
different pHs (pH 6.0 and pH 7.4) and with specific 
FOXO3 plasmids (positive or negative). Cell viability 
was analysed by CCK8 assay. Values are expressed as 
the mean ± SD of four independent experiments (n=4, 
F=320.4, P<0.001).
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Fig. 2. FOXO3-overexpressing plasmids and low-pH microenvironment treatment inhibit AGS migration 
and invasion. A-B. Cell migration ability, as detected by wound-scrape assay. The cells were damaged by 
mechanical scraping. Representative images of cell migration in the wound scrape model at 0, 24 and 
48 h post-wound induction are shown (magnification, x40). The migrating cell area is expressed as the 
mean ± SD of 3 independent experiments (n=4, F=220.1, P<0.001). C-D. Cell invasion ability, as detected by 
Transwell assay. Representative images of the invading cells. (Magnification, x40). The number of invading 
cells is expressed as the mean ± SD of 3 independent experiments (n=4, F=214.3, P<0.001). E-F. Western 
blot analysis was performed on the lysates of AGS cells treated under four different conditions to detect the 
protein expression levels of MMP-2 (n=4, F=183.3, P <0.001), MMP-9 (n=4, F=165.7, P<0.001) and PTEN 
(n=4, F=151.1, P<0.001), which participate in migration and invasion. Quantitative analysis of the levels of 
these three proteins was also performed (bottom panel). Values are expressed as the mean ± SD of three 
independent experiments. Statistical comparisons were performed with one-way ANOVA test.
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low in AGS cells. However, incubation with FOXO3-overexpressing plasmids and media with 
a low pH resulted in significant increases in the mRNA expression levels of the above proteins 
compared with control cells. Additionally, AGS cells treated with only FOXO3-overexpressing 
plasmids or a low-pH environment showed no clear increases in the mRNA expression levels 
of the above proteins compared with control cells (P < 0.05, Fig. 3). P62 mRNA expression 
levels were greatly decreased after treatment with FOXO3-overexpressing plasmid- and 
low pH-treated cells compared with control cells. However, cells treated with only FOXO3-
overexpressing plasmids or a low-pH environment displayed no significant reduction in P62 
mRNA expression levels compared with control cells (P < 0.05, Fig. 3).

  In summary, these results showed that AGS cells treated with FOXO3-overexpressing 
plasmids and low pH displayed enhanced autophagy compared with cells treated with only 
FOXO3-overexpressing plasmids or a low-pH environment.

  In subsequent studies, we used western blotting to test the expression of the following 
essential protein markers of autophagy: LC3I and LC3II, Beclin1, FOXO3, Akt, p-Akt and 
P62. As shown in Fig. 4, LC3I and FOXO3 expression levels were significantly elevated in the 
FOXO3-overexpressing plasmid- and low pH-treated group compared with the other groups 
(P < 0.05, Fig. 4). Increased LC3II expression commonly serves as an indicator of elevated 
autophagy levels in mammalian cell models, and the LC3I/LC3II, ratio was significantly 
increased in the FOXO3-overexpressing plasmid- and low pH-treated group. However, the 
group treated with only FOXO3-overexpressing plasmids did not display increases in the 
levels of these protein markers of autophagy but expressed the proteins at higher levels 
than the remaining two groups. Consistent with these results, the level of the autophagy 

Fig. 3. Real-time quantitative RT-PCR analysis of the expression of autophagy-related genes in AGS cells 
treated with FOXO3-overexpressing plasmids and a low-pH microenvironment. The expression of autophagy-
related genes, such as LC3 (n=4, F=659.2, P<0.001), Beclin1 (n=4, F=1931, P<0.001), Atg5 (n=4, F=288.3, P 
<0.001), PTEN (n=4, F=757.1, P<0.001), FOXO3 (n=4, F=119452, P<0.001) and P62 (n=4, F=6573, P<0.001), 
was tested by RT-PCR. Values are expressed as the mean ± SD of three independent experiments. Statistical 
analysis was performed with SPSS followed by one-way ANOVA test.
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substrate P62 was significantly reduced in the FOXO3-overexpressing plasmid- and low pH-
treated group compared with the other groups (P < 0.05). AGS cells treated with only FOXO3-
overexpressing plasmids displayed no clear decreases in P62 expression but expressed the 
protein at a lower level than the other two groups. These results suggested that FOXO3-
overexpressing plasmids and low-pH treatment enhance autophagy in AGS cells.

The PI3K/Akt axis has been identified as a regulator of normal metabolic activity and 
a negative regulator of autophagic activity [20, 24]. To investigate whether the activity of 
this pathway changes in FOXO3-overexpressing plasmid- and low pH-treated AGS cells, we 
analysed the expression levels of various phospho-proteins in the cells. We noted significant 
decreases (P < 0.05) in phospho-Akt levels (Fig. 4) in cells treated with low-pH medium 
and FOXO3-overexpressing plasmids compared with control cells; however, Akt expression 
changed slightly in the treated group of cells compared with the control group cells (P < 0.05, 
Fig. 4). These results suggested that these phospho-proteins are involved in mediating the 
effects of FOXO3 overexpression and low pH on autophagy in AGS cells.

  Based on the above results, we concluded that FOXO3 overexpression and a low 
pH induced autophagy through the PI3K/Akt pathway, of which FOXO3 appears to be a 
downstream effector, as shown in previous studies [25]. Previous studies also suggested 
that decreased PI3K/Akt signalling activates autophagy through not only mTOR but also 
more slower transcription-dependent processes involving FOXO3. We found that acidic 
microenvironment-induced stress and FOXO3 overexpression induce autophagy; however, 

Fig. 4. A-B. FOXO3 overexpression and a low-pH microenvironment induced autophagy in AGS cells. The 
expression of LC3Ⅱ/LC3Ⅰ(n=4, F=49.9, P<0.05) and other autophagy-related proteins, such as Beclin1 
(n=4, F=137.5, P<0.05), FOXO3 (n=4, F=202.9, P<0.001) and P62 (n=4, F=240.2, P<0.001), was analysed 
by western blotting. The expression of proteins related to the PI3K/Akt pathway, namely, Akt (n=4, F=19.7, 
P<0.05) and p-Akt (n=4, F=184.6, P<0.001) , were detected by western blotting. Quantitative analysis of 
the expression of these seven protein levels was also performed (bottom panel). Values are expressed as 
the mean ± SD of three independent experiments. Statistical comparisons were performed with one-way 
ANOVA test.
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the detailed mechanisms underlying this phenomenon remain unclear.
To confirm whether or not FOXO3 overexpression and low pH treatment induces 

autophagic flux, we analysed AGS cells transiently transfected with mRFP-GFP-LC3B 
adenoviruses under a laser scanning confocal microscope. An emerging system involving 
the tandem fusion of LC3 to acid-resistant mCherry (such as RFP) and acid-sensitive GFP 
has been applied for the analysis of autophagosome-mediated dynamic changes in proteins 
and protein degradation to monitor autophagic flux, as GFP fluorescence is quenched in low 
pH compartments. A dynamic switch from yellow to red fluorescence reflects functional 
autophagic flux. In this system, LC3 is fused to both GFP and RFP to form an RFP-GFP-
LC3 vector. As shown in Fig. 5, cells incubated with FOXO3-overexpressing plasmids and 
under low-pH conditions for 24 h displayed markedly increased numbers of yellow puncta 

Fig. 5. FOXO3 overexpression and acidic stress promote autophagosome formation and increase autophagic 
flux. AGS cells incubated under four different conditions were transfected with the RFP-GFP-LC3 adenoviral 
vector. After 24h (n=4, F=140.3, P<0.001) or 48 h (n=4, F=1190, P<0.001) of transfection, the AGS cells 
were observed under a confocal microscope. Autophagic flux was measured by counting the cells with GFP 
+ /mRFP + (yellow) and GFP − /mRFP + (red) LC3 puncta. Yellow and red punctas are indicated by white 
arrows. Nuclear staining is apparently visible in the merge panel which colored blue. Data are representative 
of three independent experiments. All the groups were compared with the control group by one-way ANOVA 
test with SPSS.
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stably expressing mRFP-GFP-LC3B compared with other cells (P < 0.05), suggesting that 
FOXO3 overexpression and acidic stress promote autophagosome formation. After 48 
h, the yellow fluorescence switched to red fluorescence in the group of cells treated with 
FOXO3-overexpressing plasmids and low-pH medium (P < 0.05, Fig. 5), implying that FOXO3 
overexpression and acidic stress increase autophagic flux. Taken together, our data suggest 
that FOXO3 overexpression and a low pH have dynamic effects on autophagic flux and induce 
late increases in autophagic flux.

FOXO3 overexpression and acidic stress induce apoptotic cell death by enhancing 
autophagy induction in AGS cells.
To determine whether apoptosis is mediated by autophagy induction in FOXO3-

overexpressing plasmid- and low pH-treated AGS cells, we first measured the expression of 
apoptosis-related mRNAs (such as Bcl2 and Bax) in cells treated with FOXO3-overexpressing 
plasmids and low-pH medium by RT-PCR analyses. As shown in Fig. 6, FOXO3 overexpression 
and acid-induced stress increased the Bax/Bcl2 ratio, suggesting that FOXO3 overexpression 
and acidic stress induce apoptosis.

Apoptosis occurs via extrinsic, intrinsic and ER stress-mediated processes. All three 
apoptotic processes eventually rely on the enzymatic activity of caspase3 and result in the 
enzymatic degradation of the downstream protein. As shown in Fig. 7, AGS cells treated 
with FOXO3-overexpressing plasmids and low-pH medium displayed statistically significant 
increases in Bax and cleaved caspase3 expression compared with cells treated with FOXO3-
overexpressing plasmids alone (P < 0.05). The abovementioned apoptosis-related proteins 
are all pro-apoptotic proteins. These results suggest that FOXO3 overexpression and acidic 
stress promote apoptosis progression. In addition, we also analysed the expression of Bcl2 
and NF-κB, which are anti-apoptotic proteins. As shown in Fig. 7, we noted that the levels 
of these proteins were clearly reduced in the FOXO3-overexpressing plasmid- and low pH-
treated group. However, cells treated with FOXO3-overexpressing plasmids alone exhibited 
relatively weak Bcl2 and NF-κB expression (P < 0.05).

Fig. 6. FOXO3 overexpression and acidic stress induce apoptotic cell death, as determined by real-time 
quantitative RT-PCR. Real-time quantitative RT-PCR showed that the expression levels of apoptosis-related 
proteins changed in AGS cells after treatment with FOXO3-overexpressing plasmids and low-pH medium. 
The expression of apoptosis-related genes, such as Bcl2 (n=4, F=246.2, P<0.001) and Bax (n=4, F=4122, 
P<0.001), was tested, and the Bax/Bcl2 (n=4, F=580.6, P<0.001) ratio was calculated, as shown. The data 
are expressed as the mean ± SD. Statistically significant versus control.
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Discussion

Previous studies have shown that tumour cells exposed to acidic conditions undergo 
metabolic changes and that the up-regulation of glycolysis in these cells results in the 
extracellular accumulation of metabolic acids [26]. Such acidic microenvironments induce 
malignant progression [6]. It has been shown that acidic pH promotes local invasive growth 
and metastasis. In addition, autophagy can also be induced by extracellular acidosis and 
appears to serve as an adaptation enabling cells to survive in acidic microenvironments 
[27]. Autophagy is a cellular catabolic process that induces the lysosomal degradation and 
recycling of dysfunctional proteins or organelles, processes that are considered vital to the 
survival of cancer cells exposed to acidic stress [28]. We have determined that autophagy 
plays a complex role in tumour progression. In the early stage of tumour development, 
autophagy acts as a tumour inhibitor by scavenging mitochondrial proteins whose folding 
was disrupted by reactive oxygen species (ROS) [29, 30]. However, in the setting of metabolic 
stresses, such as acidic conditions, autophagy plays a role in the survival of tumour cells by 
enabling them to resist the metabolic stress caused by inadequate nutrition and excessive 
cell proliferation [31].

Our study indicated that autophagy levels increased in FOXO3 protein overexpression 
and that FOXO3 was expressed at higher levels in low-pH (pH 6.0) conditions than in normal 
(pH 7.4) conditions.Based on these findings, we concluded that FOXO3, which belongs to 
a family of transcription proteins, is involved in the regulation of autophagy. Increases 
in FOXO3 expression induce autophagy [12]. Previous studies have shown that FOXO3 is 
closely related to tumourigenesis and is considered a tumour suppressor [13]. Current 
studies have also illustrated that FOXO3 is involved in autophagy and may serve as a new 

Fig. 7. Western blot analysis of the expression of apoptosis-related proteins in AGS cells treated with FOXO3-
overexpressing plasmids and a low-pH microenvironment. Western blot analyses were performed on AGS 
cells treated with FOXO3 overexpression and low pH to detect the protein levels of Bax (n=4, F=241.3, 
P<0.001), caspase3 (n=4, F=250.1, P<0.001), Bcl2 (n=4, F=35.3, P<0.05) and NF-κB (n=4, F=145.1, P<0.001), 
which are markers of apoptosis. Quantitative analysis of the expression levels of these proteins was also 
performed (bottom panel). Values are expressed as the mean ± SD of three independent experiments. 
Statistical analysis was performed with one-way ANOVA test.
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target for anti-tumour therapies [32, 33]. The results of these studies are consistent with 
our results, which showed that FOXO3 plays a protective role in gastric tumour cells in 
abnormal microenvironments, such as acidic microenvironments. Our data show that AGS 
cells with FOXO3 overexpression that were exposed to an acidic microenvironment (pH 6.0) 
displayed consistent increases in the expression of autophagy marker proteins, such as LC3 
and Beclin1, and decreases in the expression of P62 compared with control cells. However, 
AGS cells treated with FOXO3-overexpressing plasmids did not show increases in LC3 and 
Beclin1 expression or decreases in P62 expression. These results imply that acidic stress 
enhances FOXO3-induced autophagy; however, the mechanism by which this occurs is not 
clear.

  The relationship between autophagy and apoptosis is very complicated. Previous 
scholars proposed that autophagy activates apoptosis. There has been great progress in the 
understanding of autophagy since 2003; however, the relationship between autophagy and 
apoptosis remains controversial [34].

  In conclusion, our study revealed that the FOXO3 protein plays an important role in 
autophagy in GC cells exposed to an acidic microenvironment. Thus, FOXO3 may promote 
autophagy in gastric tumours exposed to an acidic microenvironment. Recent studies have 
shown that the PI3K/Akt axis acts as a negative regulator of autophagy and apoptosis [20, 24]. 
The protein kinase Akt can be activated to phospho-Akt, which enhances the transcriptional 
activity of NF-κB to up-regulate the expression of the anti-apoptotic protein Bcl2. Based on 
the results of our study, we propose that PI3K/Akt signalling activates autophagy through 
a transcription-dependent mechanism involving FOXO3 rather than mTOR. Briefly, FOXO3 
up-regulation and acidic stress play important roles in inducing apoptosis and autophagy. 
Autophagy is a lysosome-dependent cellular degradative process that may lead to cell 
death in extreme cases and appears to be a special mechanism through which tumours are 
suppressed. FOXO3 overexpression dramatically increases autophagy levels in AGS cells and 
thus perhaps contributes to the tumour suppressor functions of FOXO3 [9]. These findings 
not only suggest that FOXO3 and acidic stress can serve as novel autophagy enhancers but 
also indicate that they are excellent tools for determining how autophagy and apoptosis are 
regulated by PI3K/Akt signalling pathway activation in AGS cells.

Thus, the results described herein indicate that autophagy induces apoptosis in AGS 
cells under acidic stress. Additionally, our data show that AGS cells survive in an acidic 
microenvironment by activating adaptive autophagy. A more thorough understanding of the 
molecular mechanisms by which FOXO3 and acidic stress induce autophagy and apoptosis 
will facilitate the development of candidate compounds that may be used to treat GC. Given 
the basal role of autophagy in tumourigenesis and the fact that FOXO3 is highly expressed 
in GC, additional studies are needed to assess the role of FOXO3 overexpression and low-pH 
microenvironments in autophagy in GC development.

Conclusion

Taken together, our results show that FOXO3 inhibits AGS cell growth by promoting 
autophagy in an acidic microenvironment. The exact mechanisms by which FOXO3 
overexpression and low-pH microenvironments promote autophagy to inhibit AGS cell 
growth still need more research; however, our study indicates that FOXO3 and low-pH 
microenvironments may serve as new and accurate prognostic factors in GC in the future.

  Based on our research, we suggest that expression of FOXO3 will help to recognize 
patients that benefit from PI3K/Akt inhibition and/or FOXO3 activation treatments, allowing 
the develop of new therapeutic strategies that can creat a new situation for the treatment of 
GC patients.
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