
S-Allylcysteine inhibits tumour progression and the epithelial–mesenchymal
transition in a mouse xenograft model of oral cancer

Man-Hui Pai1, Yueh-Hsiung Kuo2, En-Pei Isabel Chiang3 and Feng-Yao Tang4*
1Department of Anatomy, Taipei Medical University, 11031 Taipei, Taiwan, ROC
2Tsuzuki Institute for Traditional Medicine, Graduate Institute of Pharmaceutical Chemistry, China Medical University,

Taichung 40402, Taiwan, ROC
3Department of Food Science and Biotechnology, National Chung-Hsing University, Taichung 402, Taiwan, ROC
4Biomedical Science Laboratory, Department of Nutrition, China Medical University, 91 Hsueh-Shih Road, 40402 Taichung,

Taiwan, ROC

(Submitted 14 January 2011 – Final revision received 17 August 2011 – Accepted 17 August 2011 – First published online 20 October 2011)

Abstract

Oral cancer is prevalent worldwide. Studies have indicated that an increase in the osteopontin (OPN) plasma level is correlated with the

progression of oral cancer. Our previous report showed that the aqueous garlic extract S-allylcysteine (SAC) inhibited the epithelial–

mesenchymal transition (EMT) of human oral cancer CAL-27 cells in vitro. Therefore, the present study investigated whether SAC con-

sumption would help prevent tumour growth and progression, including the EMT, in a mouse xenograft model of oral cancer. The results

demonstrated that SAC dose-dependently inhibited the growth of oral cancer in tumour-bearing mice. The histopathological and immuno-

histochemical staining results indicated that SAC was able to effectively suppress the tumour growth and progression of oral cancer in vivo.

The chemopreventive effect of SAC was associated with the suppression of carcinogenesis factors such as N-methylpurine DNA glycosylase

and OPN. SAC significantly suppressed the phosphorylation of Akt, mammalian target of rapamycin, inhibitor of kBa and extracellular

signal-regulated kinase 1/2 in tumour tissues. The results demonstrated that the SAC-mediated suppression of cyclin D1 protein was associ-

ated with an augmented expression of the cell-cycle inhibitor p16Ink4. Furthermore, SAC inhibited the expression of cyclo-oxygenase-2,

vimentin and NF-kB p65 (RelA). These results show that SAC has potential as an agent against tumour growth and the progression of

oral cancer in a mouse xenograft model.
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Oral cancer is one of the most prevalent types of cancer in the

world today(1). It is well known that oral cancer is character-

ised by the aberrant proliferation and invasion of malignant

cells into the underlying connective tissues(1). Recent studies

have suggested a strong correlation between the osteopontin

(OPN) plasma level and oral carcinogenesis(2). OPN activates

a number of different signalling pathways, thus exerting an

effect on the migration, proliferation and survival of cancer

cells(3,4). For example, the phosphatidylinositol-3-kinase (PI3K)/

Akt/mammalian target of rapamycin (mTOR) and mitogen-

activated protein kinase (MAPK)/extracellular signal-regulated

kinase (ERK) signalling cascades play important roles in

tumour growth and progression(5–7).

The Akt/mTOR proteins regulate cell-cycle progression,

growth-factor-mediated survival and tumour cell growth(8,9).

Upon the activation of the PI3K signalling pathway, the NF-

kB inhibitor protein (inhibitor of kB; IkB) is phosphorylated

by IkBa kinase and then subjected to ubiquitin-mediated

degradation(10). The degradation of IkB permits the transloca-

tion of activated NF-kB from the cytoplasm into the nucleus,

where it up-regulates cyclo-oxygenase-2 (COX-2) gene

expression and thus triggers the progression of oral

cancer(11). COX-2 protein is responsible for the production
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of PG and tumour-associated inflammation(12). Several studies

have reported that the expression of NF-kB and COX-2 pro-

teins is associated with treatment resistance in oral cancer(13).

Overactivated MAPK/ERK signalling pathways have been

reported to be involved in accelerated cell-cycle progression

and the proliferation of cancer cells(14). During the prolifer-

ation of oral cancer cells, cell-cycle-related proteins, such as

cyclin D1 and proliferating cell nuclear antigen (PCNA), func-

tion as major regulators of cell-cycle progression and DNA

replication, respectively(15). Recent studies have indicated

that p16Ink4 protein may serve as a cell-cycle inhibitor and

suppress the activity of cyclin D1 and PCNA proteins(16,17).

Taken together, the PI3K/Akt/mTOR, MAPK/ERK and NF-kB

signalling pathways play crucial roles in both OPN-mediated

tumour growth and the poor prognosis associated with

oral cancer.

A recent study has also indicated that COX-2 expression is

associated with the epithelial–mesenchymal transition (EMT)

in various types of human cancer(18,19). Many studies have

indicated that the EMT is a critical cellular mechanism,

which plays an important role in tumour progression and

metastasis in many types of cancer, including oral

cancer(20,21). E-cadherin complexes are major constituents of

the epithelial junctions in the normal oral epithelium(22). The

loss of E-cadherin and the augmented expression of vimentin

are considered to be key steps in the EMT and tumour pro-

gression(21,23). However, suppression of the ERK1/2 and

PI3K/Akt/NF-kB signalling cascades induces the mesenchy-

mal-to-epithelial reverting transition along with increasing

E-cadherin expression in cancer cells(21,24). Therefore, these

results suggest that the MAPK/ERK and PI3K/Akt/NF-kB

signalling pathways and COX-2 are associated with the EMT

process in human oral cancer. Clinical studies have indicated

that increases in OPN plasma levels over time are significantly

associated with poor patient survival(25). Therefore, any thera-

peutic application or nutritional intervention that resulted in a

suppression of COX-2 or OPN proteins might be an effective

approach to the treatment of oral cancer(26–28).

Studies have shown that N-methylpurine DNA glycosylase

(MPG), a DNA repair enzyme that repairs N-alkylpurine

damage, is up-regulated in cancer cell lines(29). Overexpres-

sion of this enzyme contributes to chromatid exchange,

chromosomal aberration and genetic mutation, possibly due

to incomplete excision repair(30). Therefore, MPG is con-

sidered a promoter of carcinogenesis(29). In the course of

considering the role of DNA lesions in mutagenesis and

carcinogenesis, we also investigated MPG expression.

Epidemiological studies have suggested that the consump-

tion of garlic extracts exerts a protective effect against various

types of cancer, including prostate, colon and oral can-

cers(31,32). Garlic contains certain lipid-soluble and water-

soluble anticancer constituents(33). The lipid-soluble garlic

constituents include diallyl sulphide, diallyl disulphide and

diallyl trisulphide. The water-soluble garlic constituents

include S-allylcysteine (SAC) and S-allylmercaptocysteine.

SAC is abundant in aged garlic extract (AGE). AGE is pro-

duced by the immersion and extraction of raw garlic in aqu-

eous ethanol for more than 10 months at room temperature.

During the process, most of the orangosulphur compounds

are changed naturally into more stable and bioavailable

water-soluble compounds. Studies have shown that the

active ingredients in garlic (Allium sativum) extracts, includ-

ing diallyl disulphide and diallyl trisulphide, effectively inhibit

the proliferation of cancer cells(34–38). It has also been

reported that SAC suppresses the growth of several types of

cancer(39–41). Our previous study has shown that SAC inhib-

ited the proliferation of human oral cancer CAL-27 cells

in vitro (42). Moreover, it has been reported that SAC prevents

the EMT and suppresses tumour progression in human oral

squamous cancer cells in vitro (42). However, the in vivo

inhibitory effects of SAC on tumour growth and progression

in oral cancer have not been demonstrated. The present

study was undertaken to evaluate the in vivo anticancer effects

of SAC, including the inhibition of tumour growth and pro-

gression. Immunodeficient nude mice with xenografted

human oral cancer CAL-27 cells under the skin comprised

the experimental model. It was demonstrated that the

consumption of SAC significantly inhibited both tumour

growth and the progression of oral cancer in this mouse

xenograft model.

Materials and methods

Reagents and antibodies

SAC was purchased from LKT laboratories, Inc. (St Paul, MN,

USA). Anti-phospho-Akt, anti-phospho-mTOR, anti-phospho-

IkBa, anti-phospho-ERK 1/2, anti-E-cadherin, anti-p16Ink4,

anti-cyclin D1, anti-NF-kB p65 (RelA), anti-vimentin and

anti-COX-2 monoclonal antibodies were purchased from Cell

Signaling Technology, Inc. (Danvers, MA, USA). Anti-b-actin

antibody was purchased from Sigma (St Louis, MO, USA).

Anti-MPG and anti-PCNA antibodies were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA). The

human oral cancer CAL-27 cell line was obtained from the

American Type Culture Collection (Manassas, VA, USA). Dul-

becco’s modified Eagle’s medium (DMEM)/F12 medium was

purchased from Invitrogen Inc. (Carlsbad, CA, USA). Tissue

nuclear extraction reagent and tissue lysis kits were purchased

from Pierce Biotechnology Inc. (Rockford, IL, USA). PBS, flu-

orescein isothiocyanate and rhodamine were purchased from

Invitrogen Inc. The OPN ELISA kit was purchased from R&D

Systems, Inc. (Minneapolis, MN, USA). SAC was dissolved in

distilled water at a concentration of 400 mM and stored at

2208C. Immediately before the experiment, various concen-

trations of the SAC solution were freshly prepared and given

to the experimental animals.

Cell culture

Human oral cancer CAL-27 cells were cultured in a 378C

humidified incubator with 5 % CO2 and grown to confluency

using fetal bovine serum-supplemented DMEM/F12 media.

The DMEM/F12 medium was supplemented with 10 % heat-

inactivated fetal bovine serum, 2 mM-L-glutamine and 1·5 g

sodium bicarbonate/l in the absence of antibiotics.
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Xenograft implantation of tumour cells

Human oral cancer CAL-27 cells were maintained at 378C in a

5 % CO2 incubator and grown to confluency using DMEM/F12

media supplemented with 10 % fetal bovine serum and 0·15 %

(w/v) sodium bicarbonate. To establish the mouse xenograft

model, subconfluent cultures of oral cancer CAL-27 cells

were given fresh medium 24 h before being harvested by a

brief treatment with 0·25 % trypsin and 0·02 % EDTA. Trypsini-

sation was stopped with medium containing 10 % fetal bovine

serum, and the cells were washed twice and resuspended in

serum-free medium. Only single-cell suspensions with a viabi-

lity of .90 % were used for the injections.

Animals, diet and S-allylcysteine supplementation

Adult (3–4 weeks old) BALB/C AnN-Foxn1 nude mice

(22–25 g) were obtained from the National Laboratory

Animal Center (Taipei, Taiwan). Mice were maintained

under specific pathogen-free conditions in facilities approved

by the National Laboratory Animal Center in accordance

with current regulations and standards (animal protocol no.

97-5-D). During the entire experimental period, mice were

fed a standard Lab 5010 diet purchased from LabDiet Inc.

(St Louis, MO, USA). The standard diet contained crude fat

(13·5 % total diet energy), protein (27·5 % total diet energy)

and carbohydrate (59 % total diet energy), and had no detect-

able amounts of SAC, as indicated by the supplier.

Mice that had been anaesthetised with inhaled isofluorane

were placed in a supine position. Then each BALB/C

AnN-Foxn1 nude mouse was subcutaneously injected with

approximately one million human oral cancer CAL-27 cells

into the right flank. A well-localised bleb was considered to

be a sign of a technically satisfactory injection. After the inocu-

lation, mice were divided into three subgroups. SAC was dis-

solved in distilled water and given to the experimental animals

by oral administration once per d at a total volume of 0·15 ml.

One group (low-dose SAC) received a daily oral consumption

dose of SAC dissolved in distilled water at 5 mg/kg body

weight (BW) once per d. The other group (high-dose SAC)

received SAC at an oral dose of 40 mg/kg BW once per d.

The tumour control group did not receive any SAC

supplementation. To measure OPN plasma levels, tumour-

free mice were used as the normal control group. Both the

normal control group and the tumour control group received

only distilled water instead of treatment. Tumour volume was

calculated by the following formula: 0·524 L1(L2)
2, where L1

and L2 represent the long and short axis of the tumour,

respectively. BW was determined once weekly. At the end

of the experimental period, animals were euthanised with

CO2 inhalation; tumour tissues were then excised, weighed

and frozen for further experiments.

The remaining tissues of liver, lung, spleen, pancreas and

intestine were also frozen immediately, sectioned and stained

with Mayer’s haematoxylin–eosin for light microscopy. Blood

samples were collected from the heart into a 1 ml vacutainer

tube containing heparin and centrifuged for 10 min at 1000g

to obtain plasma.

Histopathological, immunohistochemical and
immunofluorescent staining of tumour tissues

Frozen tumour tissues were cut in 5mm sections and immedi-

ately fixed with 4 % paraformaldehyde. Sections were stained

with Mayer’s haematoxylin–eosin for light microscopy. Nega-

tive controls did not exhibit any staining. In a blinded manner,

three hot spots were examined per tumour section (high-

power fields 400 £ ) of six different tumours in each group.

Images of tumour sections were acquired on an Olympus

BX-51 microscope using an Olympus DP-71 digital camera

and imaging system (Olympus, Tokyo, Japan).

For immunohistochemical staining, frozen tissue sections

were treated with 0·3 % H2O2 to block the endogenous per-

oxide activity. Non-specific protein bindings were blocked

with 10 % normal goat serum for 1 h followed by incubation

with an anti-MPG primary antibody (1:300). Tissue sections

were washed with 0·1 M-PBS and incubated with biotinylated

immunoglobin G (1:300 secondary antibody) at room tem-

perature for 1 h. Tissue sections were stained with avidin–

biotin complex, diaminobenzidine and H2O2. Cell nuclei

were stained with haematoxylin. Imaging was performed at

200 £ and 400 £ magnification. Images of tumour sections

were acquired on an Olympus BX-51 microscope using an

Olympus DP-71 digital camera and imaging system.

For immunofluorescent staining, primary oral cancer tissues

were frozen, sectioned and subjected to anti-PCNA, anti-

vimentin and anti-COX-2 antibodies. The sectioned tissues

that were probed with anti-PCNA antibody or anti-vimentin

antibody were further subjected to a secondary antibody

with an anti-IgG-conjugated fluorescein isothiocyanate label.

The sectioned tissues that were probed with anti-COX-2 anti-

body were further subjected to a secondary antibody with a

rhodamine label. Cell nuclei were stained with 4,6-diami-

dino-2-phenyl indole. Imaging was performed at 400 £ mag-

nification. Images of the tumour sections were acquired on an

Olympus BX-51 microscope using an Olympus DP-71 digital

camera and imaging system.

Protein extraction

Briefly, animal tissues were prepared using a Tissue Nuclear

Extract Reagent Kit (Pierce Biotechnology Inc., Rockford, IL,

USA) containing protease and phosphatase inhibitors, accord-

ing to the manufacturer’s instructions. After centrifugation for

10 min at 12 000g to remove cell debris, the supernatants were

further separated and retained as cytoplasmic and nuclear

fraction extracts, respectively. Cross-contamination between

the nuclear and cytoplasmic fractions was not found (data

not shown).

Western blotting analysis

The cytoplasmic and nuclear fractions of tissue proteins

(60mg) were fractionated on 10 % SDS-PAGE, transferred

to a nitrocellulose membrane and blotted with an anti-

phosphorylation Akt monoclonal antibody, according to

the manufacturer’s instructions. The blots were stripped
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Fig. 1. S-allylcysteine (SAC) inhibited tumour growth and the progression of oral cancer in a mouse xenograft model. (A) Xenograft nude mice (n 6 per group)

were divided into three groups (tumour, tumour with low SAC, tumour with high SAC) and given SAC (0, 5 and 40 mg/kg body weight (BW) per d) for 4 weeks.

The extent of tumour growth was evaluated by the measurement of the tumour volume. The data on the tumour volume represent the proliferation index in primary

tumour tissues. a,b,c Values with unlike letters are significantly different at each time point (P,0·05). , Tumour; , tumour þ 5 mg SAC/kg BW; ,

tumour þ 40 mg SAC/kg BW. (B) Data represent the change in tumour weight among the control, low_SAC (5 mg/kg BW per d) and high_SAC (40 mg/kg

BW per d) groups. a,b,c Values with unlike letters are significantly different at week 4 (P,0·05). (C) Samples from the different groups of oral cancer tissue were

frozen, sectioned and subjected to anti-proliferating cell nuclear antigen (PCNA) antibody by immunofluorescent staining described in the Materials and methods

section. Imaging was documented at 400 £ magnification. The green fluorescence area represented the distribution of the PCNA protein in CAL-27 cells stained

with a monoclonal antibody. The blue fluorescence area represented the location of cell nuclei stained with 4,6-diamidino-2-phenyl indole. The mean integrated flu-

orescence of the PCNA protein is shown in the bottom panel. a,b,c Values with unlike letters are significantly different (P,0·05). The results presented are represen-

tative of six different experiments. (D) The oral cancer tissues were formalin-fixed, embedded in paraffin, sectioned and subjected to haematoxylin–eosin (H&E)

staining. Imaging was documented at 400 £ magnification. The blue spots indicated with the green arrows represent the nuclei stained with haematoxylin. The red

spots are the cytoplasm stained with eosin. (E) The oral cancer tissues were frozen, sectioned and subjected to anti-N-methylpurine DNA glycosylase (MPG) anti-

body by immunohistochemical staining described in the Materials and methods section. Imaging was performed at 200 £ (a–c) and 400 £ (d–f) magnification. The

dark brown spots indicated with the green arrows represent the distribution pattern and levels of the MPG proteins in oral cancer cells stained with a monoclonal

antibody. The blue area indicates the location of the cell nuclei stained with haematoxylin. The mean integrated MPG protein intensities are shown in the bottom

panel. a,b,c Values with unlike letters are significantly different (P,0·05). Values are means, with standard errors represented by vertical bars.
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and reprobed with a b-actin antibody as the loading control.

The levels of phosphorylated mTOR, phosphorylated IkBa,

phosphorylated ERK 1/2 and total E-cadherin proteins in

tumour tissues were measured with the same procedure as

described previously. The levels of p16Ink4a, cyclin D1 and

NF-kB p65 (RelA) in the nuclear fractions of tumour tissues

were measured using a similar procedure as described pre-

viously. The blots were stripped and reprobed with a lamin

A/C antibody as the loading control.

Detection of plasma osteopontin by ELISA

OPN plasma level was measured by ELISA (R&D Systems,

Inc.), according to the manufacturer’s instructions. Briefly, a

100ml diluted plasma sample (1:100 dilution) from each

group (tumour-free mice, tumour control mice, low_SAC

mice and high_SAC mice) was added to each well and

analysed. Upon completion of the ELISA process, the plate

was read at 450/570 nm wavelength using a microplate

reader (Tecan Inc., Mannedorf, Switzerland).

Statistical analysis

Quantitative analysis was used to determine whether there

were differences in tumour weight or volume among the

low_SAC, high_SAC and tumour control groups (n 6 per

group) in human oral cancer-bearing mice. Statistical analyses

of the differences in tumour weight or volume among the

experimental and control conditions were performed using

SYSTAT software (SYSTAT Software Inc., Chicago, IL, USA).

Confirmation of a difference in tumour weight or volume as

statistically significant required a rejection of the null hypoth-

esis of no difference between the mean weight or volume

obtained from the different sets of experimental and control

groups at the P¼0·05 level using one-way ANOVA. The Bon-

ferroni post hoc test was used to determine differences

between the groups.

Results

S-allylcysteine inhibited tumour growth and the
progression of oral cancer in a mouse xenograft model

Our previous study has demonstrated that SAC inhibited the

proliferation of human oral cancer CAL-27 cells in vitro. We

therefore extended our investigation to an in vivo xenograft

tumour model to validate the significance of the in vitro find-

ings. The inhibitory effects of SAC on the growth of oral

cancer cells in a mouse xenograft tumour model were investi-

gated. A mouse xenograft tumour model was established by

subcutaneously inoculating human oral cancer CAL-27 cells

into the right flank of each nude mouse. The results showed

that SAC consumption significantly suppressed the growth of

oral cancer in tumour-bearing mice (P,0·05). By the end of

the study (4th week), the tumour volume per mouse had

decreased from 177 (SE 18) mm3 in the tumour control group

to 126 (SE 25) and 47 (SE 6) mm3 in the 5 mg SAC/kg BW

(low_SAC) and 40 mg SAC/kg BW (high_SAC)-fed groups,

respectively, accounting for a 30 and 74 % inhibition in

tumour growth (P,0·05) (Fig. 1(A)). The tumour weight

results at the end of the study further supported these

findings. Compared with the tumour control group, which had

a tumour weight of 0·28 (SE 0·02) g/mouse, the low_SAC- and

high_SAC-fed mice had 0·2 (SE 0·01) and 0·08 (SE 0·02) g/

mouse tumour weight, accounting for a 27 and 70% decrease,

respectively (P,0·05) (Fig. 1(B)). Both the low_SAC and high_-

SAC doses significantly inhibited oral cancer tumour growth in

this mouse xenograft model (P,0·05).

Furthermore, SAC significantly inhibited the protein levels

of PCNA in tumour-bearing mice (P,0·05; Fig. 1(C)). The

haematoxylin–eosin staining results also demonstrated that

SAC inhibited tumour progression in this mouse xenograft

model (Fig. 1(D)). Immunohistochemical staining showed

that SAC suppressed the nuclear levels of MPG in tumour tis-

sues (b, c v. a and e, f v. d; Fig. 1(E)). Compared with the

tumour control group, SAC at both the low and high doses

suppressed tumour tissue MPG levels by up to 34 and 71 %,

respectively. These results demonstrated that SAC significantly

suppressed both tumour growth and progression (P,0·05),

providing evidence for the chemopreventive effects of SAC.

The mechanism of action appears to be associated with the

suppression of nuclear PCNA and MPG.

S-allylcysteine decreased the osteopontin plasma level
in tumour-bearing mice

To further investigate the chemopreventive effects of SAC on

tumour progression in oral cancer, we measured the OPN

plasma level using ELISA analysis. As shown in Fig. 2, mice

inoculated with oral cancer CAL-27 cells had high plasma

levels of OPN. However, SAC at either a low dose (5 mg/kg

BW) or a high dose (40 mg/kg BW) significantly decreased

the plasma OPN protein level (P,0·05). By the end of the

0

50

100

150

P
la

sm
a 

O
P

N
 (

n
g

/m
l)

Tumour SAC (mg/kg BW)

– ++ +

0 0 5 40

a

b

c

d

Fig. 2. S-allylcysteine (SAC) decreased the osteopontin (OPN) plasma level

in tumour-bearing mice. The plasma levels of OPN were quantified with an

ELISA Kit (R&D Systems, Inc., Minneapolis, MN, USA). Briefly, an equal

amount of a diluted plasma sample (100ml) from each group (tumour-free

mice, tumour control mice, low_SAC mice and high_SAC mice) was added

to each well and reacted with the primary antibody against OPN according

to the manufacturer’s instructions. Upon completion of the ELISA process,

fluorescence intensities were read using a wavelength of 450/570 nm. These

results are representative of six different experiments. Values are means,

with their standard errors represented by vertical bars. a,b,c,d Values with

unlike letters are significantly different (P,0·05).
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study, the basal OPN plasma levels in tumour-free mice were

approximately 21 (SE 5) ng/ml. The OPN plasma levels

decreased from 115 (SE 8) ng/ml in the tumour control

group to 84 (SE 3) and 43 (SE 5) ng/ml in the low_SAC and

high_SAC-fed groups, respectively. These results suggested

that the chemopreventive effects of SAC are associated with

decreases in the OPN plasma level in tumour-bearing mice.

S-allylcysteine inhibited the phosphatidylinositol-3-
kinase/Akt and mitogen-activated protein kinase/
extracellular signal-regulated kinase signalling pathways
in tumour-bearing mice

To further validate the importance of SAC, we analysed

the inhibitory effects of SAC on different elements of the

PI3K/Akt/mTOR and MAPK/ERK signalling pathways. As

shown in Fig. 3(A), increases in the phosphorylation levels

of Akt and mTOR proteins were widely observed in tumour

tissues. Moreover, SAC at either of the two different doses

(5 and 40 mg/kg BW) significantly decreased the phosphoryl-

ation levels of Akt and mTOR proteins in a dose-dependent

manner (Fig. 3(B)). SAC also significantly suppressed the

phosphorylation level of the IkBa protein in tumour tissues

(Fig. 3(A)). These quantitative results suggested that the con-

sumption of SAC was able to inhibit the activation of the

Akt/mTOR signalling pathways and NF-kB in this mouse

xenograft tumour model (Fig. 3(B)).

Our previous in vitro study has indicated that SAC inhib-

ited the EMT process(42). In the present study, we further

investigated whether SAC consumption would suppress
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Fig. 3. S-allylcysteine (SAC) inhibited the phosphatidylinositol-3-kinase/Akt and mitogen-activated protein kinase/extracellular signal-regulated kinase (ERK)

signalling pathways in tumour-bearing mice. (A) The preparation of the cell lysates from animal tissues was briefly described in the Materials and methods section.

Cell lysates were blotted with anti-phosphorylation Akt (p-Akt), anti-phosphorylation mammalian target of rapamycin (p-mTOR) and anti-phosphorylation inhibitor

of kBa (p-IkBa) monoclonal antibodies. The levels of detection in the cell lysates represent the amount of phosphorylated Akt, mTOR and IkBa proteins in tumour

tissues. The blots were stripped and reprobed with an anti-b-actin antibody as the loading control. The results are representative of six different experiments. The

immunoreactive bands are noted with the arrow. (B) Integrated densities of p-Akt, p-mTOR and p-IkBa proteins adjusted with the internal control protein (b-actin).
a,b,c Values with unlike letters are significantly different (P,0·05). (C) Cell lysates were blotted with anti-phosphorylation ERK (p-ERK) 1/2 and anti-E-cadherin

monoclonal antibodies, as described in the Materials and methods section. The detection levels in the cell lysate represent the amount of phosphorylated ERK 1/2

proteins and total E-cadherin proteins in human oral cancer cells. The blots were stripped and reprobed with an anti-b-actin antibody as the loading control. The

results are representative of six different experiments. The immunoreactive bands are noted with the arrow. (D) Integrated densities of p-ERK 1/2 proteins and

total E-cadherin proteins adjusted with the internal control protein (b-actin). a,b Values with unlike letters are significantly different (P,0·05). Values are means,

with their standard errors represented by vertical bars.
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MAPK/ERK signalling pathway activation in a mouse

xenograft model. As shown in Fig. 3(C), SAC (at a dose of

5 or 40 mg/kg BW) significantly inhibited the phosphoryl-

ation levels of ERK1/2 proteins in tumour-bearing mice.

Moreover, SAC induced the expression of E-cadherin proteins

in tumour tissues. These results show that the inhibitory

effects of SAC on tumour growth and progression, including

the EMT, are associated with a suppression of the MAPK/ERK

signalling pathway in tumour-bearing mice (Fig. 3(D)).

Together, these observations strongly suggest that SAC

impairs the PI3K/Akt/mTOR and MAPK/ERK pathways as

broad effects in oral cancer CAL-27 cells in a mouse xeno-

graft model.

S-allylcysteine significantly suppressed the expression
of cyclin D1 and NF-kB in the mouse xenograft
tumour model

Previous investigations have indicated that cyclin D1 protein

plays an important role in the regulation of cell proliferation.

Moreover, the NF-kB-mediated expression of COX-2 is

strongly correlated with tumour progression. Therefore, we

investigated whether SAC would suppress the expression

of cyclin D1 proteins in vivo. As shown in Fig. 4(A), SAC

significantly induced the expression of the cell-cycle

inhibitor p16Ink4, and suppressed the nuclear levels of

cyclin D1 and NF-kB p65 (RelA) proteins in tumour-bearing

mice. The quantitative results demonstrated that SAC

(at 5 and 40 mg/kg BW) even suppressed the expression

of NF-kB by up to 60 and 80 %, respectively (Fig. 4(B)).

These results suggest that the inhibitory effects of SAC on

tumour growth and the progression of oral cancer were

associated with the suppression of cyclin D1 and NF-kB

p65 (RelA). Therefore, SAC has potential as a chemopreven-

tive agent for tumour growth and the progression of oral

cancer, as demonstrated here in this mouse xenograft

tumour model.

Immunofluorescent staining indicated that S-allylcysteine
significantly blocked the epithelial–mesenchymal
transition step and inflammation in oral cancer in these
tumour-bearing mice

Due to the important roles of the MAPK/ERK and PI3K/Akt/

NF-kB signalling pathways in tumour progression and the

EMT, we examined the inhibitory effects of SAC on the

expression of biomarkers such as vimentin and COX-2 in a

mouse xenograft tumour model. The immunofluorescent

staining results showed that SAC significantly inhibited

vimentin expression in tumour-bearing mice (Fig. 5(A)).

SAC also significantly suppressed the expression of COX-2

at doses of 5 and 40 mg/kg BW, respectively (Fig. 5(A)).

The co-localisation of vimentin and COX-2 indicated both

the induction of the EMT and inflammation in tumour tissues.

These results show that SAC minimised the inflammatory

response and prevented EMT progression in tumour-bearing

mice (Fig. 5(B)).
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Fig. 4. S-allylcysteine (SAC) significantly suppressed the expression of

cyclin D1 and NF-kB in the mouse xenograft tumour model. (A) Preparation

of the nuclear fraction cell lysates from animal tissues was briefly described

in the Materials and methods section. Nuclear lysates were blotted with anti-

p16Ink4, anti-cyclin D1 and anti-NF-kB p65 (RelA) monoclonal antibodies, as

described in the Materials and methods section. The levels of detection in

the cell lysate represented the amount of p16Ink4, cyclin D1 and NF-kB p65

(RelA) in tumour tissues. The blots were stripped and reprobed with an anti-

lamin A/C antibody as the loading control. The results presented are repre-

sentative of six different experiments. The immunoreactive bands are noted

with the arrow. (B) Integrated densities of p16Ink4, cyclin D1 and NF-kB p65

(RelA) proteins adjusted with the internal control protein (lamin A/C). Values

are means, with their standard errors represented by vertical bars.
a,b,c Values with unlike letters are significantly different (P,0·05).
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Fig. 5. Immunofluorescent staining indicated that S-allylcysteine (SAC) significantly blocked the epithelial–mesenchymal transition step and inflammation in oral

cancer in these tumour-bearing mice. (A) Tumour tissues were frozen, sectioned and subjected to anti-vimentin and anti-cyclo-oxygenase-2 (COX-2) antibodies

by immunofluorescent staining, as described in the Materials and methods section. Imaging was performed at 400 £ magnification. The green fluorescence area

indicated with the yellow arrows represents the distribution of vimentin protein in CAL-27 cells stained with the monoclonal antibody. The red fluorescence area

indicated with the green arrows represents COX-2 protein in CAL-27 cells stained with the monoclonal antibody. The yellow fluorescence area indicated with the

orange arrows in the merged imaging represents the co-localisation of vimentin and COX-2 proteins in tumour tissues. The blue fluorescence area represents

the location of the cell nuclei stained with 4,6-diamidino-2-phenyl indole. These results are representative of six different experiments. (B) Mean integrated

fluorescence of vimentin and COX-2. Values are means, with their standard errors represented by vertical bars. a,b,c Values with unlike letters are significantly

different (P,0·05).
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Discussion

Many studies have suggested that the phytochemicals in fruits

and vegetables might exert anticancer effects. The consump-

tion of garlic has been associated with a reduced risk in the

occurrence of cancer at different sites, including the liver,

breast and colon(41,43,44). A previous study has indicated that

administration of SAC increased the levels of both reduced

glutathione and glutathione-dependent enzymes(44). Our pre-

vious investigation has demonstrated that SAC inhibited the

cell proliferation and EMT of human oral cancer cells in

vitro (42). We also demonstrated that SAC consumption inhib-

ited the tumour growth of human non-small-cell lung carci-

noma independent of its antioxidant activities(45). SAC, a

water-soluble garlic constituent, is characterised by its high

bioavailability and is found in high concentrations in

AGE(46,47). AGE contains much higher levels of antioxidants

than raw or cooked garlic. The present study was performed

to determine whether SAC would suppress the tumour pro-

gression and EMT process.

As shown in Fig. 1, the results show that SAC at 5 mg/kg BW

(low dosage) and 40 mg/kg BW (high dosage) dose-depen-

dently inhibited the growth of oral cancer in tumour-bearing

mice without any apparent untoward toxicity (data not

shown). SAC is therefore safe at the studied doses. There

was no difference in food intake or BW in the present study

between the animal groups. A previous study has shown

that there were no toxic symptoms at SAC doses between

250 and 2000 mg/kg BW. The haematoxylin–eosin staining

results suggested that SAC blocks oral cancer tumour pro-

gression in tumour-bearing mice. Previous studies have

demonstrated that PCNA is a trimeric complex with an essen-

tial role in DNA replication. PCNA makes up the platform

required for the activity of DNA polymerases d and 1 during

DNA replication. The present study shows that SAC also inhi-

bits the expression of PCNA in tumour tissues. Immunofluor-

escent staining indicates that SAC is able to effectively block

the proliferation of human oral cancer cells in nude mice.

The results suggest that SAC inhibits tumour growth through

a suppression of DNA replication.

MPG, a carcinogenesis promoter, has been shown to be up-

regulated in several cancer cell lines(29). Overexpression of

this enzyme has been found to contribute to the formation

of chromatid exchanges, chromosomal aberration and gene

mutations(30). In considering the role of MPG in carcinogen-

esis, we also investigated the expression of MPG protein in

tumour tissues. Interestingly, the present results demonstrated

that MPG proteins were highly expressed in the nuclei of

tumour tissues in the tumour control group. However, con-

sumption of SAC at both of the low and high doses prevented

the nuclear translocalisation of MPG proteins. Most of the

MPG proteins were diminished in the nuclei and retained in

the cytoplasm of tumour tissues in both the low_SAC and

high_SAC-fed groups (Fig. 1(E)).

These results comprise novel evidence of chemopreventive

effects and demonstrate that SAC is able to suppress the

nuclear levels of MPG proteins in tumour tissues. Investigation

into the effects of SAC on the formation of chromatid

exchanges and chromosomal aberration will be undertaken

in the near future. Previous study has indicated that an over-

expression of OPN is associated with certain activities related

to tumour growth and progression, including angiogenesis,

invasion and metastasis in oral cancer. The expression of

OPN (a prognostic biomarker of human oral cancer) is consist-

ently associated with transformed epithelium in pre-malignant

lesions and invasive squamous cell carcinoma. Secretion of

OPN into the local tumour microenvironment may promote

tumour cell proliferation, migration and angiogenesis by bind-

ing cell-surface receptors such as the avb3 integrin proteins.

The results here show that SAC suppressed the expression

and secretion of OPN in this mouse xenograft tumour model

(Fig. 2). This indicates that the inhibitory effects of SAC on

the tumour progression of oral cancer were significantly

associated with the suppression of OPN expression and

decreases in nuclear MPG proteins in this mouse xenograft

tumour model. There is thus a potentially beneficial role of

SAC in the chemoprevention of oral cancer.

Many studies have demonstrated that the PI3K/Akt/mTOR

signalling pathway plays an important role in the regulation

of tumour growth and the progression of oral cancer(6). The

activated Akt/mTOR signalling pathway has been observed

in oral cancer cells and an essential role suggested in the con-

trol of gene expression and protein translation, which exerts

an impact on cell proliferation and inflammation during

tumour development. Previous studies have indicated that

there was a PI3K-dependent phosphorylation of Akt or

NF-kB molecules from among a panel of oral cancer cell

lines, which effect was correlated with resistance to therapy(13).

The mTOR inhibitor rapamycin was shown to prevent tumori-

genesis and to render oral cancer cell lines with highly

activated Akt/mTOR more responsive to growth inhibition(48).

Collectively, the evidence shows a significant role of the acti-

vated PI3K/Akt/mTOR pathway in oral cancer. In the present

study, SAC effectively inhibited the phosphorylation of Akt,

mTOR and IkBa proteins (Fig. 3(A)). SAC, even at a low

dosage (5 mg/kg BW), thereby inhibited the activation of the

ERK 1/2 signalling pathway in tumour tissues (Fig. 3(C)). More-

over, SAC consumption induced the expression of E-cadherin

proteins in tumour tissues. To examine whether SAC sup-

pressed tumour growth and progression in oral cancer, we

investigated the effects of SAC on the expression of cyclin D1

and NF-kB. The present results demonstrated that SAC

significantly suppressed the expression of cyclin D1 and

NF-kB proteins in tumour tissues. Furthermore, we investigated

the effects of SAC on the expression of the cell-cycle inhibitor

p16Ink4. The consumption of SAC induced the expression of

p16Ink4 (Fig. 4), which was correlated with the finding

that SAC inhibited tumour growth and progression in tumour-

bearing mice.

During the course of tumour progression, oral carcinoma

cells typically lose their cell–cell adhesion capacity and

become detached from neighbouring cells. The poor

prognosis of oral cancer is frequently associated with this

detachment along with inflammation and the EMT. The

inflammatory response is characterised by increased COX-2

activity and PG expression. EMT progression features the
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loss of E-cadherin and the overexpression of vimentin. We

have previously demonstrated that SAC consumption helped

augment the expression of E-cadherin proteins(42). To further

investigate the effects of SAC on tumour progression and the

EMT in oral cancer, we further identified the effects of SAC

on the expression of COX-2 and vimentin. To investigate the

correlation between inflammation and EMT progression in

the mouse xenograft model, we determined the expression

of these biomarkers using immunofluorescent staining. As

shown in Fig. 5, SAC effectively suppressed the expression

of vimentin and COX-2 in tumour-bearing mice. The results

also demonstrated a coordination between inflammation and

the EMT biomarkers. These results suggest a strong correlation

between inflammation and the EMT occurring in oral

carcinoma that developed in this mouse xenograft model.

Consumption of SAC inhibited inflammation and tumour pro-

gression, including the EMT. The results from the present

study are consistent with our previously reported findings(42).

In the present study, SAC consumption (at concentrations of

5 and 40 mg/kg BW per d) inhibited the activation of the PI3K/

Akt/mTOR and MAPK/ERK signalling pathways and sup-

pressed the expression of cyclin D1 and NF-kB p65 (RelA)

proteins. Furthermore, SAC inhibited the expression of vimen-

tin and COX-2 proteins in tumour-bearing mice. In conclusion,

SAC significantly suppressed oral cancer tumour growth and

progression, including the EMT step, in this mouse xenograft

tumour model of oral cancer. To the best of our knowledge,

no in vivo experimental evidence has been previously

reported regarding the SAC-mediated suppression of tumour

growth and progression, including the EMT. This is the first

in vivo evidence for the chemopreventive effects of SAC.
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