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ysteine induces G2/M phase arrest
and apoptosis via ROS-mediated p38 and JNK
signaling pathway in human colon cancer cells in
vitro and in vivo†

Xiaosong Zhu,a Xiaoyan Jiang,c Chonggang Duan,d Ang Li,a Yueyue Sun,a

Qiuchen Qi,a Yan Liu,a Siying Li*a and Zhongxi Zhao *ab

S-Allylmercaptocysteine (SAMC), a water-soluble organosulfur garlic derivative, has exhibited potential

antitumor activity in various malignancies. Here we explored the effects of SAMC on colon cancer in

vitro and in vivo and further elucidated the underlying molecule mechanisms. In this study, we found

that SAMC potently suppressed cell viability and induced G2/M phase arrest and apoptosis in colon

cancer HCT116 cells. Further studies showed that reactive oxygen species (ROS) attributed to SAMC-

induced cell cycle arrest and apoptosis, which was attenuated by N-acetyl cysteine (NAC), an ROS

scavenger. Moreover, we found that SAMC activated p38 and c-Jun N-terminal kinase (JNK) signal

pathway, which was also blocked by NAC. Finally, SAMC administration in mice effectively delayed the

growth of HCT116 xenografts without signs of toxicity. In conclusion, SAMC induced cell cycle G2/M

phase arrest and apoptosis via ROS-mediated p38 and JNK signaling pathway in colon cancer HCT116

cells. In light of these results, SAMC may be a promising agent for anticancer therapy against colon cancer.
1. Introduction

Colorectal cancer is considered the third most common
malignant disease and remains a signicant cause of morbidity
and mortality worldwide.1,2 Factors promoting colon cancer are
low physical activity, cigarette smoking, alcohol consumption,
diabetes mellitus, ulcerative colitis, some hereditary cases and
so on.3

Reactive oxygen species is a product of normal metabolism
and xenobiotic exposure, and plays a crucial role in normal
biochemical functions and abnormal pathological processes.4

ROS-induced oxidative stress is involved in a number of physi-
ological and pathological processes, including cancer. Accu-
mulating evidence has suggested that cancer cells exhibited
higher ROS levels than that in normal cells; and excessive ROS
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can induce apoptosis and necrosis.5,6 Tumor cells have limited
capacity to deal with the elevated ROS level, which makes them
vulnerable to oxidative stress.7 Thus oxidative stress is linked to
the onset of colon carcinogenesis. It has been demonstrated
that ROS plays a key role in microbiota-linked colon cancer via
inammation pathways, oxidative stress induction, and anti-
oxidative defense regulation.8 Apoptotic cell death induced by
ROS is mediated by the activation of MAPK family members,
including p38 and JNK.9

Conventional chemotherapy and radiotherapy are
commonly used in the treatment of colorectal cancer, which are
oen accompanied with serious side effects. Therefore, it is
urgent to identify alternative drugs to chemotherapeutics with
lower toxicity and substantial antitumor effect. Garlic, used
traditionally as a common food additive, has been suggested as
an anticancer agent for several decades. Epidemiological
investigations have provided evidence that regular consump-
tion of garlic and garlic products could reduce the risk of colon
cancer.10 The benecial effects of garlic are attributed to its
organosulfur compounds. SAMC is one of the water-soluble
sulfur compounds present in aged garlic extract.11 Previous
studies have shown that SAMC is effective in inhibiting cell
growth and inducing apoptosis of various cancer cells.12,13

SAMC is also shown to have anti-oxidative and anti-
inammatory properties.14,15

It has been reported that the anti-cancer effects of organo-
sulfur compounds were attributed to interactions with ROS.16
RSC Adv., 2017, 7, 49151–49158 | 49151
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However, the role of ROS in SAMC-induced apoptosis has not
been investigated. Thus, in the present study, we aimed to
investigate the inhibitory effect of SAMC on human colon
cancer growth both in vitro and in vivo and to determine the
underlying mechanisms.

2. Materials and methods
2.1. Materials

SAMC was synthesized and puried in our laboratory with
a modied procedure as previously reported.17 The purity is 96%
and was determined by HPLC.18 SAMC was freshly prepared as
a stock solution in phosphate-buffered saline (PBS) for the in vitro
assay and was suspended in 10% (w/v) L-dextrose, 1% (w/v) gum
Arabic (Sigma-Aldrich, St. Louis, MO) for application in mice.
Cisplatin (DDP) was purchased from QILU Pharmaceutical Co.,
LTD. (Jinan, China) and was suspended in normal saline for
application in mice. Propidium iodide (PI), 40,6-diamidino-2-
phenylindole (DAPI) and sulforhodamine B (SRB) were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).
Dichlorouorescein diacetate (DCFH-DA) was purchased from
Invitrogen Biotechnology (California, USA). NAC was purchased
from the Beyotime Institute of Biotechnology (Beijing, China).

2.2. Cell culture

Human colon cancer cell line HCT116 was obtained from ATCC
(Manassas, VA USA) and maintained in RPMI-1640 supple-
mented with 10% fetal bovine serum, 100 U ml�1 of penicillin
and 100 mg ml�1 of streptomycin and maintained in a humidi-
ed incubator of 5% CO2 at 37 �C. Cells were harvested by brief
incubation in 0.02% ethylenediamine tetraacetic acid-
phosphate-buffered saline.

2.3. Cell viability assay

Cell viability was measured by SRB method.19 Cancer cells (5 �
103 per well) seeded in 96-well plates were exposed to increasing
concentrations of SAMC for the indicated time. The treated cells
were then xed with 10% trichloroacetic acid for 1 h at 4 �C; the
96-well plates were washed three times with distilled water and
allowed to dry in the air. Each well received 100 ml of SRB
solution and the staining was completed at room temperature
for 15 min. The SRB stain solution was removed by washing the
plates quickly with 1% (v/v) acetic acid three times, and the
plates were dried in the air. The dried materials in each well
were solubilized by adding 200 ml of 10 mM unbuffered Tris
base (pH 10.5). The cell viability was detected by measuring the
absorbance at 540 nm on a plate reader (Sare2, TECAN,
France). All experiments were repeated at least three times.

2.4. DAPI staining

DNA fragmentation during cell apoptosis can be detected by
DAPI staining. Treated HCT116 cells cultured on cover glasses
in 12-well plates were washed with PBS and then xed with cold
methanol/acetone (1 : 1, store at �20 �C) for 5 min at room
temperature. The solution was removed and washed with PBS,
and then incubated with the DAPI solution for 10 min.
49152 | RSC Adv., 2017, 7, 49151–49158
Fluorescent cells were observed under a uorescence micro-
scope (Olympus, Tokyo, Japan).

2.5. Cell cycle analysis

HCT116 cells were pretreated with or without 5 mMNAC for 1 h,
and followed by 400 mM SAMC for 24 h. Then cells were har-
vested and xed in cold 70% ethanol at �20 �C overnight. Next,
cells were incubated with RNase and stained with PI (50 mg ml�1)
for 30 min. Cell cycle distribution was determined using
a Cytomics FC500 Flow Cytometer (Beckman Coulter, USA). The
percentages of cells in G1, G2, and S phases were analyzed by
using ModFit LT soware 3.0 (Varity Soware House).

2.6. Annexin V and PI staining assay

HCT116 cells seeded in six-well plates (1 � 105 per well) were
with or without NAC (5 mM) for 1 h and then cultured in the
presence or absence of 400 mM SAMC for 24 h. Cells were har-
vested and washed with cold PBS. Cell surface phosphati-
dylserine in apoptotic cells was quantitatively estimated using
annexin-V FITC along with PI based on the manufacturer's
instructions (Invitrogen, Carlsbad, USA). FITC uorescence was
analyzed using the Cytomics FC500 Flow Cytometer (Beckman
Coulter, USA).

2.7. Measurement of reactive oxygen species generation

Generation of ROS was measured by ow cytometry as
described previously.20 Briey, cells were pretreated with or
without 5 mM NAC for 1 h and then cultured in the presence or
absence of 400 mM SAMC for 4 h. Aer the incubation, the cells
were harvested, washed, and suspended in serum-free medium
containing 10 mM of DCFH-DA at 37 �C for 20 min in the dark.
Cells were washed and resuspended in PBS, and the induction
of ROS was examined by ow cytometry.

2.8. Western blot analysis

Western blotting was performed to analyze the contents of
apoptotic and mitogenic molecules in cancer cells. In the in
vitro assay, cells were harvested and the lysates were fraction-
ated using 10% SDS-PAGE. For the HCT116 xenogras, cancer
tissues were dispersed in PBS mechanically. The supernatant
liquids were then collected and the total proteins were deter-
mined. Cell lysates were separated using 10% SDS-PAGE and
electro-transferred onto the polyvinylidene diuoride
membrane. Aer incubation in blocking buffer (1� TBS, 0.1%
Tween-20 and 5% w/v dry nonfat milk) at 4 �C, the membranes
were incubated with the desired primary antibody, followed by
incubation with the appropriate peroxidase-conjugated
secondary antibody. The primary antibodies included those to
cleaved PARP (5625), cleaved caspase-9 (7237), phospho-p38
(4511), p38 (8690), ERK1/2 (4695), phospho-ERK1/2 (4370),
JNK (9252), phospho-JNK (4668, cell signaling), Akt (sc-8312),
phospho-Akt/Sre-474 (sc-135651), cyclin B1 (1495-1,
epitomics), Bcl-2 (ab32124), Bax (ab32503), p53 (ab32389),
PCNA (ab92552), GAPDH (ab9482, Abcam) and b-actin (TA-09,
ZSGB-BIO).
This journal is © The Royal Society of Chemistry 2017
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2.9. Animal tumor models and treatment

Female BALB/c nude mice (16 g, aged 5–6 weeks) were
purchased from Institute of Laboratory Animal Sciences, Cam-
s&Pumc (Beijing, China, SCXK 2014-0004), and housed under
standard conditions (12 : 12 h light/dark cycle at 25 � 2 �C and
40–70% humidity) in a specic pathogen free environment. The
mice had free access to standard commercial diet and water. All
animal study procedures were complied with the institutional
guidelines of the Animal Care and Use Committee of Shandong
University and approved by the same Committee. The xeno-
gras were established via the subcutaneous inoculation of
HCT116 cells (1 � 107 cells per mouse) into the armpit of one
mouse. Aer two weeks of growth, the cancer tissues were cut
into pieces with the dimensions of 1.5 � 1.5 � 1.5 mm3 and
inoculated subcutaneously into the right armpit of the mice
with a puncture needle. When tumor volume reached approxi-
mately 100 mm3, mice were randomly divided into ve groups
Fig. 1 Effect of SAMC on cell growth and cell cycle distribution in human
was estimated by the SRB assay. Cells were exposed to various concentra
pretreatedwith or without 5mMNAC for 1 h, and then followed by 400 mM
absence or presence of NAC. (C) Arrest of cell cycle in G2 phase in HCT
24 h and subjected to flow cytometry analysis. (D) Bar diagram shows the
expression of various cell cycle-related proteins in human HCT116 colon
p53. GAPDH was used as a loading control. Data represent the mean �
indicated group.

This journal is © The Royal Society of Chemistry 2017
(n¼ 6): vehicle control, SAMC (40 mg kg�1), SAMC (60 mg kg�1),
SAMC (80 mg kg�1), and cisplatin (5 mg kg�1). Cisplatin was
used as the positive control and was injected intraperitoneally
once a week. SAMC and drug vehicle were given by intraperi-
toneal injection daily for 30 days. Tumor volume and body
weight were measured every four days. The volume was calcu-
lated using the formula: V ¼ 1/2 � L �W2, where length (L) and
width (W) were determined in millimeters. The tumor inhibi-
tion rate was calculated using the following formula:

(%) ¼ (1 � tumor volume of treatment group/tumor volume of

control group) � 100%.

Aer whole blood was collected from eye canthus in each
animal under general anesthesia, all animals were euthanized
by cervical dislocation. The weight of tumor tissue were
measured and then frozen in �80 �C for Western blotting.
colon cancer cells. (A) The inhibition of SAMC on HCT116 cell growth
tions of SAMC for 24 h, followed by SRB assay. (B–E) HCT116 cells were
SAMC for 24 h. (B) Cell proliferation wasmeasured by SRB assay in the

116 cells. Cancer cells were exposed to SAMC with or without NAC for
percentage of cells in G2 phase of cell cycle. (E) Effects of SAMC on the
cancer cells. Western blotting was performed for cyclin B1, PCNA and
SEM of three independent experiments. #p < 0.01, compared with the

RSC Adv., 2017, 7, 49151–49158 | 49153
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The blood was centrifuged and serum was obtained for
analysis of AST, ALT, creatinine and BUN. This analysis was
performed using commercial kits (Nanjing Jiancheng Bioengi-
neering Institute, China).
2.10. Statistical analysis

The data were described as the mean� SEM and analyzed using
one-way ANOVA. Differences with p values <0.05 were consid-
ered statistically signicant. Statistical analysis was performed
with SPSS/Win13.0 soware (SPSS, Inc., Chicago, IL).
3. Results
3.1. SAMC inhibits cell proliferation and induces cell cycle
arrest in HCT116 cells

To assess the anti-proliferative activity of SAMC, HCT116 cells
were exposed to increasing concentrations of SAMC for 24 h and
cell survival was detected by SRB assay. As shown in Fig. 1A, the
survival of HCT116 cells was markedly suppressed by SAMC in
Fig. 2 Effect of SAMC on ROS production and apoptosis in human colon
1 h and then cultured in the presence or absence of 400 mM SAMC fo
fluorescence intensity of ROS-positive cells is shown as indicated in HCT
Cells were pretreated with NAC (5 mM) for 1 h, followed by 400 mM SAMC
nuclear morphology. White arrows indicate condensed nuclei. (C) Flow c
FITC and PI. All assays were performed in triplicate. *p < 0.05 and #p <

49154 | RSC Adv., 2017, 7, 49151–49158
a dose-dependent manner. Statistical analysis indicated that the
IC50 value was 314.7 mM. It is well documented that cancer-
related activities of organic sulfur-containing compounds from
Allium species are associated with ROS generation.16 Therefore,
we explored whether ROS was associated with SAMC-induced
growth inhibition. Cells were treated with SAMC in the pres-
ence or absence of NAC, a ROS scavenger. As a result, anti-
proliferative effect of SAMC was almost completely abolished
by NAC in HCT116 cells (Fig. 1B).

Given that growth inhibition of cancer cell is usually associ-
ated with cell cycle arrest, we thus examined the effect of SAMC
on cell cycle in HCT116 cells. As shown in Fig. 1C, treatment with
400 mM SAMC resulted in a distinct accumulation of cells in G2/
M phase as compared with controls. The percentage of G2/M
phase was increased from 23.8 � 1.3% to 67.8 � 3.4%. As ex-
pected, 5 mM NAC dramatically blocked cell cycle arrest induced
by SAMC (Fig. 1D). To explore the mechanism underlying SAMC-
mediated G2/M arrest, we investigated the effect of SFN on the
expression of cell cycle-related proteins, including cyclin B1,
cancer cells. (A) Cells were pretreated with or without NAC (5 mM) for
r 4 h. DCFH-DA staining was used to evaluate ROS production. The
116 cells. Pretreatment with NAC attenuates SAMC-induced apoptosis.
for 24 h. (B) Cells were stained with DAPI to investigate apoptotic-like
ytometric analysis was carried out by double-staining with annexin V-
0.01 compared with the indicated group.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of SAMC on the activities of major signaling pathways in colon cancer cells. HCT116 cells were pretreated with or without 5 mM
NAC for 1 h, and then followed by 400 mM SAMC for 24 h. Cell lysates were collected and subjected to Western blotting for apoptosis related
proteins (A) and MAPK signals (B).

Fig. 4 Inhibition of xenograft tumor growth by SAMC. Time courses of tumor growth (A) and animal weight (B) were measured in each group at
the indicated time point of various treatments. (C) A representative picture of tumor growth in mice is shown. (D) Bar graphs represent mean of
the tumor weight. Data were presented as mean � SEM. (n ¼ 6/group). *p < 0.05 and **p < 0.01. (E) Western blotting assay determined the
expression of PCNA in cancer tissues. (F) SAMC induces apoptosis in vivo. Tumors tissues from representative mice were homogenated, lysed,
and then subjected to Western blotting using specific primary antibodies.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 49151–49158 | 49155

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 3
:5

6:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10346h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 3
:5

6:
48

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
PCNA and p53. As shown in Fig. 1E, SAMC treatment at the
indicated concentration caused a decreased expression of cyclin
B1, whereas PCNA expression and p53 expression were increased
by SAMC treatment. Furthermore, we found that blocking ROS
generation prevented SAMC-induced G2/M cell cycle arrest and
down-regulation of cell cycle-related protein cyclin B1 and
decreased the expression of PCNA and p53. These results indicate
that ROS plays an important role in SAMC-induced cell growth
inhibition and cell cycle arrest in HCT116 cells.
3.2. SAMC induces ROS production and apoptosis in
HCT116 cells

To investigate whether SAMC could trigger ROS generation in
HCT116 cells, we performed DCFH-DA staining assays to
analyze the change of intracellular ROS. As compared with
controls, ROS was signicantly induced in HCT116 cells when
treated with 400 mM SAMC for 4 h. The mean uorescence
intensity was increased from 56.6 � 3.5 to 112.7 � 4.3 (p < 0.05).
In addition, we found that pretreatment with NAC caused
a notable decrease of ROS production induced by SAMC
(Fig. 2A).

Next, we attempted to test whether ROSwas involved in SAMC-
induced apoptosis. Cells were co-treated with SAMC for 24 h with
or without 5 mM NAC pretreatment for 1 h. The cell apoptosis
was detected by DAPI staining assay and ow cytometry with
annexin V/PI staining. Aer treatment with 400 mM SAMC,
HCT116 cells exhibited typical apoptotic features, such as nuclear
fragmentation, as evidenced by the white arrows in Fig. 2B.
Fig. 5 Biochemical serum analysis of SAMC treated mice. Concentrati
AST (U L�1) in serum of the mice shown as mean � SEM. *p < 0.05 com

49156 | RSC Adv., 2017, 7, 49151–49158
However, co-treatment with NAC effectively prevented these
morphological changes. Furthermore, ow cytometric analysis
showed that apoptosis was attenuated by NAC pretreatment
compared with the effects on apoptosis in response to SAMC
treatment alone (Fig. 2C). Collectively, these data further support
the role of ROS in SAMC-induced apoptosis in HCT116 cells.
3.3. SAMC modulates the activities of major signaling
pathways in HCT116 cells through a ROS-dependent manner

To explore the mechanisms underlying the antitumor activity of
SAMC and determine the role of ROS, we analyzed apoptosis-
related proteins and MAPK pathways with SAMC treatment.
HCT116 cells were treated with SAMC in the presence or
absence of NAC. As shown in Fig. 3A, the expression level of Bax
was notably up-regulated, while the expression of Bcl-2 was
down-regulated aer SAMC treatment. Further analysis showed
increased levels of cleaved PARP and cleaved caspase 9
following SAMC treatment. Moreover, we found that SAMC
enhanced phosphorylation of JNK and p38 in HCT116 cells
(Fig. 3B). However, we did not nd a notable effect of SAMC on
phosphorylation of Erk (data not shown). Importantly, blocking
ROS generation by NAC recovered these changes. These data
suggest that ROS generation is involved in SAMC-induced JNK
MAPK and p38 MAPK activation.
3.4. SAMC inhibits xenogra tumor growth

Given in vitro inhibitory effect of SAMC on colon cancer cell
growth, we next determined the effect of SAMC on the growth of
on of (A) BUN (mmol L�1), (B) Cr (mmol L�1), (C) ALT (U L�1) and (D)
pared with control.

This journal is © The Royal Society of Chemistry 2017
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xenogra colon tumors in nude mice. As shown in Fig. 4A, mice
treated with SAMC or DDP slowdown the tumor growth
compared with control mice. At a dose of 80 mg kg�1, SAMC
suppressed HCT116 xenogra tumor growth by 58.1% (p < 0.01)
on day 30. At doses of 60 and 40 mg kg�1, SAMC inhibited tumor
growth by 54.2% and 50.7%, respectively (p < 0.05). Tumor
volume was lower in DDP-treated mice, which inhibited HCT116
tumor volume by 67.7%. However, DDP at this dosage was found
to possess toxicity to mice, showing loss of body weight, an
indicator of the health of animals. Instead, there is no signicant
difference in body weight change among the control group and
SAMC-treated groups (Fig. 4B). At the end of experiments, the
tumors were isolated and weighted. The mean tumor weight was
signicantly lower in SAMC treated mice as compared with
control mice (p < 0.05) (Fig. 4C and D). To quantitatively evaluate
the anti-proliferation effect of tumors treated with SAMC, we
examined the level of PCNA, a proliferation marker, in tumor
sections. As shown in Fig. 4E, treatment with SAMC dramatically
reduced the expression of PCNA.

To further conrm the regulation of major pathways by
SAMC, tumors tissues frommice were homogenated, lysed, and
then subjected to Western blotting using specic primary
antibodies, including Bcl-2, Bax, cleaved caspase 9, p-Akt, Akt,
pERK, ERK, pJNK, JNK, pp38 and p38. Similar to in vitro study,
SAMC reduced Bcl-2 expression, increase the expression of Bax
and cleaved caspase 9 and activated the MAPK/JNK and MAPK/
p38 pathways. Furthermore, we found that SAMC inhibited the
activity of PI3K/Akt and MAPK/ERK pathway (Fig. 4F).

The examination of the serum BUN, Cr, ALT and AST was
performed to evaluate the toxicity. In DDP-treated mice, high
concentrations of serum BUN, Cr, ALT and AST were measured
(p < 0.05), indicating that DDP exhibited notable kidney and
liver toxicity. However, there was no signicant difference in
serum BUN, Cr, ALT and AST levels between SAMC-treated and
control mice. These observations implicate that the indicated
dose of SAMC did not cause signicant kidney and liver injury
in mice, supporting that it may be a safe and effective agent for
colon cancer therapy at least in xenogra tumor models (Fig. 5).

4. Discussion

A considerable amount of epidemiological studies have indi-
cated that a garlic-rich diet decreases risk of some cancers such
as gastric, stomach, and colon.12 Some in vitro and in vivo
studies using garlic-derived organosulfur compound, SAMC,
have presented encouraging outcome of experimental therapy
for colon cancer.21–23 However, the anticancer effects on HCT116
colon cancer cells of SAMC have not been revealed upon our
knowledge. In the present study, we undertook a comprehen-
sive analysis of the effect of SAMC on colon cancer using both in
vitro and in vivo models. Since generation of ROS plays a vital
role in the anticancer activity, we investigated the ROS level in
SAMC-treated HCT116 colon cancer cells. Our data showed that
SAMC could suppress cell proliferation, cause G2/M phase
arrest and induce apoptosis via ROS-mediated p38 and JNK
signaling pathway in human HCT116 cells. Moreover, we found
that SAMC inhibited the growth of colon cancer in vivo and
This journal is © The Royal Society of Chemistry 2017
administration of SAMC in the doses used had no apparent
toxic side effects on the experimental mice, through functional
studies of liver and kidney.

In the cytotoxicity test, SAMC shows a dose-dependent
inhibitory effect on the proliferation of HCT116 cells, while
pretreatment with NAC resulted in partial rescue of some cells
with an increased survival rate. The G2 checkpoint prevents
cells from entering mitosis when DNA is damaged, which offers
an opportunity for repair and stopping the proliferation of
damage cells.24 Our data showed that SAMC-treated colon
cancer cells were arrested in G2/M phase, which was accom-
panied by a decline in the levels of cyclin B1 and an increase in
the levels of PCNA and p53. ROS scavenger NAC efficiently
abolished SAMC induced G2/M phase cell arrest and inhibited
p53 expression in HCT116 cells. It is well-documented that p53
is a vital molecular target in cancer biology because it plays
a crucial role in cell cycle arrest and apoptosis.25,26 Collectively,
these observations suggest that SAMC may cause cell growth
inhibition and G2/M phase arrest by a ROS-dependent pathway.

Apoptosis is crucially involved in killing tumor cells and
mitochondria is thought to be the major pathway for
apoptosis.27 Mitochondria mediated-apoptosis is mainly regu-
lated by the Bcl-2 family proteins including anti-apoptotic
member Bcl-2 and pro-apoptotic member Bax. The balance
between the expression levels of pro- and anti-apoptotic
proteins is critical for cell survival or cell death. Over-
expression of Bax results in mitochondrial cytochrome c
release, which triggers the activation of caspase-9 and caspase-3
and subsequently the cleavage of PARP, eventually leading to
apoptosis.28 In our studies, cells treated with SAMC caused
down-regulation of Bcl-2, up-regulation of Bax as well as acti-
vation of PARP and caspase 9, suggesting that SAMC treatment
facilitated apoptosis. ROS is considered as a signal mediator for
cell death. Accumulating evidence suggests that high levels of
ROS can damage cellular components such as DNA and protein,
leading to cell apoptosis.29 Previous studies have implicated
ROS generation in apoptosis induction by garlic derivatives. For
instance, the DADS-induced apoptosis in HL-60 cells was
associated with ROS generation.30 One study has implicated
ROS production in apoptotic response to DATS in the LNCaP
cell line.31 In another study, the ajoene-induced apoptosis in
human promyeloleukemic cells was accompanied by generation
of ROS and activation of nuclear factor-kB.32 In the present
study, SAMC induced a signicant increase in ROS generation
and pretreatment with ROS inhibitor NAC remarkably reversed
SAMC-induced apoptosis. Our results indicated that the
induction of ROS might contribute to SAMC-induced apoptosis
in human colon cancer cells.

Growing evidence demonstrates that activation of p38 MAPK
and JNK plays a critical role in cell growth, survival and death.33,34

Consistent with these reports, SAMC induced signicant eleva-
tion in the phosphorylation of p38 MAPK and JNK in colon
cancer cells. Studies have reported that increased ROS levels
promote apoptosis by activating pro-apoptotic signaling mole-
cules, including MAPKs.33 Indeed, we found that apoptosis and
p38 MAPK and JNK activation induced by SAMC were markedly
RSC Adv., 2017, 7, 49151–49158 | 49157
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attenuated by NAC. These ndings suggest that ROS generation
is involved in SAMC-induced MAPK activation.

In conclusion, our study identies antitumor effects of
SAMC on colon cancer in vitro and in vivo and the potential
molecular mechanisms. We found that SAMC signicantly
induced G2/M cell cycle arrest and cell apoptosis regulated via
ROS-mediated JNK and p38 signaling pathway. We also
demonstrated that SAMC signicantly decreased tumor growth
in mice bearing xenogras without obvious toxicity. This study
indicates that SAMC is a novel antitumor drug candidate that
has great potential as a promising agent for anticancer therapy
in colon cancer.
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