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S-allylmercaptocysteine promotes MAPK
inhibitor-induced apoptosis by activating the
TGF-f signaling pathway in cancer cells
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Abstract. S-allylmercaptocysteine (SAMC), one of the
water-soluble organosulfur garlic derivatives, can induce the
apoptosis of many types of cancer cells through the MAPK
signaling pathway. The TGF-f3 signaling pathway also plays
a pivotal role in the process of oncogenesis, and has a certain
crosstalk with the MAPK pathway. In the present study, hepa-
tocellular carcinoma cell line HepG2 with an intact TGF-3
signal and colon cancer cell line SW620 with an imperfect
TGF-p signal were selected to ascertain whether SAMC
induces the apoptosis of cancer cells by TGF-f signaling. In
both cell lines treated with MAPK inhibitors and SAMC, an
increased apoptosis rate was observed by electron microscopy,
TUNEL and flow cytometric assays. Immunohistochemistry
and western blot assays showed that SAMC induced the apop-
tosis of cancer cells by activating TGF-p1, TBRII, p-smad?2/3,
smad4 and smad7 signals, and promoting Bim expression
while decreasing Bcl-2 expression and finally activating the
mitochondrial apoptosis pathway proteins caspase-3 and
caspase-9 in the HepG2 cell line. In contrast, in the SW620
cell line, the apoptosis induced by SAMC only affected
TGF-B1 and smad7 signals, and promoted the expression of
Bax and Bad and finally activated the mitochondrial apoptosis
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pathway protein caspase-9. When we compare the apoptosis
rate in both cell lines, a significantly lower apoptosis rate was
noted in the SW620 cell line than the rate noted in the HepG2
cell line. In summary, SAMC induces the apoptosis of cancer
cells by activating the TGF-f3 signaling pathway, after MAPK
signaling is inhibited.

Introduction

Allicin (diallyl thiosulfinate) is the major component in garlic
(Allium sativum) extract and it has multiple antineoplastic
and other pharmacological effects. The antitumor activities
of allicin include the inhibition of cell proliferation and the
induction of apoptosis in multiple types of malignancies,
including colon, breast and lung cancer (1-5). Allicin has
both lipid- and water-soluble components. Lipid-soluble
compounds of allicin include diallyl sulfide (DAS), diallyl
disulfide (DADS) and diallyl trisulfide (DATS), whereas water-
soluble components of allicin consist of S-allylcysteine (SAC),
S-allylmercaptocysteine (SAMC) and other components.

The functions of SAMC and other organic sulfur
compounds derived from garlic have been compared. Among
the 10 garlic-derived compounds tested, SAMC, DADS and
S-trityl-L-cysteine were shown to markedly inhibit cell prolif-
eration, cause G2-M arrest and induce apoptosis (6). Although
DAS, DADS, DATS, SAC and SAMC are organic sulfur
compounds with similar functions, SAMC showed the most
significant effect in promoting apoptosis, including apoptosis
in the colon cancer cell lines, HT-29 and SW620 (4).

Studies have shown that allicin induces apoptosis mainly
through a mitogen-activated protein kinase (MAPK) signaling
cascade (4,6-9). The MAPK signaling cascade possesses a
bi-directional mode of action for regulating tumor cell growth,
proliferation and apoptosis according to environmental condi-
tions. This cascade includes signal-related kinase (ERK),
c-jun-N-terminal kinases (JNK) and the p38 MAPK pathways.
Shirin et al (4) and Xiao et al (10) demonstrated that, by acti-
vating JNK1 and caspase-3, SAMC inhibited proliferation and
induced the apoptosis of colon cancer cells (4,10). In addition,



TONG et al: SAMC-INDUCED APOPTOSIS BY THE TGF- PATHWAY

Chen et al demonstrated that the three main MAPKs (ERK,
JNK and p38) are activated after treatment of human hepa-
toma cells with DATS (11).

The ability to inhibit apoptosis via the MAPK signaling
cascade is shared by SP600125, SB203580 and PD98059,
which inhibit JNK, P38K and ERK, respectively (12-14). It
has been reported that the synergistic actions of these inhibi-
tors with allicin result in higher rates of apoptosis than when
these inhibitors act alone. Examples of this synergy include
SB203580 enhancement of DADS-induced apoptosis in hepa-
tocellular carcinoma (HepG2 cells) (13) and more efficient
induction of apoptosis when the inhibitors (SB203580 and
PD98059) act cooperatively with allicin and SAMC in the
treatment of colon cancer (cell line SW480) versus the inde-
pendent actions of these agents (4).

The transforming growth factor § (TGF-f3) signaling
pathway plays important roles in tumorigenesis (15-21) and
has extensive interactions with the MAPK signaling path-
ways (4,6-9). In addition to the TGF-f3 pathway, the cytokine
TGF-p1 activates the MAPK pathways. As a consequence,
activated ERK, JNK and P38 can phosphorylate Smad2/3 and
Smad4 to facilitate their translocation to the nucleus (22,23).
Thus, it is possible that the TGF-f signaling pathway partici-
pates in the allicin-induced apoptosis of tumor cells. However,
this has yet to be established.

The TGF-f signaling pathway in hepatocellular carcinoma
HepG2 cells has been extensively studied. However, the roles
of the TGF-f pathway in the inhibition of cell proliferation
or apoptosis induction have not been extensively studied (24).
The TGF-f pathway may induce apoptosis when the MAPK
pathway is inhibited. Caja et al reported that the TGF-3
pathway did not induce apoptosis in HepG2 cells until the
MEK/ERK pathway was repressed (25). The TGF-f pathway
was found to be inactivated in the SW620 colon cancer cell
line due to the lack of Smad4 protein (24), while reactivation
occurred after transfecting the cells with Smad4. Based on
these observations, we aimed to ascertain whether the TGF-3
signaling pathway is activated by SAMC to induce apoptosis
in HepG2 and SW620 cells. We then examined the specific
role of the TGF-f pathway in apoptosis induction by further
suppressing the MAPK pathway.

Materials and methods

Experimental reagents. SAMC was generously provided by
Wakunaga Pharmaceutical Company, Hiroshima, Japan. ERK
inhibitor PD98059 (cat. no. 513000), JNK inhibitor 600125
(cat. no. 420119) and P38 inhibitor SB203580 (cat. no. 559389)
were from Calbiochem. The Annexin V-FITC Apoptotic Kit
and the In Situ Cell Death Detection Kit were purchased from
BD and Roche, respectively. The following primary antibodies
were used for immunoblotting and were purchased from Santa
Cruz: anti-TGF-p1, anti-TPR1, anti-TBR2, anti-phosphorylated
Smad?2/3, anti-Smad4, anti-Bim, anti-Bcl-2, anti-Bax, anti-
Bad, anti-caspase-3 and anti-caspase-9. Secondary anti-rabbit
and anti-goat antibodies were from Zhongshan Golden Bridge
Biotechnology. The following parallel experiments were
conducted using both the colon cancer cell line SW620 and the
liver cancer cell line HepG2. The SAMC solution was newly
prepared before each use.
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Cell culture. The colon cancer cell line SW620 and the
liver cancer cell line HepG2 obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) were
maintained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; Gibco)
and incubated at 37°C. We maintained a total of four sets of
cultured cells: the control set received only DMEM, whereas
the other sets received SAMC (group S), MAPK inhibitors
(group I) and SAMC combined with the MAPK inhibitors
(group I+S). The MAPK inhibitors consisted of three inhibi-
tors, each at the concentration of 10 #g/ml, which blocked ERK
(PD98059), INK (600125) and P38 (SB203580). All groups of
cells were treated for 8 h. Specifically, the cells in group I+S
were pretreated with a combination of MAPK inhibitors for
30 min before receiving 800 ymol/l SAMC for an additional
8 h.

Apoptosis was detected using electron microscopy (EM).
After the cells had grown to 85% confluency in 100-ml Petri
dishes, they were treated with the MAPK inhibitors and/or
SAMC for 8 h as described above. Next, the cells were trypsin-
ized, centrifuged and washed twice with PBS. The resulting
cell pellets were fixed with 2.5% glutaraldehyde for 24 h at
4°C, sectioned at 50 nm thickness, stained on copper screens
and observed by EM. Ten microscopic fields (x3,000) were
randomly chosen for each sample, and the apoptotic cells were
counted.

Flow cytometry. Cells in an exponential growth stage were
seeded in 6-well plates at a density of 5x10° cells/well and
incubated at 37°C until the cells reached 85-90% confluency.
Following an 8-h treatment with the MAPK inhibitors and/or
SAMC, the cells were trypsinized, washed twice with cold
PBS and then washed once with the binding buffer. Annexin V
and PI staining were performed according to the manufac-
turer's instructions. The cells were analyzed by flow cytometry
within 2 h to detect apoptotic cells.

Immunocytochemistry. Sterilized coverslips were placed in
24-well plates, and 2x10° cells in an exponential growth stage
were seeded in each well onto the coverslips. At 85-90%
confluency, the cells received the same treatments (i.e., MAPK
inhibitors and/or SAMC) for 8 h as previously described.
The cells were then fixed with 4% newly prepared parafor-
maldehyde solution for 10 min at room temperature, followed
with two 10-min washes with PBS, and incubated with 0.1%
Triton X-100 on ice for 2 min before additional PBS washes.

To detect cellular apoptosis, the samples were incubated
with 100 pl of TUNEL reaction solution and Tdt enzyme at
37°C for 1 h in a dark humid environment, while the negative
control received only 100 pl of the TUNEL label solution.
TUNEL-positive apoptotic cells were detected by fluorescence
microscopy. We randomly chose 10 microscopic fields (x100)
and counted the apoptotic cells. The rate of cellular apoptosis
was expressed as a percentage of the total cells.

To detect protein expression and phosphorylation, the
samples were incubated separately with a 1:50 dilution of
primary antibodies, including those of anti-TGF-p1, anti-TpR1,
anti-TPR2, anti-phosphorylated Smad2/3, anti-Smad4, anti-
Bcl-2, anti-Bax, anti-Bad, anti-caspase-3, anti-caspase-9 or
with a 1:100 dilution of anti-Bim at 37°C for 1 h, followed by
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PBS washes and incubation with the secondary antibody at
room temperature for 20 min. The samples were then washed
with PBS, stained with DAB and hematoxylin dye according
to the standard protocols. After gradient dehydration, the
samples were mounted with Neutral gum.

The immunohistochemistry results were assessed using
the following standards. Brown-yellow granules in the cyto-
plasm indicated positive expression of TGF-p1, TBR1, TPR2
and Smad4; brown particles in the nucleus and the cytoplasm
indicated positive expression of P-Smad2/3, Bim and Bax.
For each sample, 10 microscopic fields were chosen (x100),
and both positive and negative cells were counted. Staining
intensity was divided into four grades according to the propor-
tion of positive cells to the total cell numbers: the number of
positive cells <10% (-), 10-25% (+), 26-50% (++), >50% (+++).

Western blot analysis. Cultured cells were lysed with the
T-PER tissue protein extraction reagent in the presence
of protease inhibitors (Pierce, Rockford, IL, USA). Equal
amounts of cellular proteins were loaded into each well and
resolved using 10% SDS-PAGE gels. Nitrocellulose membrane
blotting was then performed under standard conditions. For
immunoblotting, we used primary antibodies against TGF-fl1,
TPR1, TPR2, phosphorylated Smad2/3, Smad4, Bcl-2, Bax,
Bad, caspase-3, caspase-9 and Bim. The primary antibody
solution was diluted at room temperature and incubated with
the membrane on a swing bed for 1 h. The membrane was
then washed 3 times for 10 min with TBS-T before adding a
1:2,000 dilution of the secondary antibody, which was diluted
in the blocking solution at room temperature. The membrane
was then incubated on a swing bed for 1 h before three 10-min
washes with TBS-T.

Statistical analysis. All data are reported as the mean + SD.
A one-way analysis of variance was used to test the differ-
ences among three or more groups (SAS 9.2 package). For all
statistically significant differences observed after performing
one-way analysis of variance, the appropriate multiple
comparison tests were used to perform a post-hoc analysis.
Statistical significance was set at P<0.05.

Results

Detection of SAMC-induced cell apoptosis by EM. Apoptosis
is the process of programmed cell death that is characterized
by cell shrinkage, nuclear condensation, nuclear fragmentation
and formation of apoptotic bodies (26). First, we observed the
morphological changes in tumor cells by EM to determine the
impact of allicin, MAPK inhibitors or the combined treatment
of SAMC and MAPK inhibitors on the tumor cells. The char-
acteristic markers of the control HepG2 and SW620 cells were
as follows: surface rich in microvilli; abundant cytoplasm,
mitochondria and endoplasmic reticulum, low electron density,
large and irregular nuclei, distinct nuclear membranes and
large nucleoli near the nuclear membranes (Fig. 1A and B).
Cells from group S were characterized as follows: decreased
or absent membrane microvilli, smaller cell size, concentrated
cytoplasm with increased electron density, expanded and
vacuolized endoplasmic reticulum, nuclear chromatin that
was gathered at the nuclear membranes and visible apoptotic
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bodies, which contained pyknotic nuclear remains and organ-
elles that were encapsulated by the cell membranes. Compared
with the control group, we detected apoptotic cells and fewer
proliferating cells in the inhibitor group. Evident mitochon-
drial vacuolation and an increased number of apoptotic cells
were observed in group I+S compared with the other groups.
There were no significant differences among all the groups
(P>0.05).

TUNEL assay reveals the highest number of apoptotic cells
in group I+S. TUNEL assay results showed that the number
of apoptotic cells was increased (P<0.05) in the HepG2 cells
from group S compared with those from the control group.
Group I+S had the largest number of apoptotic cells when
compared with the control group, and the difference was
statistically significant (P<0.0001). There was no difference
in the rate of apoptosis between group I and the control group
(P>0.05). The number of apoptotic cells was increased in
the SW620 cells from group S compared with those from
the control group (P>0.05). Group I+S had an increased
number of apoptotic cells compared with this number in the
control group, and the difference was statistically significant
(P<0.001). There was no significant difference in the cellular
apoptotic rate when comparing group I with the control group
(P>0.05) (Fig. 1A-C).

Flow cytometry results showed that cells in groups S, I and
I+S underwent early-stage apoptosis; group I+S exhibited the
most significant induction of apoptosis. In HepG2 cells, the
late-stage apoptotic rates were 2.52, 1.66 and 3.12% in group S,
group I and group I+S, respectively, compared with the control
group rate of 0.17%; the results indicated that there was a
significant increase in the number of apoptotic cells following
treatment (P<0.05) (Fig. 2). The early-stage apoptotic rates of
groups S, I, I+S and the control group were 18.03, 17.88, 27.74
and 2.87%, respectively; the number of apoptotic cells also
increased after treatment and the results indicated that there
was a significant increase in the number of apoptotic cells after
treatment (P<0.05). In the SW620 cells, the late-stage apop-
totic rates were 1.80, 1.33, 1.35 and 0.06% in groups S, I, [+S
and the control group, respectively; the number of apoptotic
cells increased after treatment and this increase was statisti-
cally significant (P<0.05). The early-stage apoptotic rates were
17.80, 15.79 and 26.84% in groups S, I and I+S, respectively,
when compared with 0.37% of the control group; the number
of apoptotic cells increased and the difference was statistically
significant (P<0.05). The number of apoptotic cells increased
in group I+S and was statistically significant when compared
with that of group S (P<0.05).

Immunohistochemical results. In HepG2 cells from the
group I+S, TGF-fB1, phosphorylated Smad2/3 and Smad4
and caspase-3 expression levels were 1+ (Fig. 3A); whereas
their expression levels were negative or not evident and the
differences in the protein expression levels were not signifi-
cant when comparing group I+S with the other three groups
(P>0.05). TPR2, Bim, and caspase-9 expression levels were
2+ in group I+S while the other groups were negative and
1+; the differences in the expression levels of these proteins
were statistically significant when comparing group I+S with
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Figure 1. Apoptosis analysis by electron microscopy and TUNEL staining of the four treatment groups: control, S, I, I+S. (A) Results for apoptosis by electron
microscopy; magnification, x3,000. Groups S, I and I+S in the HepG2 cells showed evident apoptosis when the HepG2 and SW620 cells were treated with
SAMC and the MAPK inhibitors. (B and C) Statistical results for apoptosis by TUNEL analysis indicated that there were significantly higher apoptotic rates in
the HepG?2 cells from groups S and I+S than in the other groups (magnification, x400). In the SW620 cells, group I+S showed a significantly higher apoptotic

rate when compared with the other groups.

the control group (P<0.05). In the SW620 cells from group S,
TPR2 expression increased to 1+ as compared with the control
group but the difference did not achieve statistical significance
(P>0.05) (Fig. 3B). TGF-p1, TPR2, Smad4 and caspase-9
protein expression was increased in group I+S compared with
the control group, but the differences in protein levels did not
achieve statistical significance (P>0.05).

Western blotting results. In the HepG2 cells, Smad4 expres-
sion increased and Smad7 expression decreased in group S
compared with the cells from the control group (Fig. 4A
and B). The expression of TGF-f1 and Smad4 decreased
while the Bcl-2 protein levels were elevated in group I as
compared with the control group. TGF-p1, TBRII, phosphory-
lated Smad2/3, Smad4, Smad7, Bim, caspase-3 and caspase-9
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Figure 2. Analysis of apoptosis by flow cytometry. The number of cells in the early apoptotic stages were increased with either SAMC or MAPK inhibitor
treatment. The percentage of apoptotic cells in groups S, I and I+S exhibited significant differences when compared with the control group. Similar results

were obtained for the SW620 and HepG?2 cells.
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Figure 3. Immunocytochemical analysis (magnification, x400). (A) In the HepG2 cells from group I+S , the expression levels of TGF-$1, p-Smad2/3, Smad4
and caspase-3 were 1+, the expression levels of TBRII, Bim and caspase-9 were 2+, whereas the expression of the same proteins were negative or 1+ in cells
from the other groups. (B) In the SW620 cells, the expression level of TBRII was 1+ in group S and was high when compared with the level in the control group;
the expression levels of TGF-f1, TBRII, Smad4 and caspase-9 were increased in group I+S compared with the level in the control group.
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Figure 4. Western blot analysis. (A and B) In the HepG2 cells, increased Smad4 expression and decreased Smad7 expression were detected in group S com-
pared with the control cells. The expression levels of TGF-f1, TBRII, p-Smad2/3, Smad4, Smad7, Bim, caspase-3 and caspase-9 were increased while Bcl-2
expression was decreased in group I+S compared with group S. (C and D) In the SW620 cells, TBRII, Smad4 and Bax expression levels were increased while
Smad7 expression was decreased in group S compared with the control group. The expression levels of TGF-f1, Smad7, Bax, Bad and caspase-9 were increased

in group I+S as compared with those in group S.

expression increased while Bcl-2 decreased in the HepG2 cells
from group I+S compared with those from group S.

In the SW620 cells from group S, the expression of TRRII
increased and Smad4, Bax and Smad7 expression decreased
as compared with the cells from the control group. Smad?7
expression was decreased in group I compared with that in
the control group. TGF-f1, Smad7, Bax, Bad and caspase-9
expression increased in group I+S compared with group S
(Fig. 4C and D).

Discussion

SAMC-induced apoptosis of HepG-2 and SW620 cells.
Mechanisms of the suppression of cancer by allicin include

inhibition of cell proliferation, induction of cell cycle arrest,
induction of cancer cell differentiation and apoptosis (24,10,
27-29), direct killing of cancer cells and other functions. The
inhibition of cell proliferation and the induction of apoptosis
are the most significant functions. When HepG2 and SW620
cancer cells were treated with water-soluble allicin SAMC,
their apoptotic rates were increased compared with the
untreated cells. These results are consistent with previous
studies performed in SW480, SNU-1, HEL and OCIM-1
cells (2,6,10), which indicate that SAMC induces apoptosis in
multiple cancer cells.

The MAPK signaling cascade is an important intracellular
signaling pathway that regulates cell growth, and its inhibitors
can induce cancer cell apoptosis (12-14). In the present study,
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we treated HepG2 and SW620 cells with three inhibitors of
the MAPK pathway (JNK, ERK and P38MAPK) and each
inhibitor induced obvious signs of apoptosis. Therefore, the
activation of the intrinsic MAPK signaling pathway contrib-
uted to the protection of the cancer cells and the inhibition of
apoptosis.

We subsequently combined the inhibitors of the MAPK
pathway with SAMC to treat the cancer cells. This combined
treatment resulted in significantly higher apoptotic rates than
the treatment with SAMC or the inhibitors alone (P<0.05). In
this case, higher apoptotic rates were observed in the HepG2
cells than in the SW620 cells. These results indicated that the
induction of apoptosis by the MAPK inhibitors was synergisti-
cally enhanced with SAMC. Previous studies have shown
that the collaborative action of inhibitors and allicin induced
higher apoptotic rates than that of each single factor (10,13).
Our results also demonstrated that the rate of SAMC-induced
apoptosis was the highest when the MAPK pathway was
suppressed. Allicin induces apoptosis via the MAPK pathway.
Therefore, there remains the question of whether allicin
induces apoptosis via other pathways when the MAPK pathway
is blocked by inhibitors. To elucidate this issue, we examined
the TGF-p signaling pathway, which is closely related to the
MAPK pathway.

SAMC activation of the TGF-{ signaling pathway following
suppression of the MAPK pathway. Intracellular signaling
transduction composes a complex network and there is
communication between the TGF-f and MAPK signaling
pathways (30,31). Perturbances of the TGF-f3 signaling pathway
could lead to the occurrence and development of various types
of tumors (15-21). For instance, the TGF-f3 pathway was found
to be inactivated in 20 out of 38 cancer cell lines (24) and
there was also low or no expression of several proteins such
as TPRII and Smad4. Furthermore, the activity of the TGF-
pathway could be partially recovered by the transfection of
downregulated genes. We observed that SAMC activates the
TGF-p signaling pathway and induces apoptosis in HepG2
cells with intact TGF-f3 pathways (32) and also in SW620 cells
with perturbed TGF-3 pathways (24).

SAMC activation of TGF-f1 with MAPK pathway suppres-
sion. Our results indicated that SAMC alone was not able to
activate TGF-PB1 in HepG2 and SW620 cells. This suggests
that SAMC may induce apoptosis via other signaling path-
ways, such as the MAPK pathway (4,6-9). We observed that
the expression of TGF-f1 was decreased after the treat-
ment of MAPK inhibitors in HepG2 cells. These results are
consistent with those of previous studies where PD98059
and SB203580 repressed the expression of TGF-f31 in mouse
macrophages (33). However, TGF-p1 could be activated by
SAMC when the MAPK pathway is inhibited with concurrent
upregulation of proteins in the TGF-§ pathway. Therefore,
given the complex interactions among the various intracellular
signaling pathways, it is possible for SAMC to promote the
expression of TGF-B1 through pathways other than MAPK in
the presence of inhibitors.

The expression of many proteins in the TGF-3 pathway was
increased in the HepG2 cells, whereas only TGF-p1, TRII
and Smad4 proteins were upregulated in the SW620 cells. We
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believe this upregulation occurred as the TGF-3 pathway is
intact in HepG2 cells, which enables SAMC to activate the
TGF-p pathway when the MAPK pathway is completely
inhibited. Conversely, the TGF- pathway was blocked in
the SW620 cells resulting in insufficient pathway activation,
despite using comparable treatments.

Re-expression or upregulation of inactivated Smad4 by SAMC
in cancer cells. Smad4 is a tumor-suppressor gene whose func-
tion is to initiate TGF-p-induced tumorigenesis and metastasis.
Miyaki et al discovered that the inactivation of the Smad4 gene
results in tumor development, invasion and metastasis, and the
stable transfection of Smad4 into SW620 cells could inhibit
cancer cell migration and metastasis while reducing the occur-
rence of tumors (34). Our results showed that the expression of
Smad4 was increased following SAMC treatment and Smad4
expression decreased when HepG2 cells were treated with the
MAPK inhibitors, whereas combined treatments increased
Smad4 expression levels, when compared with the SAMC
treatment alone. The expression of Smad4 was correlated with
the TGF-f1 levels, suggesting that TGF-f1 initiates changes in
cells with active TGF-p signaling pathways that result in the
expression of downstream Smad4 proteins (35-37). In addition,
we discovered that SAMC induces the re-expression of inac-
tivated Smad4 genes in SW620 cells, despite the non-obvious
changes in TGF-P1 levels. The expression of Smad4 may be
achieved by both TGF-p-dependent and TGF-f-independent
pathways. These results suggest that regulation of Smad4 could
occur by the TGF-f signaling pathway, the MAPK and other
pathways (38-40). Therefore, we propose that SAMC induces
expression of Smad4 through other mechanisms as well as the
regulation by SAMC of the TGF-f3 signaling pathway.

Dual functions of Smad?7. Smad7 is considered to be an inhibi-
tory protein in the TGF-f signaling pathway. TGF-f31 may
suppress apoptosis by interacting with active TBRI to further
activate Smad7, which subsequently inhibits the phosphory-
lation of p-Smad and thus suppresses the TGF-f3 signaling
pathway (41,42). However, our results showed that, when the
MAPK signaling pathway was inhibited by SAMC, there
was an increase in the expression of endogenous TGF-f1,
Smad7 and other proteins that promote apoptosis. Similarly,
Landstrom et al discovered that treating human prostate
cancer cells with TGF-P1 or the ectopic overexpression of
Smad7 induced apoptosis (43), and Mazars et al reported that
Smad7 induced apoptosis in HepG2 cells (44). However, we
speculated that the induction of apoptosis by Smad7 is depen-
dent on the cell type. Regardless, the potential for Smad7 to
both inhibit and induce apoptosis is a novel insight into the
characteristics of Smad?7.

SAMC activation of the TGF-f3-mitochondrial pathway for
the induction of apoptosis following MAPK pathway inhibi-
tion. Activation of the TGF-f pathway promotes apoptosis
initiation and progression by supporting pro-apoptotic factors
while the anti-apoptotic factors (such as Bcl-2 family proteins)
are destroyed. The induction of apoptosis varies with each cell
type. For example, in the breast cancer cell lines JygMC(A)
and JygMC(B), TGF-f upregulated the Bim pathway through
Foxcl (45) while TGF- downregulated the Bcl-2 pathway
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through Smad3 in the lung cancer cell line A549 (46); and
TGF-P1 upregulated Bim and Bax in osteoclast cells (47).
During the induction of apoptosis, changes in the anti-apoptotic
Bcl-2 family proteins and pro-apoptotic proteins such as Bax,
Bak and Bim play an important role. We examined the Bcl-2
family and caspase proteins, which are located downstream
of the TGF-§ pathway. TGF-B1 activated the expression of
p-Smad?2/3, Smad4 and Bim proteins in HepG2 cells, when the
MAPK pathway was inhibited by SAMC treatment, similarly
to previous reports on WEHI231B lymphocytes (19,48). The
expression of Bcl-2 protein decreased as the expression of Bim
increased and Bim interacted with Bcl-2 to induce the caspase
cascade via a change in the conformation of the complex (49).
When the expression of Bcl-2 was reduced, the ratio of Bcl-2/
Bax decreased leading to apoptosis (50). Our results also
demonstrated that the cells entered apoptosis when the expres-
sion levels of caspase-3 and caspase-9 were elevated, as evident
by cell shrinkage, chromatin condensation, karyopyknosis,
nuclear fragmentation and an increased rate of apoptosis.

Although the TGF-f pathway in HepG2 cells is intact, cell
proliferation and induction of apoptosis are not believed to be
inhibited (24). Our study demonstrated that SAMC induced
apoptosis by activating the TGF-f signaling pathway when the
MAPK pathway was suppressed.

‘Wen et al also noted that SB203580, when combined with
DADS, enhanced the DADS-induced apoptosis of HepG2
cells (13). In the present study, we discovered that SAMC
further induced cell apoptosis by activating the TGF-f3
signaling cascade and subsequently increased the expression
levels of apoptotic protein after the ERK, JNK and p38K path-
ways were inhibited.

In the SW620 cells, when the MAPK signaling cascade
was suppressed, SAMC mainly stimulated the expression of
Bax and Bad proteins, but not Bim. These results indicated that
SAMC was able to promote apoptosis by partially activating
the TGF-f cascade, thereby increasing the expression levels
of Bax and caspase-9 in SW620 cells, whose TGF-f pathway
was otherwise inactivated. These results are similar to a study
performed by Lee et al, who reported that SAMC induced the
apoptosis of SUN-1 cells by activating Bax (2).

The TGF-f pathway is inactivated in many tumor cells and
tissues. Although the TGF-f signaling pathway can function
normally in most hepatic carcinoma cell lines, these cells do
not undergo apoptosis via this signaling pathway (24). Notably,
after the MAPK pathway was suppressed, SAMC further
induced cell apoptosis by reactivating the TGF-f pathway. The
combined effects of the MAPK inhibitors and SAMC included
higher induction rates of tumor cell apoptosis when compared
with either treatment alone. These results help to elucidate the
underlying mechanism and the possible signal networks that
are implicated in allicin-induced tumor cell apoptosis. MAPK
inhibitors have been tested in clinical trials, and the clinical
use of SAMC has been approved in China. Our results support
the translational and clinical applications of combining MAPK
inhibitor and SAMC in cancer therapy.
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