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S-allylcysteine, a garlic derivative, suppresses
proliferation and induces apoptosis in human ovarian

cancer cells in vitro
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Aim: To investigate the effects of S-allylcysteine (SAC), a water-soluble garlic derivative, on human ovarian cancer cells in vitro.
Methods: Human epithelial ovarian cancer cell line A2780 was tested. Cell proliferation was examined with CCK-8 and colony
formation assays. Cell cycle was analyzed with flow cytometry. Cell apoptosis was studied using Hoechst 33258 staining and Annexin
V/PI staining with flow cytometry. The migration and invasion of A2780 cells were examined with transwell and wound healing assays.
The expression of relevant proteins was detected with Western blot assays.

Results: SAC (1-100 mmol/L) inhibited the proliferation of A2780 cells in dose- and time-dependent manners (the 1Cs, value was
approximately 25 mmol/L at 48 h, and less than 6.25 mmol/L at 96 h). Furthermore, SAC dose-dependently inhibited the colony
formation of A2780 cells. Treatment of A2780 cells with SAC resulted in G,/S phase arrest and induced apoptosis, accompanied by
decreased expression of pro-caspase-3, Parp-1 and Bcl-2, and increased expression of active caspase-3 and Bax. SAC treatment
significantly reduced the migration of A2780 cells, and markedly decreased the protein expression of Wnt5a, p-AKT and c-Jun, which

were the key proteins involved in proliferation and metastasis.

Conclusion: SAC suppresses proliferation and induces apoptosis in A2780 ovarian cancer cells in vitro.
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Introduction
Ovarian cancer is one of the most lethal gynecologic malig-
nancies in women. Despite advances in the diagnosis and
treatment of ovarian cancer, the survival rate of ovarian cancer
patients remains low. This poor survival rate is partly due to
the lack of sensitive and specific methods for early detection
and, more importantly, the metastatic and invasive capabili-
ties of ovarian cancer cells". Although platinum-based che-
motherapy drugs are initially effective ™
tumors are more aggressive, metastasize to secondary target
tissues, and acquire resistance to conventional chemothera-
pies. Therefore, continued development of novel chemother-
apy drugs for ovarian cancer is urgently required.

Natural compounds derived from food have been investi-
gated as new sources of chemotherapy drugs'®. These agents
act in a manner similar to the conventional chemotherapy
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drugs by disrupting the cell cycle or inducing apoptosis.
For example, the medicinal properties of compounds found
in garlic, a member of the Allium species, have been well-
documented throughout history®. Specifically, large-scale
epidemiological studies within the past few decades have
suggested a correlation between garlic consumption and a
reduced incidence of cancer!®”l. Further investigation showed
that organosulfur compounds naturally found in garlic are
likely to be responsible for the decreased cancer risk®. These
previous reports encouraged efforts to investigate whether the
compounds from garlic have specific anti-cancer activities.
Sulfur-containing compounds in garlic can be broadly cat-
egorized as oil-soluble, such as diallylsulphide, diallyldisul-
phide (DADS) and diallyltrisulfide (DATS), or water-soluble,
such as S-allylcysteine (SAC). During the process of garlic
aging, resistant lipid-soluble compounds are naturally con-
verted into more stable and bioavailable water-soluble com-
pounds®. Several lines of evidence have demonstrated that
SAC can inhibit the proliferation, as well as induce the apopto-
sis, of various cancer cells, including human prostate cancer™”,
colon cancer™, gastric cancer™, breast cancer™, neuroblas-
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[14] [15]

toma"™ and ovarian cancer'” cells. Moreover, SAC appeared
to have no adverse effects when administered to nude mice at
the dosage required to suppress the growth of prostate tumor

xenografts[w]

. However, the anti-proliferative mechanism of
SAC in the treatment of ovarian carcinoma remains unclear.
In this paper, we investigated the antitumor effects of SAC in
vitro using the human ovarian epithelial cancer cell line A2780
with the aim of unraveling the molecular mechanisms that

drive the SAC-induced antitumor activity in A2780 cells.

Materials and methods

Materials

RPMI-1640 medium and fetal bovine serum (FBS) were pur-
chased from Thermo Scientific (South Logan, UT, USA).
CCK-8 was purchased from Sigma-Aldrich (St Louis, MO,
USA). Giemsa solution was purchased from Solarbio (Beijing,
China). The Cycletest Plus DNA Reagent Kit was purchased
from BD Biosciences (Franklin Lakes, NY, USA). Hoechst
33258 was purchased from Sigma-Aldrich (St Louis, MO,
USA). The Annexin-V-Fluor Staining Kit was purchased from
BD Biosciences (Franklin Lakes, NY, USA). BD BioCoat™
BD Matrigel™ Invasion Chambers were purchased from BD
Biosciences (Franklin Lakes, NY, USA). Gentian violet was
purchased from Huyu Biotech Co, Ltd (Shanghai, China). Cell
Lysis Buffer was purchased from Cell signaling (Danvers, MA,
USA). PVDF membrane was purchased from Millipore (Bil-
lerica, MA, USA). ECL Plus substrate was purchased from
Thermo Scientific Pierce (Rockford, IL,USA). The internal
reference antibody against -actin and the primary antibodies
against pro-caspase-3, active caspase-3, caspase-9, Parp-1 Bcl-
2, Bax, Akt, p-Akt-ser473, PI3K, c-Jun, and Wntba were pur-
chased from Abcam Inc (Cambridge, MA, USA).

Preparation of SAC

SAC was purchased from Shanghai Fundamental Industrial
Co, Ltd (Shanghai, China). A 500 mmol/L stock solution of
SAC was freshly prepared in phosphate-buffered saline (PBS)
according to the manufacturer’s instructions and was diluted
accordingly as needed.

Cell culture

The human epithelial ovarian cancer cell line A2780 was
kindly provided by the Zhejiang Cancer Hospital. The cells
were cultured in RPMI-1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin in a 37°C incubator sup-
plied with 5% CO,.

Cell Count Kit-8 (CCK-8) assay

Cells were seeded at a density of 5000 cells per well in 96-well
plates in 100 pL of medium and were incubated for 48 h before
treatment. The cells were treated with different concentrations
of SAC for 1, 2, 3, or 4 d. The medium was then removed, and
200 pL of fresh medium containing 5% CCK-8 was added for
an further 1.5 h. The color intensity was measured using a
Multiskan Spectrum spectrophotometer (Thermo Scientific,
Rockford, IL,USA) at 450 nm. Each experiment consisted of
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eight replicates, and at least three individual experiments were
performed.

Colony formation assay

A2780 cells in single-cell suspension (200 cells per well) were
seeded in 6-well plates and incubated for 48 h. The cells were
treated with different concentrations of SAC for 24 h. The
medium was then replaced with 5 mL of fresh medium, and
the cells were cultured for another 7 d. The cells were fixed
with methyl alcohol and glacial acetic acid (3:1) for 10 min and
stained with 10%-15% Giemsa solution for 10 min. The colo-
nies consisting of more than 50 cells were counted directly on
the plate.

Cell cycle analysis

A2780 cells (3x10%) were cultured in 6-well plates for 48 h prior
to the experiments. The cells were treated with different con-
centrations of SAC, ranging from 0 to 29.59 mmol/L, for 24 h.
The cells were trypsinized and fixed with 75% ice-cold ethanol
for several hours and then stained with the Cycletest Plus
DNA Reagent Kit according to the manufacturer’s instruc-
tions. The DNA content of 10000 cells was analyzed by flow
cytometry for each experiment (FACSCalibur, Becton Dickin-
son, Franklin Lakes, NJ, USA). Each experiment was analyzed
in duplicate, and at least three independent experiments were
performed.

Apoptosis

A2780 cells (3x10°) were cultured in a 6-well plate for 48 h
prior to treatment. The cells were treated with different con-
centrations of SAC, ranging from 0 to 29.59 mmol/L, for 24 h.
The cells were then fixed and stained with Hoechst 33258 for
30 min in the dark and photographed using an inverted fluo-
rescence microscope (Nikon Ti-s, Tokyo, Japan). The cells that
contained brightly stained, condensed spots of chromatin were
counted as apoptotic cells. Each experiment was analyzed in
triplicate, and at least three independent experiments were
performed.

Cell apoptosis was analyzed by flow cytometry. After the
cells were seeded in a 6-well plate for 24 h, the cells were
treated with 29.59 mmol/L SAC for 6, 12, 24, or 48 h. The
cells were harvested and stained with the Annexin-V-Fluor
Staining Kit according to the manufacturer’s instructions and
were analyzed by flow cytometry. At least three independent
experiments were performed.

Transwell invasion assay

The invasion assay was performed using BD BioCoat™ BD
Matrigel ™ Invasion Chambers. Briefly, 5x10* A2780 cells were
suspended in 300 pL of serum-free DMEM and seeded into the
migration chamber. The migration chamber was placed into a
24-well plate and treated with 500 pL of SAC at the indicated
concentrations. After 24 h of incubation, the treatment was
removed, and the cells on the upper surface of the chamber
were carefully scraped off using a cotton swab. The cells that
had migrated through the chamber were stained with gentian



violet and were subsequently counted under the microscope.
At least three independent experiments were performed.

Wound healing assay

A2780 cells (3x10°) were seeded in 24-well plates and grown
to 100% confluence. A wound was created by scraping the tip
of a glass pipette across the monolayer, and the resulting cell
debris was washed away with PBS. Fresh medium was then
added to the wells along with 0, 2.17, 6.42, or 12.4 mmol/L
SAC. After 24 h, the cells were fixed and observed under a
microscope. The number of cells that had crossed the wound
gap was quantified. At least three independent experiments
were performed.

Western blot

After treatment with different concentrations of SAC, A2780
cells were harvested with 0.02% EDTA and 0.025% trypsin,
rinsed 3 times in PBS, and then treated with cell lysis buffer.
Protein extracts were separated by 10% SDS-PAGE and trans-
ferred to a PVDF membrane. The blots were blocked with 5%
non-fat milk for 2 h. Primary antibodies at the appropriate
dilutions were hybridized to the membrane overnight at 4°C.
The membranes were washed 3 times with TBS-T and were
then incubated with a horseradish peroxidase-linked second-
ary antibody for 1 h at room temperature. The protein bands
were visualized using ECL Plus substrate. The BioRad Labo-
ratories Quantity One software (BioRad, Hercules, CA, USA)
was used to quantify the blots.
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Statistical analysis

Statistical analysis was carried out using SPSS 16.0 for Win-
dows. A two-tailed Student’s t-test was used for analysis of
continuous variables. P<0.05 was considered statistically sig-
nificant.

Results

SAC suppressed the proliferation of A2780 cells

The dose-dependent anti-proliferative effect of SAC on A2780
cells was investigated using cell viability and colony forming
assays. As the concentration of SAC increased, a correspond-
ing decrease in cell viability was observed (Figure 1A). Treat-
ment with 100 mmol/L SAC for 24 h resulted in negligible cell
viability. Similarly, treatment with 50 mmol/L SAC resulted
in less than 10% viable cells after 48 h treatment. Although
the half maximal inhibitory concentration (ICsy) was approxi-
mately 25 mmol/L for the 48 h treatment, the calculated 96 h
ICs, value dropped to less than 6.25 mmol/L. This result indi-
cated that prolonged exposure to SAC would eventually be
detrimental to A2780 cells, even at low concentrations.

The A2780 cell colony formation rate followed a negative
trend with the increasing dose of SAC (Figure 1B). Although
there was only a slight decrease in the colony formation of
A2780 cells after treatment with 2.17 mmol/L SAC, a signifi-
cant inhibitory effect was observed when the cells were treated
with 12.4 mmol/L SAC, and a marked inhibition of colony
formation was observed (< 10%) at 29.59 mmol/L SAC (Figure
1C).
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Figure 1. The effect of SAC on the proliferation and colony formation ability of A2780 cells. (A) The anti-proliferative effect of SAC in A2780 cells after
24, 48, 72, and 96 h treatment. (B) Representative images of A2780 cell colonies after treatment with SAC for 24 h. (C) Colony formation rate of

A2780 cells after treatment with SAC for 24 h. °P<0.01 vs control.
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SAC resulted in Go/S phase cell cycle arrest of A2780 cells

The cell cycle progression of A2780 cells treated with SAC was
analyzed by quantitating the cells’ DNA content using flow
cytometry (Figure 2A). Treatment of A2780 cells with 2.17
mmol/L of SAC resulted in a small decrease in the percent-
age of G,/M phase cells (Figure 2B). As the SAC concentra-
tion increased to 6.4 and 12.4 mmol/L, almost none of these
cells stayed in the G,/M phase. At a dose of 12.4 mmol/L, the
fraction of cells in S phase was significantly lower than that in
the untreated cells. Interestingly, the decreased percentage of
cells in both G,/M phase and S phase resulted from a cell cycle
arrest in G/ G, phase, which may have caused the marked
reduction in A2780 proliferation described in the previous sec-
tion.

SAC induced the apoptosis of A2780 cells

Hoechst nuclear staining can be used to visualize apoptotic
A2780 cells because apoptotic cells have condensed chroma-
tin and fragmented nuclei, which appear as bright dots that
can be observed under a fluorescence microscope. As shown
in Figure 3, the overall cell density decreased in response to
increasing concentrations of SAC; additionally, more cells with
bright spots indicative of dense chromatin could be seen in the
12.4 mmol/L SAC or higher doses of SAC treated cells, and
these results were consistent with the flow cytometric analysis
(Figure 2C).

Annexin V/PI staining is generally used to investigate
early and late apoptotic cells. Our results showed that the
percentages of early and late apoptotic A2780 cells were sig-
nificantly increased after treatment with 29.59 mmol/L SAC

in a time-dependent manner (Figure 4A and 4B). There were
3.6-, 4.2-, 8.0-, and 16.1-fold increases in the number of total
apoptotic A2780 cells after 6, 12, 24, and 48 h treatment with
SAC, respectively, compared to the untreated cells (Figure 4B).
Western blot analysis showed that pro-caspase-3 expression
was downregulated in a time- and dose-dependent manner
after A2780 cells were treated with SAC (Figure 4C, 4D). The
expression of active caspase-3 was elevated after SAC treat-
ment; furthermore active caspase cleaved PARP-1 and caused
the downregulation of PARP-1. Moreover, the effects of SAC
on Bcl-2 and Bax expression were shown to be time-dependent
(Figure 4C). The expression of the anti-apoptotic protein Bcl-2
was suppressed by SAC treatment of A2780 cells, whereas the
expression of the apoptosis promoting protein Bax increased.

SAC suppressed the migration and invasion of A2780 cells

One important feature of ovarian cancer cells is their abil-
ity to metastasize to the secondary locations in the body.
SAC is capable of inhibiting cell motility and migration. In
the transwell invasion assay, treatment with 12.40 mmol/L
SAC decreased the fraction of invasive cells by 60%, while
29.59 mmol/L SAC further reduced this fraction to less than
10% (Figure 5A and 5B). Similar anti-migration effects were
observed in the wound healing assay (Figure 5C). Treatment
with 6.42 mmol/L SAC reduced the migration of over 70%
of the cells, and 12.40 mmol/L SAC reduced the migration of
over 80% of the A2780 cells. The expression level of Wnt5a, a
pivotal protein in the metastasis pathway, was also downregu-
lated in the SAC treated cells (Figure 6).
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Figure 2. The cell cycle arrest of A2780 cells in response to SAC treatment. (A) Cell cycle analysis of A2780 cells treated with SAC for 24 h. (B)
Quantitative cell cycle analysis of A2780 cells. (C) Quantitative analysis of the apoptotic A2780 cells. °P<0.01.
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Figure 3. Hoechst 33258 staining of A2780 cells. The cells were treated with O mmol/L (A), 2.17 mmol/L (B), 6.42 mmol/L (C), 12.4 mmol/L (D),
20.13 mmol/L (E), or 29.59 mmol/L (F) SAC for 24 h. The arrows represent the apoptotic cells. Scale bar=10 um.
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Figure 4. The apoptotic effect of SAC on A2780 cells. (A) Annexin V/PI staining of A2780 cells treated with 29.59 mmol/L SAC. (B) Quantitative
analysis of apoptotic A2780 cells. °P<0.05, °P<0.01. (C) Protein expression of pro-caspase-3, active caspase-3, caspase-9, PARP-1, Bcl-2, and Bax in
A2780 cells treated with SAC.

Signaling pathways involved in SAC-mediated suppression of
proliferation in A2780 cells

An overactive PI3K/Akt/mTOR signaling pathway is a
characteristic associated with the hyperproliferative poten-

tial of many cancers. Thus, we analyzed the expression of
key factors in this signaling pathway (Figure 6). As the SAC
dose increased, Akt expression in the A2780 cells increased,
together with a corresponding suppression of Ser473-phos-
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Figure 5. The inhibitory effect of SAC on the migration and invasion of A2780 cells. (A) The effect of SAC on the invasion and migration of A2780 cells
as determined by Gentian violet staining. Scale bar=20 ym. (B) Quantitative analysis of the invading cells. (C) Quantitative analysis and images of the

cells migrating into the wound following SAC treatment for 24 h. °P<0.01.
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Figure 6. Protein expression of PI3K, c-Jun, Wnt5a, Akt, and p-Akt in
A2780 cells after treatment with various concentrations of SAC for 24 h.

phorylated Akt. By contrast, expression of PI3K, which is
required upstream of Akt phosphorylation, was not affected
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by SAC treatment. Additionally, the expression of the apopto-
sis-related protein c-Jun was dramatically suppressed by SAC
treatment in a dose-dependent manner.

Discussion

Chemotherapy with platinum-based drugs, such as carbo-
platin alone or carboplatin in combination with paclitaxel, is
currently the preferred treatment for ovarian cancer. Unfor-
tunately, the likelihood of relapse following chemotherapy is
extremely high, particularly for patients in advanced stages of
disease, necessitating a secondary round of “salvage chemo-
therapy”. However, a number of challenges still need to be
overcome to improve the efficacy of salvage chemotherapy.
First, cancer cells develop gradual resistance to platinum
drugs; second, the cumulative toxicity of platinum often leads
to negative outcomes in patients. Therefore, it is of great inter-
est to develop novel chemotherapy agents for the treatment of
ovarian cancer.

The anti-cancer properties of SAC, a water-soluble garlic
derivative, that exhibits low toxicity and high anti-cancer
activity, have been investigated in a variety of cancer cell lines.
In this study, we sought to study the antitumor activity and
the underlying mechanisms of SAC activity in A2780 cells.



We demonstrated that SAC inhibited the proliferation rate of
A2780 cells in a dose- and time-dependent manner. We found
that treatment with 12.4 mmol/L SAC effectively suppressed

the proliferation and colony formation of A2780 cells, which is

consistent with studies of human hepatocellular carcinoma'®!

and breast cancer cell lines™.
The interruption of proper apoptosis signaling pathways is
a hallmark of many cancers. Naturally derived organosulfur

compounds have been shown to induce apoptosis in a vari-

181 such as human leukemia cells™™, human

[21]

ety of cancer cells
colon cancer cells®, and breast cancer cells®. Here, we report
that SAC induces apoptosis in A2780 cells in a time-dependent
manner. Moreover, SAC treatment led to the downregula-
tion of pro-caspase-3 and the activation of cleaved caspase-3
and PARP-1 in A2780 cells. SAC treatment also resulted in
decreased expression of Bcl-2 and increased expression of Bax.
These results are similar to the findings of Velmurugan et al in
experimental gastric cancer!™”
play primary roles in regulating apoptosis by inducing mito-
chondrial outer membrane permeabilization™. This process

. The proteins of the Bcl-2 family

is antagonized by members of the anti-apoptotic Bcl-2 family,
such as Bcl-2 and Bcl-x;, which inhibit the permeabilization
functions of Bax and Bak®. The ratio of Bcl-2/Bax is recog-
nized as a good indicator of whether a cell will undergo apop-
tosis. Therefore, our findings indicated that the SAC-induced
apoptosis was possibly mediated through the mitochondrion
pathway.

Rapid and early metastasis of ovarian carcinoma into the
peritoneal cavity is a key characteristic of ovarian cancer and
is associated with poor outcomes at the point of diagnosis.
Wntba is a target gene of the Wnt/p-catenin signaling path-
way. High expression of Wntba usually correlates with poor
prognosis due to its ability to stimulate cell migration and
invasion™ . Studies have shown that SAC treatment could
affect the expression of B-catenin, which plays an important

BBl Here, we observed

role in the Wnt signaling pathway!
a high degree of invasiveness by A2780 cells, which was
abrogated by SAC treatment. Wntba was downregulated in
the SAC-treated cells, which could potentially contribute to
the inhibited invasiveness and metastatic ability of A2780
cells™ ™I,

The PI3K/Akt/mTOR pathway is a prototypical survival

BU - Activa-

pathway that is over-activated in many cancers
tion of PI3K in response to extracellular stimuli allows for the
subsequent downstream phosphorylation of Akt, which can
then activate NF-xB, resulting in the transcription of pro-sur-
vival genes. Downregulation of p-Akt result in a G;/S phase
cell cycle arrest in breast cancer MCF-7 cells®”. Western blot
analysis of Akt and p-Akt showed that SAC treatment greatly
decreased the amount of Ser473-p-Akt in the A2780 cells com-
pared to the untreated cells, and we observed a similar G;/S
arrest in A2780 cells that corresponded to the decreased lev-
els of p-Akt in response to SAC treatment. Additionally, the
expression of c-Jun was dramatically downregulated by SAC
treatment in a dose-dependent manner in this study, suggest-
ing that the activation of JNK1/2 could be regulated by p-Akt
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through the PI3K pathway'™.

Conclusion

In summary, we demonstrated the potential therapeutic
effects of a naturally derived organosulfur compound, SAC,
on the human ovarian carcinoma cell line A2780 in vitro. SAC
suppresses cell proliferation while simultaneously inducing
apoptosis. In the near future, our results will contribute to the
validation of SAC as a potential, potent anti-cancer drug can-
didate.
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