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Background: Aloin has been reported to have many pharmacological effects including anti-

inflammatory, anti-oxidant and anti-tumour activities. However, the precise molecular

mechanisms underlying the anti-tumour properties of aloin are yet to be elucidated.

Methods: HGC-27 and BGC-823 gastric cancer cells were treated with aloin. EdU and colony

formation assays were used to detect the proliferation ability of cells. The migration of cells was

detected using wound healing and transwell assays. Western blotting was used to detect the levels of

cyclinD1, cyclin E1,MMPs,N-cadherin, E-cadherin andNOX2. The phosphorylation ofAkt,mTOR,

P70S6K, S6, Src, stat3 and IκBαwere also detected byWestern blotting. Flow cytometry was used to

detect the cell cycle distribution.The location of p65 in cells was determined by using a confocal

microscopy assay. The total amounts of ROS present in cells were measured using an ROS assay kit.

Results: Here, we found that aloin inhibited the proliferation and migration of HGC-27 and

BGC-823 gastric cancer cells using a combination of EdU, colony formation, wound healing and

transwell assays. Further investigations revealed that aloin decreased the protein expression

levels of cyclin D1, N-cadherin, and the matrix metalloproteinases (MMP)-2 and MMP-9;

increased E-cadherin expression in a dose-dependent manner; inhibited reactive oxygen species

(ROS) generation; and mediated the activation of Akt-mTOR, signal transducer and activator of

transcription-3 (Stat3), and NF-κB signalling pathways. Our results also indicated that aloin is

able to attenuate the expression levels of the two regulatory proteins of nicotinamide adenine

dinucleotide phosphate oxidase 2 (NOX2), p47phox and p22phox, but had no effect on the level of

gp91phox. N-acetylcysteine treatment of gastric cancer cells inhibited ROS production and Akt-

mTOR, Stat3, and IκBα phosphorylation. Taken together, our data suggest that aloin inhibits the

proliferation and migration of gastric cancer cells by downregulating NOX2–ROS-mediated

activation of the Akt-mTOR, Stat3, and NF-κB signalling pathways.

Conclusion: Our findings suggest a potential role for aloin in the prevention of gastric

cancer cell proliferation and migration and provide novel insights into the anti-cancer

properties of aloin.

Keywords: aloin, gastric cancer, proliferation, migration, nicotinamide adenine dinucleotide

phosphate oxidase 2, reactive oxygen species

Introduction
Aloin (ALO) is a bioactive component that is extracted from aloe vera. It has been

reported to have anti-inflammatory,1,2 anti-oxidant,3 and anti-tumour effects.4,5 In

addition, ALO has been reported to inhibit proliferation and induce the apoptosis of

various tumour cells.1,5,6 However, the molecular mechanism(s) underlying ALO’s

anti-cancer activity remain to be elucidated.
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Gastric cancer (GC) is the fourth most common cancer

and the second leading cause of cancer deaths worldwide.7

Despite various therapeutic approaches to improve the

survival rate of patients with GC, the effectiveness of the

treatments that are currently available remains

unsatisfactory.8 Therefore, there is an urgent requirement

to identify novel medicines for the adjuvant treatment of

GC. Our previous study showed that ALO could induce

GC cell apoptosis by regulating the activation of MAPK

signalling pathways.9 Here, we focused our investigation

on the effects of ALO on GC cell proliferation and

migration.

Many pro-survival signals affect the proliferation and

metastasis of cancer cells. The PI3K/Akt/mTOR signal-

ling pathway plays an important role in the development

of malignant tumours by inducing the survival, differen-

tiation and angiogenesis of tumour cells.10 Akt-mTOR

signalling pathway activation leads to the phosphoryla-

tion of the ribosomal protein S6 kinase (P70S6K), which

in turn regulates the expression of its target genes.11,12 In

addition, the signal transducer and activator of transcrip-

tion-3 (Stat3) protein is constitutively active in cancer

cells. Various upstream kinases such as Janus-activated

kinases (JAKs) and Src family kinases induce Stat3 phos-

phorylation. Activated Stat3 then translocates to the

nucleus and regulates the transcription of anti-apoptotic

and proliferative genes.13,14 Several studies have reported

that the NF-κB signalling pathway is involved in tumour

proliferation and metastasis. For example, bone marrow

stromal cell antigen 2 promotes cell proliferation and

migration and induces NF-κB activation in GC cells.

Pristimerin, a naturally occurring triterpenoid, targets

the NF-κB pathway to inhibit the proliferation, migration

and invasion of oesophageal squamous cell carcinoma

cells.15,16

Reactive oxygen species (ROS) have important roles in

mediating cell proliferation, migration and angiogenesis

through the regulation of many key intracellular signalling

pathways including Akt, Stat3, and NF-κB.17 Nicotinamide

adenine dinucleotide phosphate (NADPH) oxidases (NOXs)

are an important source of ROS.18 NOX2, also known as

gp91phox, is a member of the NOX family that is constitu-

tively associated with p22phox in the plasma membrane. The

activation of NOX2 involves its interactions with p40phox,

p47phox, p67phox and the small GTPase Rac1.19 In our

previous study, we found that ALO plays an anti-

inflammatory role through its regulation of ROS-mediated

JAK/Stat signalling pathway activation in RAW264.7

cells.2 However, it is not known if ALO prevents GC

proliferation and migration through its regulation of ROS-

mediated signalling pathways. In this study, our main aim

was to investigate if ALO affects GC cell proliferation and

migration by targeting NOX2–ROS-mediated pro-survival

signalling pathways. Our findings provide novel insights

into the anti-cancer effects of ALO on GC cells.

Materials and Methods
Reagents and Antibodies
ALO (purity: 99.8%) was purchased from Selleck

Chemicals (Houston, TX, USA). N-acetyl-L-cysteine

(NAC) was obtained from Sigma-Aldrich (St. Louis,

MO, USA). The Super Lumia ECL HRP substrate kit

was purchased from Abbkine Inc (Wuhan, China). The

EdU proliferation detection kit was purchased from

RiboBio Co., Ltd. (Guangzhou, China). The Cell

Counting Kit-8 (CCK-8) was obtained from KeyGen

Biotech Co., Ltd. (Nanjing, China). The ROS assay Kit

was purchased from the Beyotime Institute of

Biotechnology (Haimen,China). Primary antibodies

against β-actin, GAPDH, p-Src, p-Stat3, p-Akt, Akt,

p-mTOR, mTOR, p-P70S6K, P70S6K, p-S6, S6, p-IκB,
and gp91phox were all purchased from Cell Signalling

Technology (Beverly, MA, USA). The p47phox and p65

primary antibodies were obtained from Santa Cruz

Biotechnology (Dallas, TX, USA). The p22phox primary

antibody was purchased from ABclonal Biotechnology

Co., Ltd (Hubei, China). Secondary antibodies coupled to

the IRDye800 fluorophore for use with the Odyssey

Infrared Imaging System were purchased from LI-COR

Biosciences (Lincoln, NE, USA).Horseradish peroxidase-

conjugated anti-mouse IgG and anti-rabbit IgG secondary

antibodies were obtained from Cell Signalling Technology

(Beverly, MA, USA).

Cell Culture
GC HGC-27 and BGC-823 cells were purchased from

GuangZhou Cellcook Biotech Co., Ltd. (Guangzhou,

China). HGC-27 cells were cultured at 37 °C and 5%

CO2 in RPMI-1640 medium (Gibco; Thermo Fisher

Scientific, Inc., Waltham, MA, USA) containing 10% non-

essential amino acids. BGC-823 cells were cultured in

DMEM medium (Gibco), which was supplemented with

10% foetal bovine serum (FBS; Lonsera, South America),

100 µg/mL streptomycin, and 100 U/mL penicillin

(Beyotime Institute of Biotechnology, Haimen,China).
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CCK-8 Assay
HGC-27 and BGC-823 cells were seeded in 96-well cell

culture plates at a density of 1 × 104 and then exposed to

a range of doses of ALO for 24 h. For the CCK-8 assay, 10

µL of CCK-8 working solution was added to each well

and incubated for another 2 h at 37 °C and 5% CO2. The

absorbance was then measured using a MultiskanTM GO

plate reader (Thermo Fisher Scientific, Inc.) at 450 nm.

Each treatment was performed in triplicate, and the data

are shown as mean ± SD.

Colony Formation Assay
Cells were seeded in 6-well cell culture plates at 200 cells/

well and then incubated for 24 h to allow cell attachment.

A range of doses of ALO were then added to each well.

Following ALO treatment for 24 h, the cell medium was

removed and the cells were cultured with new medium for

2 weeks at 37 °C and 5% CO2. Colonies were fixed in 4%

paraformaldehyde for 20 min and then stained with crystal

violet for 30 min at room temperature. Colonies were

counted under a light microscope: those containing ≥25

cells were classed as a colony.

EdU Assay
Cells were seeded in 24-well plates and cultured for 24

h at 37 °C and 5% CO2. Once the cells had reached 80%

confluency, their proliferation capacity was determined by

performing the EdU assay according to the manufacturer’s

instructions. Briefly, following ALO treatment, cultured

cells labelled with EdU were reacted with Apollo® fluor-

escent dyes, and their nuclei were stained with DAPI.

After staining, the cells were observed by fluorescence

microscopy (100× magnification; Olympus, Tokyo, Japan).

Cell Cycle Analysis
Cells were seeded in 12-well plates and treated with ALO for

24 h. The cell cycle distribution was then determined using

a cell cycle detection kit according to the protocol provided

by KeyGen Biotech Co., Ltd. (Nanjing, China). Briefly, cells

were collected following trypsinisation, rinsed twice with

cold PBS, and fixed with 70% ethanol for 24 h at 4 °C.

After washing three times with PBS, RNase A and propidium

iodide were added to the wells and incubated at 37 °C for 30

min. Flow cytometry (BD Biosciences, Franklin Lakes, NJ,

USA)was then used to detect the cell cycle distribution of the

cells. FlowJo 7.6.1 software was used for data analysis.

Wound Healing Assay
Cells were seeded in 12-well plates and cultured to 90%–

100% monolayer confluency at 37 °C and 5% CO2.

A straight scratch line was then gently made across the

well using a new 200 µL pipette tip, and the detached cells

were removed by two gentle PBS washes. The cells were

then treated with a range of doses of ALO for 24 h, and

then observed using light microscopy (100× magnification;

Olympus) at 0 and 24 h. The results were analysed using

ImageJ version 1.52 software.

Transwell Assay
Cell migration assays were performed using 24-well cell

culture plates with an 8 µm pore membrane (EMD

Millipore, Billerica, MA, USA). Briefly, cells were treated

with different doses of ALO for 24 h and suspended in

DMEM or 1640 medium without FBS. A cell suspension

(200 µL) containing 2 × 104 cells was placed in the upper

chamber, and 600 µLDMEM or 1640 medium supplemented

with 20% FBS was added to the lower chamber. After 24

h incubation at 37 °C and 5% CO2, cells on the upper surface

were wiped away gently, whereas cells that migrated to the

lower surface were fixed with 4% paraformaldehyde for 20

min and stained with 0.1% crystal violet diluted in methanol

for 30 min at room temperature. Images of the migrated cells

were captured using a fluorescence inverted microscope

(100× magnification; Olympus).

Western Blotting and

Immunoprecipitation
HGC-27 and BGC-823 cells were seeded in 12-well plates

and treated with ALO for the times indicated. The medium

in each well was then discarded, and the cells were washed

with cold PBS. Next, RIPA cell lysis buffer containing

protease inhibitors (Beyotime Institute of Biotechnology,

Haimen, China) was added to the wells and incubated on

ice for 30 min. Lysates were centrifuged (14,300×g) for

10–15 min at 4 °C, and the supernatants were collected.

Protein concentrations were measured using a BCA

Protein Assay Kit (Beyotime Institute of Biotechnology,

Haimen, China). For Western blotting, equivalent amounts

of protein (50 µg) from each sample was loaded onto 12%

or 10% SDS-PAGE gels and the separated proteins were

electroblotted onto nitrocellulose membranes (Pall

Corporation, Port Washington, NY, USA). The membranes

were then blocked with 5% skimmed milk for 1 h at room

temperature, washed with PBS, and probed with primary

Dovepress Wang et al

Drug Design, Development and Therapy 2020:14 submit your manuscript | www.dovepress.com

DovePress
147

http://www.dovepress.com
http://www.dovepress.com


antibodies at 4 °C overnight. For visualisation, either an

IRDye800 fluorophore-conjugated secondary antibody or

a HRP conjugated secondary antibodies were used to

probe the membrane (1 h at room temperature) and anti-

gen–antibody complexes were detected by using either

a LI-COR Odyssey Infrared Imaging System (LI-COR

Biosciences) or a chemiluminescence imaging system

(Clinx, Shanghai, China). For immunoprecipitation, pro-

teins were initially incubated with the indicated primary

antibody (1:100 dilution) overnight at 4 °C. Next, pre-

cleared proteinA/G plus agarose beads were added, and

the mixtures were incubated for a further2 h at 4 °C. The

beads were then washed four times with cold lysis buffer

and resuspended in electrophoresis buffer. These samples

were then boiled and analysed by using Western blotting.

In addition, aliquots from all cell lysates were analysed to

determine the expression levels of related proteins. ImageJ

version 1.52 software was used for all densitometry

analyses.

ROS Detection and Measurement
The total amounts of ROS present in cells were measured

using an ROS assay kit according to the manufacturer’s

protocol. Briefly, HGC-27 and BGC-823 cells were treated

with a range of doses of ALO for 12 h and were then

incubated with the fluorescent probe DCFH-DA for 20

min. The cells were subsequently washed three times

with serum-free cell culture medium to remove the

unbound DCFH-DA from the cells. The cells were then

viewed using a fluorescence inverted microscope (100×

magnification; Olympus).

Confocal Microscopy
Cells were seeded into small confocal laser dishes.

Following treatment of each dish of cells with a range of

ALO concentrations (12 h), the cell culture medium was

discarded and the cells were fixed with 4% paraformalde-

hyde, blocked with 3% bovine serum albumin in PBS (1 h at

room temperature), and then incubated with p65 primary

antibody (at a dilution of 1:100) overnight at 4 °C. The cells

were then washed with PBS then incubated with a goat anti-

mouse IgG Alexa Fluor® 488 conjugated fluorescent sec-

ondary antibody (1:200 dilution) for 1 h at room tempera-

ture in the dark. Finally, DAPI was used to stain the cells in

the dark for 3 min. Images were captured using a TCS

SP8 confocal microscope (630× magnification; Leica

Microsystems GmbH, Wetzlar, Germany).

Statistical Analysis
All data were expressed as mean ± SD. SPSS Version 17.0

software (SPSS, Inc., Chicago, IL, USA) was used for

statistical analysis. The results were compared using one-

way ANOVA, and P values < 0.05 were considered to be

statistically significant.

Results
ALO Inhibits GC Cell Proliferation and

Colony Formation
We initially used a CCK-8 assay to detect the effect of ALO

on the cell viabilities of both HGC-27 and BGC-823 GC cell

lines. Following treatment with a range of ALO concentra-

tions, the viabilities of both GC cell lines were suppressed in

a dose-dependentmanner (Figure 1A). Next, we used an EdU

assay to determine the inhibitory effect of ALO on GC cell

proliferation. Our results revealed that the amount of EdU-

positive cells was clearly reduced after the treatment of both

cell lines with ALO. This inhibitory effect was again dose

dependent (Figure 1B).We also observed that ALO could

inhibit the ability of both HGC-27 and BGC-823 cells to

form colonies in a dose-dependent manner (Figure 1C).

ALO Suppresses the Migration of GC

Cells
We then usedwound healing and transwell assays to determine

the effect of ALO on the migration of GC cells. As shown in

Figure 2A, the healing rate of scratches clearly decreased

following ALO treatment. Transwell assays also showed that

ALO treatment was able to reduce the migration of BGC-823

and HGC-27 cells in a dose-dependent manner (Figure 2B).

ALO Decreases cyclin D1 Expression and

Causes Cell Cycle Arrest at the S and G2

Phases
To investigate the underlying molecular mechanism for the

inhibition of cell proliferation by ALO, we determined the

expression levels of cyclin D1 and cyclin E1 and the cell

cycle distribution in GC cells treated with ALO. As shown in

Figure 3A, we observed a clear reduction in cyclin D1 expres-

sion levels in bothBGC-823 andHGC-27 cells. In contrast, the

expression level of cyclin E1 was unchanged in both cell lines.

Cell cycle distribution analysis of control (untreated)BGC-823

cells indicated that 89.16% of the cells were in the G1phase

and 9.52% were in the S and G2 phases. However, following

treatment of these cells with 100 and 200 µg/mL of ALO, the
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percentage of cells in the G1 phase decreased to 70.17% and

44.6%, respectively, whereas the percentage of S andG2 phase

cells increased to 23.42% and 34.17%, respectively. Cell cycle

distribution analysis of control (untreated) HGC-27 cells indi-

cated that 56.08%of the cells were in theG1phase and 31.88%

were in the S andG2 phases. Following cell treatmentwith 100

and 200 µg/mL of ALO, the percentage of G1 phase cells

decreased to 35.55% and 33.98%, respectively; however, the

percentage of S and G2 phase cells increased to 61.08% and

61.38%, respectively (Figure 3B). These results suggested that

ALO treatment of GC cells caused cell cycle arrest at the S and

G2 phases.

Figure 1 ALO decreases the viability and proliferation of two gastric cancer cell lines. BGC-823 and HGC-27 cells were treated with a range of ALO doses for 24 h. (A)

Cell viability was determined using a CCK-8 assay. (B) The inhibitory effects of ALO on GC proliferation were determined using an EdU assay and (C) a colony formation

assay. Each experiment was performed in triplicate. Data were expressed as means ± SD, *P < 0.05 and **P < 0.01 vs the control group.

Figure 2 ALO represses the migration of gastric cancer cells. (A) A wound healing assay and (B) a transwell assay were performed on BGC-823 and HGC-27 cells following

ALO treatment for 24 h. (C, D) Quantitative analysis of data obtained in the above experiments. Data are presented as means ± SD of three independent experiments. *P <

0.05 and **P < 0.01 vs the control group.
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ALO Inhibits the Expression of MMPs and

EMT Marker Proteins
Metalloproteinases (MMPs) and the epithelial–mesenchymal

transition (EMT) are thought to be involved in the migration

and invasion of tumour cells.20,21 Therefore, we investigated

the effects of ALO on the expression of MMPs and EMT

marker proteins. As shown in Figure 3C, ALO clearly reduced

the expression levels of MMP-2 and MMP-9. Furthermore,

the expression level of N-cadherin (a mesenchymal marker)

was observed to decrease, whereas the expression of

E-cadherin (an epithelial marker) increased following treat-

ment of both BGC-823 and HGC-27 cell lines with ALO.

However, the observed changes in EMT marker expression

levels in HGC-27 cells were considered non-significant.

ALO Suppresses Activation of the Akt-

mTOR, Stat3, and NF-κB Signalling

Pathways
To investigate the signalling pathways involved in the ALO-

mediated inhibition of GC cells, the phosphorylation levels of

Akt, Stat3, and IκBαwere determined byWestern blotting. As

shown in Figure 4A, ALO treatment attenuated phosphoryla-

tion and activation of the Akt/mTOR/P70S6K signalling path-

way, in a dose-dependent manner. The phosphorylation, and

therefore the activation of Src, Stat3, and IκBα was also

suppressed by ALO treatment (Figure 4B). Additionally, we

tracked the nuclear translocation of p65 using a confocal

microscopy assay. In control (untreated) GC cells, p65 was

clearly observed in nuclei; however, the p65 nuclear level was

clearly reduced following ALO treatment (Figure 5). Taken

together, these results suggested that ALO is able to inhibit GC

proliferation and migration by preventing the activation of the

Akt, Stat3, and NF-κB signalling pathways.

ALO Decreases ROS Production in GC

Cells
ROS play a vital role during cancer initiation and progres-

sion, and high ROS levels in cancer cells can be exploited

for the specific targeting of cancer cells.22,23 We investi-

gated the effect of ALO treatment on ROS generation in

GC cells. ALO was able to markedly reduce the produc-

tion of ROS in both cell lines compared with their

untreated (control) counterparts (Figure 6A).

ALO Suppresses P22phox and P47phox

Expression Levels
NOXs are one of the major source of endogenous ROS

generation in response to various stimuli.24 Moreover,

NOX2-dependent ROS generation is involved in the pro-

liferation and invasion of cancer cells.25 Therefore, we

also examined the effect of ALO on NOX2 expression in

BGC-823 and HGC-27 cell lines. Although ALO had no

detectable effect on gp91phox expression, it markedly

reduced the expression levels of both p22phox and

p47phoxin both of the cell lines (Figure 6B).

ROS Accumulation Causes the Activation

of Akt, Stat3, and IκBα Signalling Pathways

in GC Cells
An increase in intracellular ROS levels activates

tumorigenesis-associated pathways including the

MAPK, NF-κB, and Akt pathways.26,27 To examine

Figure 3 ALO attenuates cyclin D1, MMPs and EMT marker expression levels and causes cell cycle arrest of gastric cancer cells. Following ALO treatment for 24 h, the

protein expression levels of (A) cyclin D1 and E1. (C) MMP-2, MMP-9, N-cadherin and E-cadherin were determined in gastric cancer cells using Western blotting. β-actin or

GAPDH was used as a loading control. * nonspecific bands. (B) Cell cycle distributions were determined after ALO treatment using flow cytometry.
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whether ROS are the upstream activators of Akt, NF-

κB, and Stat3 pathways in GC cells, we treated cells

with the anti-oxidant NAC. NAC not only blocked

intracellular ROS accumulation but also suppressed

the activation of Akt-mTOR, Stat3, and IκBα in GC

cells (Figure 7).

Discussion
Our previous study revealed that ALO induced the apop-

tosis of GC cells.9,28 Here, we investigated if ALO was

able to inhibit GC proliferation and migration and then

elucidated the underlying molecular mechanisms of its

action. Our results suggest that ALO is able to inhibit

both the proliferation and migration of GC cells by reg-

ulating the activation of NOX2–ROS-mediated pro-

survival signal pathways.

The inhibition of tumour cell proliferation is

a fundamental strategy to halt tumour progression. We

found that ALO demonstrably decreased the viability of

two GC cell lines,BGC-823 and HGC-27, in a dose-

dependent manner. On the basis of these findings,

a range of suitable ALO doses (100, 200, and 400 µg/

mL) were used in subsequent experiments to determine the

inhibitory effects of ALO on GC cell proliferation and

Figure 4 ALO inhibits activation of the Akt/mTOR, Stat3, and NF-κB signalling pathways in gastric cancer cells. BGC-823 and HGC-27 cells were treated with ALO for 12

h. (A) the phosphorylation levels and the total amounts of Akt, mTOR, P70S6K and S6 proteins were determined using Western blotting. (B) The phosphorylation levels of

Src, Stat3, and IκBα were also determined by Western blotting. All protein levels were normalised relative to β-actin. Data are presented as means ± SD of three

independent experiments. *P < 0.05 and **P < 0.01 vs the control group.
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migration. Our results revealed that ALO treatment sig-

nificantly suppressed colony formation and proliferative

abilities of GC cells compared with control (untreated)

cells (Figure 1). Both our wound healing and transwell

assays showed that the migration capacity of GC cells was

also blocked by ALO in a dose-dependent manner

(Figure 2). To explore these inhibitory activities in more

detail, we determined the expression levels of cyclin,

MMPs, and EMT marker proteins and investigated cell

cycle distribution in control (untreated) GC cells and

those treated with ALO. As shown in Figure 3, ALO

treatment decreased the expression levels of cyclin D1,

MMP-2 and MMP-9. Furthermore, particularly in BGC-

823 cells, the expression levels of E-cadherin were found

Figure 5 ALO suppresses the nuclear translocation of p65. Following treatment with ALO for 12 h, the location of p65 in the nucleus and cytoplasm of gastric cancer cells

was determined by using a confocal microscopy assay. Nuclei were stained with DAPI (blue), and p65 is shown in red. Scale bar: 25 µm.

Figure 6 ALO attenuates ROS generation and NOX2 expression. Gastric cancer cells were treated with a range of doses of ALO for 12 h. (A) ROS production was then

determined using a detection kit. (B) Following ALO treatment, total protein was collected, and the protein expression levels of p47phox, p22phox and gp91phox were

determined using Western blotting. Each experiment was performed in triplicate. Data are shown as means ± SD. *P < 0.05 and **P < 0.01 vs the control group.
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to increase, whereas N-cadherin expression levels

decreased following ALO treatment. The observed differ-

ences in ALO efficacy on EMT marker expression in the

two cell lines tested are likely to be a cell-specific effect.

In addition, GC cells treated with ALO were arrested at

the S and G2 phases.

Akt/mTOR, Stat3, and NF-κB signalling pathways play an

important role in cell proliferation and migration.29–31 ALO

treatment caused a marked decrease in the activation of the

Akt/mTOR/P70S6K and Stat3 signalling pathways.

Furthermore, IκBα phosphorylation was also considerably

reduced (Figure 4).

The NF-κB heterodimers p65 and p50 are sequestered

in the cytosol of unstimulated cells through their binding

to IκB. However, IκB phosphorylation leads to its degra-

dation, and the free p50 and p65 then translocate to the

nucleus where they activate NF-κB-dependent gene

transcription.31 Therefore, we tracked the nuclear translo-

cation of p65 upon ALO treatment of GC cells. As shown

in Figure 5, p65 nuclear levels were found to significantly

decrease following ALO treatment. Taken together, our

results suggest that ALO inhibits GC cell proliferation

and migration by suppressing the activation of Akt/

mTOR, Stat3, and NF-κB signalling pathways.

Increasing evidence indicates a role for ROS-

associated signalling in the proliferation, survival and

other phenotypic behaviours of cancer cells.32 In this

study, we observed a marked decrease in ROS generation

Figure 7 ROS markedly inhibits ROS generation and mediates the activation of pro-survival signalling pathways. Gastric cancer cells were treated with different doses of

NAC for 12 h. (A) ROS production was determined using an ROS detection kit. (B) The phosphorylation levels of Akt, mTOR, Stat3, and IκBα were determined by Western

blotting. β-actin was used as a loading control. Each experiment was performed in triplicate. Data are shown as means ± SD, *P < 0.05 and **P < 0.01 vs the control group.
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in GC cells following ALO treatment (Figure 6A) This

suggested that ALO attenuates GC cell proliferation and

migration by suppressing ROS production. The inhibition

of ROS production has been reported to prevent the metas-

tasis of cancer cells.33 In addition, increasing evidence has

revealed that the augmentation of ROS production is ben-

eficial for the migration of tumours.34,35 Other studies

have found that ROS use multiple mechanisms to affect

the initiation, growth, and spread of cancer and may pro-

mote or suppress cancer development,36 suggesting they

act as a “double-edged sword.” As NOX2 is a known

source of ROS production, we investigated the effect of

ALO treatment on NOX2 expression in GC cells. Our

results revealed that ALO caused a significant decrease

in the expression levels of p47phox and p22phox but had no

effect on gp91phox expression (Figure 6). NOX2 activation

requires its interaction with p40phox, p47phox, p67phox and

the small GTPase Rac1.19 The p47phox regulatory subunit

and the catalytic, membrane-bound subunit gp91phox play

critical roles in the activation of NADPH oxidases. Upon

cell activation, the cytosolic p47phox migrates to the

plasma membrane, where it associates with gp91phox to

activate NADPH oxidases.37,38 Our IP experiment indi-

cated that the binding of gp91phox and p47phox in GC

cells was inhibited by ALO treatment (Figure S1).These

results suggest that ALO could attenuate ROS generation

by downregulating NOX2 activation. To determine if ROS

are upstream targets of intracellular pro-survival signalling

pathways, we investigated the effects of NAC treatment on

GC cells. NAC is a ROS scavenger, which removes intra-

cellular ROS. We found that NAC treatment reduced ROS

production and suppressed the phosphorylation of Akt/

mTOR, Stat3, and IκBα signalling pathways (Figure 7).

These data suggested that ROS could mediate the activa-

tion of pro-survival signalling pathways.

In conclusion, the results of this study suggest that

ALO inhibits GC cell proliferation and migration by

downregulating NOX2–ROS-mediated activation of the

Akt/mTOR, Stat3, and NF-κB signalling pathways, pro-

viding novel insights into its anti-tumour activities.
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