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ROS-mediated activation of AMPK plays a critical role 
in  sulforaphane-induced apoptosis and mitotic arrest in AGS human 
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Abstract. In this study, we investigated the role of AMP-activated protein kinase (AMPK) and 
the importance of reactive oxygen species (ROS) in apoptosis induction associated with cell cycle 
arrest induced by sulforaphane in AGS human gastric cancer cells. Our results demonstrated that 
sulforaphane inhibited proliferation of AGS cells by promoting apoptosis and accumulating the 
cellular portion of the G2/M phase via the buildup of cyclin B1 and cyclin-dependent kinase p21 
(WAF1/CIP1). Moreover, the phosphorylation of histone H3 was markedly increased following 
treatment with sulforaphane, indicating that sulforaphane stimulated mitotic arrest. Sulforaphane 
concurrently induced phosphorylation of AMPK; however, compound C, an AMPK inhibitor, sig-
nificantly blocked sulforaphane-induced apoptosis, suggesting that sulforaphane induces apoptosis 
of AGS cells through the AMPK-dependent pathway. Sulforaphane also activated the mitochondrial 
apoptotic signaling pathway with a decrease in mitochondrial membrane potential and the nuclear 
translocation of cytochrome c. Furthermore, sulforaphane provoked the generation of intracellular 
ROS; especially when ROS production was blocked by antioxidant N-acetylcysteine, both AMPK 
activation and growth inhibition by sulforaphane were completely abolished. Collectively, these 
findings suggest that sulforaphane inhibited growth of AGS cells, which was mediated by a complex 
interplay between cellular mechanisms governing redox homeostasis, apoptosis, and cell cycle arrest 
through an ROS/AMPK-dependent pathway.
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Introduction

Cell cycle deregulation, which leads to uncontrolled cell 
proliferation, is one of the most frequent changes occurring 
during tumor development. Thus, inducing arrest of cell 
cycle progression is an effective way to regulate abnormal 
proliferation of cancer cells. Induction of apoptosis, a pro-
grammed cell death, with cell cycle control has also been 
evaluated as a major mechanism for the removal of cancer 
cells (Diaz-Moralli et al. 2013; Koff et al. 2015). Therefore, de-

veloping appropriate methods to overcome these behaviors 
of cancer cells without affecting normal cells is recognized 
as the most basic process of cancer treatment (Visconti et al. 
2016; Westhoff et al. 2016). Furthermore, cancer cells often 
exhibit several types of mitochondrial dysfunction, including 
mitochondrial DNA mutations, changes in energy metabo-
lism, increased reactive oxygen species (ROS) production, 
and increased mitochondrial membrane potential (MMP), 
which may be key targets for cancer cell proliferation block-
ing. Especially, the loss of MMP damages mitochondrial 
function and induces ROS production; therefore, natural 
products that are likely to affect intracellular energy and 
metabolism have recently become the subject of investiga-
tion as promising anticancer agents (Rehman et al. 2014; 
Redza-Dutordoir and Averill-Bates 2016).
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Many recent epidemiological data have shown that intake 
of cruciferous vegetables that are rich in dietary isothiocy-
anates is positively correlated with the incidence of diverse 
tumors (Tang et al. 2010; Liu et al. 2013). Sulforaphane is 
a natural isothiocyanate derived from cruciferous vegetables 
like broccoli and Brussels sprouts (Myzak and Dashwood 
2006; Fimognari et al. 2008). This phytochemical has a strong 
antioxidant potential and has proven to be an important 
cancer-preventive candidate, exhibiting high activity that in-
hibits the proliferation of cancer cells and induces apoptosis 
in many cancers (Gupta et al. 2014; Sestili and Fimognari 
2015). Although inhibition of the proliferation of cancer 
cells by sulforaphane in some cell lines has been reported 
to be associated with G1 arrest in the cell cycle (Shen et al. 
2006; Bryant et al. 2010; Wang et al. 2012), many studies have 
shown that it induces G2/M arrest associated with apoptosis 
in multiple cancer types (Singh et al. 2004; Matsui et al. 2007; 
Chu et al. 2009; Suppipat et al. 2012; Wang et al. 2015; Byun 
et al. 2016; Shang et al. 2017). The effects of sulforaphane on 
cell cycle progression have also been reported to be specific 
for mitotic arrest, but not the G2 phase, which is associated 
with destruction of microtubule polymerization (Jackson 
and Singletary 2004; Mi et al. 2008; Xiao et al. 2012). In 
addition, it has been shown in various previous studies that 
ROS act as key regulators in the induction of apoptosis by 
sulforaphane (Singh et al. 2004; Wang et al. 2015; Byun et al. 
2016; Shang et al. 2017). Further, recent results from Mondal 
et al. (2016) demonstrate that induction of apoptosis and 
inhibition of migration of human gastric cancer cells by 
sulforaphane are associated with increased ROS production 
and blocking of several intracellular signaling pathways. We 
have also previously reported that the production of ROS is 
a critical factor in inducing apoptosis of various cancer cells 
by sulforaphane, and mitotic arrest is also dependent on ROS 
production (Choi et al. 2008; Jo et al. 2014; Park et al. 2014). 

AMP-activated protein kinase (AMPK), a serine/threo-
nine kinase, is a metabolic-sensing protein kinase that plays 
an essential role in regulating cellular energy homeostasis 
during cell proliferation (Hardie et al. 2006; Kim and He 
2013; Rehman et al. 2014). AMPK is activated in response 
to the phosphorylation of the critical amino acid residue 
Thr172 due to an increase in the ratio of intracellular 
AMP to ATP and phosphorylation by several upstream 
AMPKs (Hawley et al. 1996; Woods et al. 2003; Shaw et 
al. 2004). Several studies have shown that AMPK plays an 
important role in the induction of cell cycle arrest and the 
proapoptotic pathway in many cancer cell types, which is 
frequently accompanied by an increase in the generation of 
intracellular ROS (Duong et al. 2012; Sook et al. 2014; Li et 
al. 2016). Therefore, AMPK signaling has been considered 
as an attractive therapeutic target for cancer treatment in 
recent years. Recently, it has been shown that sulforaphane 
promotes lipolysis through hormone-sensitive lipase acti-

vation and inhibits lipogenesis by reducing the activation 
of AMPK signaling (Lee et al. 2012; Choi et al. 2014). In 
addition, sulforaphane has been shown to protect prion-
mediated neurotoxicity induced by the AMPK signaling 
pathway in human neurons, and it has been reported that 
lipid toxicity and cardiomyopathy can be prevented through 
the attenuation of AMPK inactivation by oxidative stress 
(Lee et al. 2014; Zhang et al. 2014). However, the correla-
tion between ROS generation and AMPK activation in 
sulforaphane-induced cell cycle arrest and apoptosis has not 
yet been identified. Therefore, in this study, we performed 
experiments to investigate the roles of ROS and AMPK in 
sulforaphane-induced growth inhibition using AGS human 
gastric adenocarcinoma cells.

Materials and Methods

Cell culture and sulforaphane treatment 

AGS human gastric cancer cells were obtained from the 
American Type Culture Collection (Manassas, MD, USA). 
The cells were grown in Roswell Park Memorial Institute 
(RPMI) 1640 medium (WelGENE Inc, Daegu, Republic of 
Korea) supplemented with 10% fetal bovine serum and an-
tibiotics (100 U/ml penicillin and 100 μg/ml streptomycin) 
and maintained as a monolayer culture at sub-confluence 
in a 95% air and 5% CO2 humidified atmosphere at 37°C. 
Sulforaphane (1-isothiocyanato-4-(methylsulfinyl)-bu-
tane) was purchased from Sigma-Aldrich Chemical Co. 
(St. Louis, MO, USA); it was dissolved in dimethyl sulfox-
ide (DMSO, Sigma-Aldrich Chemical Co.) and adjusted 
to final concentrations using complete culture medium. 
At the end of incubation, cells from each well were also 
photographed under a phase-contrast microscope (Carl 
Zeiss, Oberkochen, Germany).

Cell viability assay

To evaluate the cytotoxic ability of sulforaphane, the cells 
were seeded in 96-well microtiter plates at a density of 1×103 
cells per well. After incubation for 24 h, the cells were treated 
with different concentrations of sulforaphane in the presence 
or absence of other agents for 48 h. At the end of the incuba-
tion period, 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, Sigma-Aldrich Chemical Co.) was 
added to each well at 0.5 mg/ml, followed by incubation at 
37°C in dark conditions. After incubation for 3 h, the MTT 
solution was removed and 200 μl of 5% DMSO was added 
to dissolve the crystals. The viable cells were detected by 
reading the absorbance of formazan at 540 nm using an 
enzyme-linked immunosorbent assay (ELISA) microplate 
reader (Dynatech Laboratories, Chantilly, VA, USA). The 
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optical density of the formazan formed in control (untreated) 
cells was used to represent 100% viability (Hong et al. 2016).

Cell cycle distribution analysis

To analyze the cell cycle progression, the cells were re-
moved from plates via trypsinization and pooled with 
cell culture supernatant containing nonadherent cells. 
The cells were washed twice with phosphate-buffered 
saline (PBS), followed by fixation with 70% ethanol, and 
stored at –20°C overnight. After washing with PBS, the 
cells were stained with 50 μg/ml of propidium iodide (PI, 
Sigma-Aldrich Chemical Co.) solution containing 50 μg/
ml of RNase A and 0.1% Triton X-100 for 10 min in the 
dark at room temperature. Then, the cell cycle distribution 
was determined using a FACScan flow cytometer (Becton 
Dickinson, San Jose, CA, USA), and the percentage of cells 
at different cell cycle phases was analyzed using ModFitLT 
V3.0 software (Becton Dickinson).

Detection of nuclear morphological changes

Apoptotic cells containing chromatin condensation and 
nuclear fragmentation in the nuclei were detected by 
4’,6-diamidino-2-phenylindole (DAPI) staining. Briefly, the 
cells were harvested, washed with PBS twice, and fixed with 
3.7% paraformaldehyde (Sigma-Aldrich Chemical Co.) in 
PBS for 10 min at 25°C. The fixed cells were washed with 
PBS and stained with 1 mg/ml of DAPI solution (Sigma-
Aldrich Chemical Co.) for 10 min. The cells were then 
washed twice with PBS, and the morphology changes in 
the nucleus were observed using a fluorescence microscope 
(Carl Zeiss).

Western blot analysis

As described previously (Lee et al. 2016a), the cells were col-
lected and lysed with cell lysis buffer; following this, protein 
concentrations were determined using the Bio-Rad protein 
assay kit (Bio-Rad, Hercules, CA, USA). In a parallel experi-
ment, the mitochondrial and cytosolic fractions were isolated 
using a mitochondrial fractionation kit (Active Motif, Carls-
bad, CA, USA) according to the manufacturer’s instructions. 
For Western blotting, equal amounts of protein samples 
were separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred onto 
polyvinylidene difluoride membranes (Schleicher & Schuell, 
Keene, NH, USA) at 350 mA for 1 h at room temperature. 
Subsequently, the membranes were blocked with 5% nonfat 
dry milk/Tris-buffered saline containing 0.1% Triton X-100 
(TBST) for 1 h; the membranes were then probed with spe-
cific primary antibodies at 4°C overnight. After washing the 
primary antibodies with TBST, the membranes were incu-

bated with the appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies (Amersham Biosciences, 
Westborough, MA, USA) for 2 h at room temperature. The 
protein bands were visualized using an enhanced chemilu-
minescence (ECL) kit (Amersham Biosciences) according 
to the manufacturer’s instructions. 

Apoptosis analysis using flow cytometry

The apoptosis rate was determined using an annexin V-flu-
orescein isothiocyanate (FITC) apoptosis detection kit (BD 
Bioscience, San Jose, CA, USA) according to the manufac-
turer’s instructions. Briefly, the cells were harvested, washed 
twice with binding buffer and stained with annexin V and PI 
for 20 minutes in the dark. The mixture was then analyzed 
using a flow cytometer. The degree of apoptosis was quanti-
fied as a percentage of the annexin V-positive and PI-negative 
(annexin V+/PI–) cells (Lee et al. 2016b).

Measurement of mitochondrial membrane potential (MMP)

Changes in the MMP after sulforaphane treatment were 
measured by staining with 5,5’,6,6’-tetrachloro-1,1’,3,3’-
tetraethyl-imidacarbocyanine iodide (JC-1, Sigma-Aldrich 
Chemical Co.), as described previously (Yao et al. 2016). 
Briefly, the cells were collected and incubated with 10 μM 
JC-1 for 30 min in the dark at 37°C. After removing the dye 
by washing with PBS, the cells were immediately analyzed 
using a flow cytometer. 

Determination of intracellular ROS

To monitor the intracellular ROS production, we utilized 
cell-permeable, oxidation-sensitive fluorescent 5,6-car-
boxy-2’7’-dichlorofluorescein diacetate (DCF-DA) probes 
(Molecular Probes Inc, Leiden, Netherlands), as previously 
described (Kim 2016). In brief, samples of 2 × 104 cells were 
placed on six-well plates and preincubated with 10 μM DCF-
DA for 30 min at 37°C in the dark. The cells were harvested 
and washed with PBS twice; they were then immediately 
analyzed using a flow cytometer. To confirm the involve-
ment of elevated ROS in sulforaphane-induced cytotoxicity, 
the cells were preincubated with N-acetylcysteine (NAC, 
Sigma-Aldrich Chemical Co.), an established antioxidant, 
for 2 h before treatment with sulforaphane.

Statistical analysis

All numerical data are expressed as the mean ± standard 
deviation (SD). Significant differences between mean val-
ues were analyzed using the Student’s t-test. All statistical 
analyses were conducted using the Statistical Package for 
the Social Sciences version 17.0 software (SPSS Inc, Chicago, 
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IL, USA). Values of p  < 0.05 were considered to indicate 
statistical significance.

Results

Sulforaphane inhibits cell viability in AGS cells

Using MTT assay, the effect of sulforaphane on the growth 
of AGS human gastric cancer cells was evaluated. As shown 
in Fig. 1A, the AGS cell viability was not significantly de-
creased with a concentration of sulforaphane lower than 
2.5 μM for 48 h. However, concentrations of sulforaphane 
ranging from 5 μM to 20 μM all exerted concentration-
dependent cytotoxic effects on AGS cell growth, and 
treatment with 20  μM sulforaphane resulted in almost 
60% inhibition. 

Sulforaphane induces mitotic arrest in AGS cells

In many cases, inhibition of proliferation of cancer cells 
by chemotherapeutic agents is associated with cell cycle 
arrest. Therefore, flow cytometry analysis was performed 
to investigate the relationship between inhibition of pro-
liferation and cell cycle progression of AGS cells by sul-
foraphane. As shown in Fig. 1B, exposure to sulforaphane 
led to an increase in the number of G2/M phase cells 
as well as a  simultaneous decrease in G1 phase cells in 
a  concentration-dependent manner. For example, the 
populations of cells in G2/M phase elevated 59.46% in 

20 μM sulforaphane-treated cells compared with 17.25% in 
the control group. The results suggested that sulforaphane 
can induce G2/M arrest to decelerate cell cycle progres-
sion and prevent the cells from entering the G1 phase and 
proliferating. To understand the mechanism underlying 
sulforaphane-induced G2/M arrest, we examined the 
effects of sulforaphane on the expression level of key 
regulators responsible for G2/M-phase checkpoints us-
ing Western blot analysis. In comparison to the control 
cells, there was a  marked increase in the expression of 
cyclin B1 in AGS cells when treated with sulforaphane 
even though the expression of cyclin-dependent kinase 1 
(Cdk1) and Cdk2 was not changed. In addition, the ex-
pression of tumor suppressor p53 and Cdk inhibitor p21 
(WAF1/CIP1), a member of the Cip/Kip family proteins, 
was concentration-dependently increased when cells were 
treated with sulforaphane (Fig. 2). 

Since it is difficult to distinguish between G2 and M ar-
rest through cytometric analysis alone, we investigated 
whether sulforaphane induces phosphorylation of histone 
H3 protein, which is exclusively phosphorylated at serine 
10 during mitosis by aurora kinase (Murnion et al. 2001). 
As consistent with our previous observation in human 
bladder cancer (Park et al. 2014), the immunoblotting 
results showed that sulforaphane treatment markedly en-
hanced the phosphorylation level of histone H3 compared 
with the untreated control group (Fig. 2); this suggesting 
that inhibition of AGS cell proliferation by sulforaphane 
treatment is closely associated with mitotic arrest in the 
cell cycle.

Figure 1. Effects of sulforaphane on the 
cell viability and cell cycle progression 
in AGS cells. Cells were treated with the 
indicated concentrations of sulforaphane 
for 48 h. A. Cell viability was determined 
by an assay. The data are the mean ± SD 
of three separate experiments. * p < 0.05 
vs. untreated control. B. The cells were 
stained with PI and analyzed using flow 
cytometry. The results are expressed as 
the percentage of cell distribution at 
each phase; one image representing each 
concentration at 48 h is shown.
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Figure 2. Effects of sulforaphane on the levels of cell cycle-
related proteins and histone H3 in AGS cells. After treatment 
with the indicated concentrations of sulforaphane for 48 h, the 
cells were lysed and cellular proteins were separated by SDS-
PAGE and transferred to membranes. The membranes were 
probed with the indicated antibodies. Proteins were visualized 
using an ECL detection system. Equal loading was confirmed 
using actin as an internal control. The results shown are from 
one representative experiment of three experiments that exhib-
ited similar patterns.

Sulforaphane enhances apoptosis in AGS cells 

We next investigated whether proliferation inhibition and 
mitotic arrest induced by sulforaphane were associated with 
apoptosis induction. The results in Fig. 3A showed that analy-
sis by an inverted microscopy revealed distinct morphological 
changes in sulforaphane-treated cells. Sulforaphane-treated 
cells were variable in size, with extensive cytosolic vacu-
olization, the appearance of irregular cell membrane buds, 
membrane shrinkage, and cell rounding up. In addition, the 
morphological changes associated with apoptosis, such as 
chromatin condensation and nuclear fragmentation, were 
evident in AGS cells after sulforaphane treatment. Moreo-
ver, the cleavages of poly-ADP-ribose polymerase (PARP), 
a  characteristic of apoptosis, were determined to further 
assess apoptosis. As shown in Fig. 3B, when challenged with 
sulforaphane, cleaved PARP increased as the concentration 
levels rose, as illustrated by the generation of an 85-kDa band. 
To quantitatively assess the degree of apoptosis induced by 
sulforaphane treatment, annexin V staining was attempted; 
this detects phosphatidylserine in the outer membrane. 
The flow cytometry results indicated that AGS cells treated 
with sulforaphane led to a  markedly increased apoptotic 
ratio compared with controls (Fig. 3C), and the effect was 
concentration-dependent. These observations suggested 
that the proliferation inhibition and mitotic arrest effects of 
sulforaphane in AGS cells are related to apoptosis induction.

Figure 3. Induction of apoptosis by sulforaphane 
treatment in AGS cells. Cells were treated with the 
indicated concentrations of sulforaphane for 48 h. 
A. The morphological changes in the cells were im-
aged using an inverted microscope (original magnifi-
cation, ×200; upper panels). The cells were fixed and 
stained with DAPI solution. Stained nuclei were then 
observed with a fluorescence microscope (original 
magnification, ×400; lower panels). B. The cellular 
proteins were separated by SDS-PAGE and trans-
ferred to membranes. The membranes were probed 
with anti-PARP antibody. Proteins were visualized 
using an ECL detection system. Actin was used as 
an internal control. C. The cells were stained with 
annexin V and PI, and the percentages of apoptotic 
cells were analyzed using flow cytometric analysis. 
Each point represents the mean of two independent 
experiments.
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Figure 4. Activation of AMPK by sulforaphane and the effects of AMPK inhibitors on sulforaphane-induced apoptosis in AGS cells. A. Cells were 
treated with the indicated concentrations of sulforaphane for 48 h. The cells were lysed and cellular proteins were separated by SDS-PAGE and 
transferred to membranes. The membranes were probed with the indicated antibodies. Proteins were visualized using an ECL detection system. 
Equal loading was confirmed using actin as an internal control. B., C. The cells were pretreated with 10 μM compound C, an AMPK inhibitor, 
for 1 h and then with 20 μM sulforaphane for an additional 48 h. B. Nuclei were stained with a DAPI solution and observed with a fluorescence 
microscope (original magnification, ×400). C. The percentage of apoptotic cells was analyzed using flow cytometry. Each point represents the 
means of two independent experiments. D. Cell viability was analyzed using an MTT assay. The data are expressed as means ± SD of triplicate 
samples. The significance was determined by the Student t-test (* p < 0.05 vs. untreated control; # p < 0.05 vs. sulforaphane-treated cells).

Activation of AMPK is involved in sulforaphane-induced 
apoptosis in AGS cells 

Because the AMPK signaling pathway plays an important 
role in apoptosis induction (Kim and He 2013; Rehman et 
al. 2014), we investigated whether this pathway is involved 
in apoptosis associated with sulforaphane. As shown in 
Fig. 4A, sulforaphane treatment led to an increase in the 
phosphorylated AMPK level (Thr 172) but did not cause 
changes in the total AMPK level. In addition, the amount 
of phosphorylated acetyl-CoA carboxylase (ACC, Ser 79), 
a major target kinase of AMPK (Hopkins et al. 2003), was 
augmented in a concentration-dependent manner. To ex-
amine whether sulforaphane-induced apoptosis is related 
to AMPK activation, we treated the cells with an AMPK in-
hibitor, compound C, prior to the addition of sulforaphane. 
The DAPI staining and flow cytometry results shown in Fig. 
4B and  C  demonstrated that compound  C  could abolish 
sulforaphane-induced apoptosis in AGS cells. Conversely, 
the blocking of AMPK signaling significantly inhibited 
sulforaphane-mediated cell viability loss (Fig. 4D). Col-
lectively, our results suggested that activation of AMPK 
signaling is important for sulforaphane-induced cytotoxicity 
in AGS cells.

ROS generation is associated with sulforaphane-induced 
apoptosis in AGS cells 

ROS generation is usually associated with apoptosis re-
lated to impaired mitochondrial function (Kim et al. 2016). 
Therefore, we used an oxidation-sensitive fluorescent dye, 
DCF-DA, to test the level of ROS generation in sulforaphane-
treated AGS cells. As can be seen in Fig. 5A, intracellular ROS 
levels increased rapidly after treatment with sulforaphane and 
decreased again after 2 h. MMP values were also measured 
using JC-1 to investigate whether the increased production 
of ROS by sulforaphane treatment was associated with mito-
chondrial function impairment. The results in Fig. 5B show 
that sulforaphane caused a  concentration-dependent loss 
of MMP in comparison to the untreated control. Since the 
breakdown of the MMP is amongst the sequences of events 
occurring during the mitochondrial-mediated apoptotic 
pathway, this study examined the effects of sulforaphane on 
the levels of cytochrome c. As indicated in Fig. 5C, Western 
blot analyses revealed a progressive decrease in mitochon-
drial cytochrome c and a concurrent increase in cytosolic 
cytochrome c in response to sulforaphane treatment. These 
results further showed that sulforaphane induces the loss of 
MMP, thereby resulting in mitochondrial dysfunction, re-
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lease of cytochrome c from the mitochondria to the cytosol, 
and apoptosis induction. 

To evaluate the role of ROS in sulforaphane-induced 
apoptosis, AGS cells were pretreated with an antioxidant 
NAC before sulforaphane administration. As shown in Fig. 
6A and B, the sulforaphane-induced ROS generation and loss 
of MMP were markedly blocked by pretreatment with NAC, 
revealing that ROS contributed to the sulforaphane-induced 
dissipation in MMP. Furthermore, the degradation of PARP 
and translocation of cytochrome c  were both completely 
reversed when cells were pretreated with NAC before ap-
plying sulforaphane (Fig. 6D). Moreover, the flow cytometry 
analysis and MTT assay also demonstrated that the blocking 
of ROS generation with NAC significantly reduced the apop-
totic ratio and cell growth inhibition, respectively (Fig. 6C 
and E). Together, these data confirmed that ROS generation 
plays a critical role in the mitochondria-mediated apoptosis-
inducing activity of sulforaphane in AGS cells.

ROS generation are involved in sulforaphane-induced 
AMPK activation in AGS cells

Recent studies have shown that ROS generation is one of the 
most important signaling networks involved in the activation of 
AMPK (Kim and He 2013; Rehman et al. 2014). Therefore, we 

postulated that sulforaphane may induce mitotic arrest, conse-
quently leading to apoptosis through activating ROS-mediated 
AMPK signaling. To study the role of ROS as upstream modu-
lating factors for AMPK activation in sulforaphane-induced 
mitotic arrest of AGS cells, we investigated the phosphoryla-
tion levels of AMPK and histone H3 after treatment with sul-
foraphane in the presence or absence of NAC. As shown in Fig. 
7A, NAC pretreatment perfectly protected phosphorylation 
of AMPK and histone H3 in the sulforaphane-exposed cells 
without a change in their total protein levels. Importantly, our 
results revealed that blocking the ROS generation also markedly 
inhibited the induction of cyclin B1 and p21 in sulforaphane-
stimulated AGS cells (Fig. 7A). Consistent with these studies, 
the flow cytometry results in Fig. 7B show that NAC pretreat-
ment almost blocked the sulforaphane-induced increase in the 
number of G2/M phase cells. Therefore, our results strongly 
revealed that the generation of ROS plays a pivotal role in 
sulforaphane-triggered mitotic arrest and eventually apoptosis 
through the activation of AMPK signaling.

Discussion

Mounting evidence has shown that sulforaphane suppresses 
most cancer cell proliferation and induces apoptosis in 

Figure 5. Increase in ROS generation, 
loss of MMP and translocation of cy-
tochrome c into the cytosol by treatment 
of AGS cells with sulforaphane. Cells 
were treated with 20 μM sulforaphane 
for the indicated times (A) or the in-
dicated concentrations of sulforaphane 
for 48 h (B and C). A. The medium was 
discarded and cells were incubated at 
37°C in the dark for 20 min with new 
culture medium containing 10 μM DCF-
DA. ROS generation was measured using 
a flow cytometer. B. The cells were col-
lected and incubated with 10 μM JC-1 for 
20 min at 37°C in the dark. The cells were 
then washed with PBS and the values of 
MMP were analyzed using a flow cytom-
eter. C. The mitochondrial and cytosolic 
proteins were extracted and separated by 
SDS-PAGE, followed by Western blot 
analysis using anti-cytochrome  c  an-
tibody and an ECL detection system. 
Cytochrome oxidase IV (COX IV) and 
actin were used as internal controls for 
the mitochondrial and cytosolic frac-
tions, respectively. 



136 Choi

conditions where there is no significant effect on normal 
cells. The anticancer efficacy of sulforaphane was found to 
be associated with mitosis-specific arrest during cell cycle 
progression and ROS production (Kim et al. 2016; Redza-
Dutordoir and Averill-Bates, 2016). Recently, it has been 
reported that inhibition of cancer cell proliferation by natural 
products with anticancer activity is related to the activity of 
the AMPK pathway (Sook et al. 2014), and sulforaphane 
has been reported to activate AMPK in some experimental 
systems (Lee et al. 2012; Choi et al. 2014; Lee et al. 2014; 
Zhang et al. 2014); however, the underlying mechanism 
related to anticancer activity is not well known. In the cur-
rent study, we investigated the relationship between ROS and 
the AMPK pathway in the induction of apoptosis associated 
with cell cycle arrest by sulforaphane in AGS gastric cancer 
cells. Our results revealed for the first time that sulforaphane 
induces mitotic arrest and apoptosis of AGS cells via a ROS-
dependent activation of AMPK signaling. 

It has been found that excessive production of ROS that 
cannot be attenuated by intracellular redox systems in many 

cancer cell lines can not only arrest cell cycle but also induce 
apoptosis (Kim et al. 2016; Redza-Dutordoir and Averill-
Bates 2016). This means that generation of ROS can act as 
a secondary messenger device to regulate the intracellular 
signaling pathways for antitumoral function, suggesting 
that excessive ROS production is an important factor in 
determining the fate of cancer cells. Our flow cytometry 
study showed that sulforaphane-induced inhibition of AGS 
cell proliferation was associated with G2/M arrest, which 
is consistent with some previous results (Singh et al. 2004; 
Matsui et al. 2007; Chu et al. 2009; Suppipat et al. 2012; Wang 
et al. 2015; Byun et al. 2016; Shang et al. 2017). In this process, 
expression of p21 was increased with the increase of p53 
expression, which was also in good agreement with previous 
results observed in some cancer cells (Herman-Antosiewicz 
et al. 2007). Interestingly, the expression of cyclin B1 was in-
creased in the absence of changes in the expression of Cdks, 
such as Cdk1 and Cdk2, and the enhanced phosphorylation 
of histone H3 was observed with sulforaphane treatment. 
Although, it has been reported that cyclin B1 expression is 

Figure 6. Induction of ROS-dependent apoptosis by sulforaphane in AGS cells. Cells were pretreated with 10 mM NAC for 2 h prior 
to 20 μM sulforaphane treatment. A. After 2 h of incubation, ROS generation was detected using DCF-DA. B. The loss of MMP was 
investigated using JC-1 following 48 h treatment with 20 μM sulforaphane. C. After 48 h of incubation, the cells were stained with an-
nexin V, and the percentages of apoptotic cells were then analyzed using flow cytometry. The results are expressed as the mean of two 
independent experiments (A-C). D. The proteins were separated by SDS-PAGE and then transferred to membranes. The membranes 
were probed with the indicated antibodies. Proteins were visualized using an ECL detection system. E. Cell viability was analyzed using 
an MTT assay. The data are expressed as means ± SD of triplicate samples. The significance was determined by Student’s t-test (* p < 
0.05 vs. untreated control).
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inhibited in cervical cancer cells during mitosis arrest by 
sulforaphane treatment (Cheng et al. 2016), its expression 
is increased in the mitotic arrest process by sulforaphane 
treatment in many cancer cells, including bladder, prostate, 
and breast cancer cell lines (Jackson and Singletary 2004; 
Herman-Antosiewicz et al. 2007; Park et al. 2014), as shown 
in this study. Thus, it can be inferred that cell cycle arrest 
by sulforaphane occurs specifically at the mitosis stage, 
considering that histone H3 phosphorylation, accompanied 
by increased cyclin B1 expression, is a hallmark of mitotic 
stasis (Murnion et al. 2001).

We also investigated whether cell cycle arrest of AGS 
cells by sulforaphane is associated with apoptosis induction 
of by morphological nuclear changes, degradation of PARP 
protein, and flow cytometry through annexin V staining. 
The apoptosis-induction pathway known to date is divided 
into an extrinsic pathway involving the death receptor and 
an intrinsic pathway emerging as the center of the mito-
chondria. Both pathways depend on caspase activation, 
and the intrinsic apoptosis pathway is accompanied by the 
loss of MMP and cytochrome c  release in the cytoplasm 
(Koff et al. 2015; Westhoff et al. 2016). In the present study, 
sulforaphane-triggered apoptosis was accompanied by 
increased MMP loss, generation of ROS, and translocation 
of cytochrome c from the mitochondria to the cytoplasm, 
which was similar to previous study by Mondal et al. (2016).

Although some prior studies have reported that the ex-
trinsic and intrinsic pathways are simultaneously activated 
in apoptosis induction by sulforaphane, our results give 
good support for several previous studies suggesting that 
sulforaphane-induced apoptosis is caspase mediated in 
relation to mitochondrial dysfunction (Singh et al. 2005; 
Rudolf et al. 2009; Xiao et al. 2009; Negrette-Guzmán et 
al. 2013; Mondal et al. 2016). In particular, the increased 
expression of pro-apoptotic Bax protein by sulforaphane is 
associated with increased ROS production and activation of 
intrinsic apoptosis pathway associated with cytosolic release 
of cytochrome c and loss of MMP (Jo et al. 2014; Mondal 
et al. 2016; Shang et al. 2017). However, when the produc-
tion of ROS was artificially blocked, induction of apoptosis 
by sulforaphane was completely blocked, indicating that 
induction of apoptosis by sulforaphane in AGS cells is due 
to ROS production dependent mitochondrial dysfunction.

According to the results of many recent results, the 
activation of AMPK signaling pathway is a key factor in 
inducing apoptosis of cancer cells, which is reported to be 
associated with energy metabolism disturbance (Hopkins 
et al. 2003; Hardie et al. 2006). Since mitochondria are the 
key organ of energy production in cells and mitochondrial 
dysfunction in mitochondria-mediated apoptosis processes 
disturbs intracellular energy metabolism, AMPK is recog-
nized as a new target to control cancer cell proliferation 
(Kim and He 2013; Rehman et al. 2014). Nevertheless, the 

role of AMPK in the inhibition of cancer cell proliferation 
by sulforaphane has not been studied to date. According 
to the results of our current study, the phosphorylation of 
ACC, its downstream target of AMPK, and AMPK, was 
apparently dependent on the treatment concentration 
of sulforaphane, indicating that the AMPK pathway was 
activated in sulforaphane-stimulated AGS cells. However, 
when compound C, an inhibitor of AMPK, was treated with 
sulforaphane at the same time, apoptosis induction by sul-
foraphane was significantly blocked, and the decreased cell 
viability returned to almost normal level; this indicated that 
activation of AMPK was required for sulforaphane-induced 
cytotoxicity in AGS cells. Interestingly, when ROS produc-
tion was blocked, activation of AMPK, which was increased 
in sulforaphane-treated AGS cells, was also completely 
blocked. In addition, expressions of cyclin B1 and p21 were 
inhibited simultaneously, as well as the phosphorylation 
of histone H3, representing mitotic arrest. Moreover, the 
increased frequency of the cells belonging to the G2/M 
phase by sulforaphane treatment was restored to normal 

Figure 7. Effects of ROS inhibition on the sulforaphane-induced 
phosphorylation of AMPK and histone H3 and expression of cyclin 
B1 and p21 in AGS cells. A. Cells were pretreated with 10 mM NAC 
for 2 h and then with 20 μM sulforaphane for an additional 48 h. 
Total cellular proteins were subjected to SDS-polyacrylamide gels 
and Western blotting for the detection of the indicated proteins. 
Actin was used as an internal control. B. Cells grown under the same 
conditions as (A) were collected and analyzed by flow cytometry. 
The results are expressed as the percentage of cell distribution at 
each phase. The data are expressed as the means of two samples. 
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level. These results strongly suggest that mitotic arrest and 
induction of apoptosis by sulforaphane are mediated by 
ROS-dependent AMPK pathway activation.

In conclusion, the results of this study revealed that inhi-
bition of AGS cell proliferation by sulforaphane is mediated 
by apoptosis induction associated with mitotic arrest, and 
that ROS production and increased AMPK activation are 
involved in this process. It was also found that the generation 
of ROS acts as a potential upstream factor for sulforaphane-
induced AMPK activation. Although further studies on the 
role of AMPK in energy homeostasis following mitochon-
drial disturbance are needed, the results of this study are the 
first reports to show that ROS-dependent AMPK activity is 
involved in the inhibition of human tumor cell proliferation 
by sulforaphane.
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