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Lung cancer is one of the leading causes of cancer death in the world. Human non-small-cell lung

carcinoma (NSCLC) accounts for almost 80% of lung cancer cases. Aberrant phosphoinositide 3-kinase

(PI3K)/Akt/mTOR signaling pathways play important roles and have been widely observed in the

development of NSCLC. Previous studies indicated that garlic extracts such as diallyl disulfide (DADS)

and diallyl trisulfide (DATS) could inhibit the proliferation of several types of cancer in vitro. However, the

inhibitory effects of S-allylcysteine (SAC) on the growth of NSCLC have not been demonstrated yet.

Therefore, this study investigated whether consumption of SAC could prevent the growth of NSCLC in

both in vitro and in vivo models. It was found that SAC significantly inhibited the proliferation of human

NSCLC A-549 cells in vitro. Treatment of the NF-κB inhibitor, Bay-11-7082, could significantly inhibit the

proliferation of NSCLC A-549 cells. The results demonstrated that SAC significantly suppressed the

activation of mTOR, NF-κB, and cyclin D1 molecules in vitro. Furthermore, the results demonstrated that

consumption of SAC significantly inhibited the growth of highly metastatic human NSCLC cells in tumor-

bearing mice. Bioluminescence imaging and pathological and immunohistochemical (IHC) staining

results also indicated that SAC could effectively suppress the growth and malignant progression of

human NSCLC in vivo. The chemopreventive effects of SAC were associated with suppression of

mTOR and NF-κB molecules in vivo. These results suggested that SAC could act as an effective agent

against the malignant progression of human NSCLC in both in vitro and in vivo models.
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INTRODUCTION

Lung cancer is the leading cause of malignancy-related death in
theWesternworld (1,2).Clinically, lung cancer is classified into two
categories: non-small-cell lung carcinoma (NSCLC) and small-cell
lung carcinoma (SCLC).NSCLCaccounts for approximately 85%
of carcinoma cases, and SCLC constitutes almost all of the remain-
ing ones. Somaticmutationofmultiple proto-oncogenes and tumor
suppressor genes would lead to the tumorigenesis of lung cancer.
Generally, cancer development results from aberrant cell prolifera-
tion and abnormalities in apoptosis. Several molecular targets
responsible for cancer development have been extensively studied
in the past few years. The phosphoinositide 3-kinase (PI3K)/Akt
signaling pathway has been shown to be the predominant growth-
factor-activated pathway in the tumorigenesis of many types of
cancer (3-6). The downstream mammalian target of rapamycin
(mTOR) has been further identified as a target of the PI3K/Akt
signaling pathway (7). The PI3K/Akt/mTOR signaling path-
way controls the cell cycle progression and cell proliferation of

NSCLC (8,9). The amplification of these signaling pathways could
lead to aberrant proliferation of cancer cells and tumorigenesis.
During the activation of these signaling pathways, cell cycle related
proteins such as cyclin D1 and proliferating cell nuclear antigen
(PCNA) are major regulators for cell-cycle progression and DNA
replication, respectively (10, 11). A recent study indicated that
p21CIP1/WAF1 proteinmay serve as a cell-cycle inhibitor protein and
suppress the functionsof cyclinD1andPCNAproteins (10,11). The
activatedAkt/mTORsignalingpathwayhasbeen found inNSCLC
and uncovered essential roles in the control of gene expression and
protein translation, which affect cellular proliferation and tumor
angiogenesis. Previous studies indicated that PI3K- dependent
phosphorylation of Akt or mTORmolecules in a panel of NSCLC
cell lines was correlated with resistance to chemotherapy (3). The
mTOR inhibitor rapamycin alone or in combination with chemo-
therapy treatment rendered NSCLC cell lines with highly Akt/
mTORmore responsive to apoptosis and growth inhibition (7,12).
Collectively, these pieces of evidence show significant roles of the
activated EGFR and PI3K/Akt/mTOR pathway in NSCLC.
Previous study indicated that the PI3K signaling pathway mod-
ulates cellular progression of NSCLC (13). The activated Akt
signaling pathway is also involved in the expression of cyclooxy-
genase-2 (COX-2) of many types of cancer cells. Regulation of
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COX-2 gene expression ismainly regulated by several transcription
factors such as nuclear factor-κB (NF-κB) through the PI3K/Akt
signaling pathway (14). The active NF-κB consists of a dimer of a
REL family protein (p65) and a p50 or p52 subunit. NF-κB is
maintained in the cytoplasm through interaction with inhibitors of
NF-κB (IκB) (14). Upon stimulation, NF-κB is translocated into
the nucleus and promotes cancer cell proliferation, invasion, and
malignancy. Suppression of the Akt/NF-κB signaling pathway
could lead to the suppression of cellular proliferation and
malignancy (14-16). Small molecules that target the Akt/mTOR
pathwaymay effectively cure lung cancer. Therefore, the regulation
of the PI3K/Akt/NF-κB signaling pathway and COX-2 may
become possible targets for anticancer drug treatment or nutri-
tional intervention.

Current treatments for lung cancer patients include surgery,
radiotherapy, and chemotherapy. Although chemotherapy could
improve the 5-year survival rate of NSCLC patients up to 15%,
the lack of effective approaches is still widespread. Experimental
data demonstrate that the active ingredients in garlic (Allium
sativum) extracts including S-allylcysteine (SAC), diallyl disulfide
(DADS), and diallyl trisulfide (DATS) have anticarcinogenic
effects and inhibit the growth of several types of cancer (17-21).
Epidemiological studies suggested that consumption of garlic
might have protective effects against several types of cancer
including stomach and colon (22, 23). However, to date, the in
vitro and in vivo inhibitory effects of SAC on the proliferation of
human lung cancer cells have not been demonstrated. Therefore,
in this study, we determined the molecular actions of SAC on
malignant progression of human NSCLC A-549 cells in both in
vitro cell culture and in vivo mouse xenograft models.

MATERIALS AND METHODS

Reagents and Antibodies. S-Allylcysteine with purity of >98% was
purchased from LKT Laboratories, Inc. (St. Paul, MN) . Anti-PCNA,
anti-NF-κB, antiphosphorylation Akt, and antiphosphorylation mTOR
monoclonal antibodies were purchased from Cell Signaling Technology,
Inc. (Danvers, MA). Anti-β-actin antibody was purchased from Sigma
(St. Louis, MO). Human NSCLC A-549 cell line with luciferase reporter
gene was purchased from Caliper Life Sciences Inc. (Hopkinton, MA).
RPMI-1640mediumand phosphate-buffered saline (PBS) were purchased
from Invitrogen Inc. (Carlsbad, CA). Tissue lysis kit was purchased from
Pierce Biotechnology Inc. (Rockford, IL).S-Allylcysteine was dissolved in
distilled water at a concentration of 400 mM and stored at-20 �C. Imme-
diately before the experiment, different concentrations of SAC solution
were freshly prepared and given to NSCLC A-549 cancer cells or experi-
mental animals.

Cell Culture. Briefly, human NSCLC A-549 cells were cultured in a
37 �C humidified incubator with 5% CO2 and grown to confluency using
fetal bovine serum (FBS) supplemented RPMI-1640 media. Cells used in
different experiments have a similar passage number. RPMI-1640medium
was supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine,
and 1.5 g/L sodium bicarbonate in the absence of antibiotics.

Assessment of Cell Proliferation. TheMTT assay was conducted to
detect cell proliferation. HumanNSCLCA-549 cells were seeded in 24-well
plates, eachwell containing 1� 105 cells. After 24 h, the culturemediumwas
replaced by medium with SAC or specific inhibitors for different signaling
pathways. There were triplicates for each concentration. At different time
points, the 24-well plate was taken out and fresh 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT, final concentration of 0.5mg/
mL in PBS) was added to each well. After 2 h of incubation, the culture
media were discarded, 200 μL of acidic isopropanol was added to each well,
and the plate was vibrated to dissolve the depositor. The optical density was
measured at 570 nm with a microplate reader.

Xenograft Implantation of Tumor Cells. Briefly, human NSCLC
A-549 cells weremaintained at 37 �C in a 5%CO2 incubator and grown to
confluency using 10% FBS and 0.15% (w/v) sodium bicarbonate RPMI-
supplemented media. To produce a mouse xenograft model, subconfluent
cultures of NSCLCA-549 cells were given freshmedium 24 h before being

harvested by a brief treatment with 0.25% trypsin and 0.02% EDTA.
Trypsinization was stopped with medium containing 10% FBS, and the
cells were washed twice and resuspended in serum-free medium. Only
single-cell suspensions with a viability of >90% were used for injections.

Animals, Diet, and SAC Supplementation. Adult (3-4 weeks old)
BALB/CAnN-Foxn1 nude mice (22-25 g) were obtained from the
National Laboratory Animal Center (Taipei, Taiwan). Mice were main-
tained under specific pathogen-free conditions in facilities approved by the
National Laboratory Animal Center in accordance with current regula-
tions 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). The standard diet contains crude fat
(13.5% total energy of diet), protein (27.5% total energy of diet), and
carbohydrate (59% total energy of diet) and had no detectable amounts of
SAC as indicated by the supplier.

Mice anesthetized with an inhalation of isofluorane were placed in a
supine position. Human NSCLC A-549 cells (1�106/0.1 mL medium)
were inoculated into BALB/C nude mice. A well-localized bleb was a sign
of a technically satisfactory injection. After the inoculation, mice were
divided into three subgroups. SACwas dissolved in distilledwater and given
to nude mice by gavage once a day at a total volume 0.15 mL. One group
(low dosage of SAC) received daily oral consumption of SAC dissolved in
distilled water at a dose of 240 mg/kg of body weight (BW) once per day.
The other group (high dosage of SAC) received daily oral consumption of
SAC at a dose of 480 mg/kg of BW once per day. The tumor control group
received only distilledwater. Bodyweights were alsomeasured onceweekly.
Following 8 weeks of treatment, the mice were sacrificed, and tissues
including tumors were frozen immediately, sectioned, and stained with
hematoxilin-eosine (H&E) for light microscopic analysis.

Bioluminescence Imaging of Tumor. Documentation of biolumins-
cence imaging was performed by using an in vivo imaging system (IVIS).
Luciferin (15 mg/mL), the substrate of luciferase, was injected into the
tumor-bearing mice peritonally. Results of bioluminescence imaging were
analyzed by accessory software. The average bioluminescence intensity
was correlated to the size of tumor tissue and presented as proliferation
index.

Pathological and Immunohistochemical Stainings of Tumor

Tissues. Frozen tumor tissues were cut in 5 μm sections and fixed
immediately. Sections were stained withMayer’s H&E. Negative controls
did not show staining. In a blinded manner, several hot spots were
examined per tumor section (high-power fields � 200) in each group.
Images of tumor sectionswere acquired on anOlympusBX-51microscope
using the Olympus DP-71 digital camera and imaging system.

Preparation of Protein Extraction. Cell lysates from animal tissues
were prepared using a Tissue Extract reagent kit containing protease
inhibitor and phosphatase inhibitors according to the manufacturer’s
instruction. After centrifugation for 10 min at 12000g to remove cell
debris, the supernatants were retained as a whole tissue extract. Cross-
contamination between nuclear and cytoplasma fractions was not found
(data not shown).

Western BlottingAnalysis.Briefly, tissue proteins or cell lysates were
extracted according to the manufacturer’s instruction. Cellular proteins
(100 μg) were fractionated on 10% SDS-PAGE, transferred to nitrocellu-
lose membrane, and blotted with anti-NF-κB p65 (Rel A) monoclonal
antibody, according to the manufacturer’s instructions. The blots were
stripped and reprobed with either β-actin or lamin A/C antibodies as
loading control. Levels of phosphorylatedmTOR, cyclinD1, p21CIP1/WAF1,
PCNA, and phosphorylation Akt in cell lysates or tumor tissues were
measured by using the same procedure described above.

Statistical Analysis. The quantitative methodology was used to
determine whether the difference in the tumor weight or proliferation
index among experimental sets Low_SAC,High_SAC, and tumor control
sets (n=6 for each group) in humanNSCLC cancer cells bearingmice. In
brief, statistical analyses of the differences in tumor weight or proliferation
index among experimental and control conditions were performed using
SYSTAT software. Confirmation of difference in tumor weight or pro-
liferation index as being statistically significant requires rejection of the
null hypothesis of no difference between mean weight obtained from
duplicate sets of experimental and control groups at the p=0.05 level with
the one-way ANOVA model. The Bonferroni post hoc test was used to
determine differences among different groups.
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RESULTS

Inhibitory Effects of SAC on the Proliferation of Human

NSCLC A-549 cells in Vitro. As shown in Figure 1, SAC signif-
icantly inhibited cell proliferation of human NSCLC A-549 cells
in vitro. At 24 h, SAC (at concentrations of 5, 10, and 20 mM)
effectively suppressed the proliferation of human NSCLC A-549
cells up to 10, 17, and 30%, respectively. At 48 h, SAC (at
concentrations of 5, 10, and 20 mM) significantly suppressed the
proliferation of human NSCLC A-549 cells up to 22, 30, and
46%, respectively. Furthermore, SAC could significantly sup-
press the proliferation of humanNSCLCA-549 cells up to 37, 59,
and 71% at 72 h, respectively. This also implied that SAC even at
a low concentration of 5 mM could still effectively inhibit the
proliferation of human NSCLCA-549 cancer cells at 72 h. These
results suggested that SAC with chemopreventive effects could
significantly suppress the proliferation of human lung cancer
A-549 cells in dose-dependent and time-dependent manners.

SAC Modulated Akt/mTOR/NF-KB Signaling Pathways in

Human NSCLC A-549 Cells. To further examine the possible
signaling pathways involved in the regulation of cell proliferation,
we treated humanNSCLCA-549 cells with specific inhibitors for
different signaling pathways. As shown in Figure 2A, our results
indicated that treatment of wortmannin (a specific inhibitor of
PI3K) and Bay-11-7082 (a specific inhibitor of NF-κB) signifi-
cantly suppressed cellular proliferation of human NSCLC A-549
cells at 24 and 48 h, respectively. However, PD098059 (a specific
inhibitor of MEK) could mildly inhibit the survival of human
A-549 cells. These results suggested that PI3K/Akt/NF-kB sig-
naling pathways played important roles in the regulation of
cellular proliferation of human NSCLC A-549 cells.

To examine the possible actions of SAC inNSCLCA-549 cells,
we measure the effects of SAC on the downstream molecules of
PI3K signaling pathway. As shown in Figure 2B, SAC (at a
concentration of 20 mM) could time-dependently inhibit the
activation of p-mTORandNF-κBp65 (RelA)molecules without
any change of actin protein. The quantitative results and statis-
tical analysis of these proteins are shown in Figure 2C. Thus, it is
plausible that SAC could modulate the cell proliferation in part
through suppression of the PI-3K/Akt/mTOR signaling pathway
and NF-κB molecule.

SACModulated the Expression of Cyclin D1 Proteins in Human

NSCLC A-549 Cells.Due to the inhibitory effects of SAC on the
proliferation of human NSCLC A-549 cells, we further investi-
gated the possible actions of SAC on the expression of cell-cycle
modulator proteins such as cyclin D1 proteins. As shown in
Figure 3A, our results demonstrated that SAC significantly
inhibited the expression of cyclinD1 proteins in a time-dependent
manner. Because cell-cycle inhibitory protein p21CIP1/WAF1 plays
an important role in the regulation of cycle cell, we further
investigated the effects of SAC on the expression of p21 protein.
As shown in Figure 3A, SAC could significantly induce the
expression of p21 protein. The quantitative results and statistical
analysis of these proteins are shown inFigure 3B. Taken together,
our results indicated that SAC could suppress cell proliferation in
part through the modulation of cell-cycle regulatory proteins.

Consumption of SACSuppressed the Growth of Lung Carcinoma

in Vivo. To further prove our hypothesis, we investigated the
inhibitory effects of SAC on the growth of human lung carcinoma
in vivo. We adapted a mouse xenograft model by inoculating
human NSCLCA-549 cells with luciferase reporter gene into nude
mice. We evaluated the in vivo inhibitory effects of SAC on highly
metastatic neoplasm by using a bioluminescence imaging (BLI)
system. To demonstrate the growth rate of lung cancer in vivo, we
measured the bioluminescence intensity emitted from A-549 cells
once a week. As shown in Figure 4A, consumption of SAC could
significantly inhibit the tumor growth rate at dosages of 240 and
480 mg/kg of BW. Furthermore, dietary intake of SAC (240 and
480 mg/kg of BW/day) could effectively reduce the in vivo bio-
luminescence intensity represented as proliferation index after
8 weeks of experiment period (Figure 4B). In comparison to the
control group (no SAC treatment), consumption of SAC (at a daily
dosage of 240 or 480 mg/kg of BW) significantly reduced tumor
weight 0.42- and0.64-fold, respectively (n=6) (Figure 4C,D). Taken
together, it is probable that consumption of SAC could act as an
effective chemopreventive agent and significantly suppress the in
vivo growth of NSCLC A-549 cells in a mouse xenograft model.

InhibitoryEffects of SAConCellularProliferationAreAssociated

with the Reduced Expression of PCNA Protein in NSCLC A-549

Cell Transplanted Nude Mice. To further identify the inhibitory
effects of SAC on tumor malignancy, we documented the

Figure 1. Inhibitory effects of SAC on the proliferation of human NSCLC A-549 cells in vitro. Human lung cancer cells, cultured in RPMI-1640 medium with
10%FBS in a tissue culture dish, were lifted off by trypsinization, pelleted by centrifugation, and resuspended in the samemedium. Approximately 100,000 cells
were seeded on eachwell of a 24-well plate. The human lung cancer cells were then cultured inRPMI-1640mediumwith SAC (0, 5, 10, and 20mM) for 24, 48,
and 72 h until measurement of cell proliferation. The incubation was stopped at different time points and measured with MTT assays for cell proliferation. The
analysis of cell proliferation was described underMaterials andMethods. Data from three separate experiments are shown as themean(SEM. Similar results
were observed from two independent experiments. Asterisks represent statistically significant difference compared to the control group, p < 0.05. The data
shown are representative of three independent experiments.



Article J. Agric. Food Chem., Vol. 58, No. 20, 2010 11159

pathological changes through Mayer’s H&E staining or immu-
nohistochemical staining of tumor tissues. As shown in
Figure 5A-1, H&E staining results showed high levels of prolif-
erating cells (irregular nuclei stained with blue color) in tumor
tissues. However, consumption of either low dosage (240 mg/kg/
day) or high dosage (480 mg/kg/day) of SAC had lower levels of
proliferating cells (Figure 5A-2,A-3). These results suggested that
consumption of SAC could significantly suppress the prolifera-
tion of cancer cells and inhibit the malignancy of lung carcinoma.

To investigate whether SAC could inhibit tumor growth in
vivo,we further analyzed the nuclear expressionofPCNAprotein
in experimental animals. As shown in Figure 5B, consumption of
SAC could significantly suppress the accumulation of nuclear
PCNA protein in tumor-bearing mice. The quantitative results
and statistical analysis of PCNA protein are shown in the bottom
panel. In Figure 5C, immunohistochemical staining results also
demonstrated consumption of SAC could reduce the level of
PCNA-positively stained NSCLC cells. Quantitative results also
showed that SAC could significantly reduce the PCNA expres-
sion level from the results of immunohistochemical staining.
These results demonstrated that consumption of SAC could
effectively reduce PCNA expression and suppress the growth of
human lung carcinoma in tumor-bearing mice.

Consumption of SAC Suppressed the Malignant Progression of

Lung Carcinoma and Modulated the Expression of NF-KB and

COX-2 Proteins in Tumor-Bearing Mice. To identify the possible
mechanisms of action, we investigated the inhibitory effects of
SAC on PI3K/Akt signaling pathway. As shown in Figure 6A,

increased levels of phosphorylated Akt, mTOR, and activated
NF-κB proteins were widely observed in tumor tissues. However,
consumption of SAC at different dosages (240 and 480 mg/kg of
BW) could significantly suppress the activation of the Akt/mTOR
signalingpathwaysand theactivationofNF-κBp65 (RelA) proteins
in a NSCLC mouse xenograft model. Quantitative results also
showed that consumption of SAC at different dosages (240 and
480 mg/kg of BW) could effectively reduce the phosphorylation of
mTOR protein and expression NF-κB p65 (Rel A) proteins to
<25% of control group (tumor-bearing group). To further investi-
gate the inhibitory effects of SAC on malignant progression of lung
carcinoma, we measured the levels of COX-2 positively stained cells
by using immunohistochemical staining. As shown in the Figure 6B,
mice inoculated with NSCLC A-549 cells had increased levels of
COX-2 protein. Furthermore, consumption of SAC could signifi-
cantly reduce the levels of COX-2 positively stained cells in vivo.
Quantitative results also showed that SACcould significantly reduce
theCOX-2expression level fromthe results of immunohistochemical
staining. These results suggested that the inhibitory effect of SAC on
lung carcinoma is associated with the reduced levels of COX-2
proteins in tumor-bearing mice. Taken together, it is probable that
SAC could inhibit the malignant progression of lung carcinoma in
part through suppression of NF-κB and COX-2 proteins.

DISCUSSION

SAC, a sulfur-containing amino acid, is generated froma soak-
ing preparation of garlic. The SAC content is around 30 μg/g of
fresh garlic (24). Recent studies indicated that SAC could have

Figure 2. SAC modulated Akt/mTOR/NF-κB signaling pathways in human NSCLC A-549 cells. (A) Postconfluent lung cancer cells cultured on 24-well plates were
incubated in RPMI-1640 medium with 10% fetal bovine serum at 37 �C. After washing out the media, lung cancer cells were incubated with DMSO (control vehicle),
wortmannin, Bay-11-7082, andPD098059at 37 �C for different timepoints (24 and48h) until measurement of cell proliferation. The incubationwas stopped at different
time points andmeasured with MTT assays for cell proliferation. The analysis of cell proliferation was described under Materials andMethods. Data from three separate
experiments are shown as the mean ( SEM. Similar results were observed from two independent experiments. Different letters represent statistically significant
difference, p < 0.05. The data shown are representative of three independent experiments. (B) Postconfluent lung cancer cells cultured on 10 cm culture dishes were
incubated in RPMI-1640 medium with 10% fetal bovine serum at 37 �C. After washing out the media, lung cancer cells were incubated with SAC (20 mM) for different
time points. Cell lysates from A-549 cells were prepared using an NE-PER reagent kit containing protease inhibitor and phosphatase inhibitors according to the
manufacturer’s instruction. After centrifugation for 10 min at 12000g to remove cell debris, the supernatants were retained as a cytoplasma extract. Cell lysates were
blotted with antiphosphorylation mTOR and anti-NF-κB p65 (Rel A) monoclonal antibodies as described under Materials and Methods. The levels of detection in cell
lysate represent theamount of phosphorylatedmTORandRelAproteins in human lung cancerA-549 cells. Theblotswere strippedand reprobedwith anti-actin antibody
as loading control. The results presented are representative of three different experiments. The immunoreactive bands are notedwith arrows. (C) The integrated density
of p-mTOR and Rel A proteins adjusted with internal control protein (actin) are shown. Different letters represent statistically significant difference, p < 0.05.
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antioxidant activity (25, 26), cancer chemoprevention effect (27),
and antihepatopathic activity (28). Our previous study also
indicated that SAC could suppress the proliferation and malig-
nant progression of human oral cancer cells through the modula-
tion of cellular signaling pathways (29). The phosphoinositide
3-kinase (PI3K)/Akt/mTOR signaling pathways have been
shown to be the predominant growth-factor-activated pathways
and play important roles in the proliferation and survival of
NSCLC (30,31). Activated Akt/mTOR signaling pathways have

Figure 3. SAC modulated the expression of cyclin D1 proteins in human
NSCLC A-549 cells. (A) Postconfluent lung cancer cells cultured on 10 cm
culture dishes were incubated in RPMI-1640mediumwith 10% fetal bovine
serum at 37 �C. After washing out the media, lung cancer cells were
incubated with SAC (20 mM) for different time points. Cell lysates from
A-549 cells were prepared using an NE-PER reagent kit containing
protease inhibitor according to the manufacturer’s instruction. After cen-
trifugation for 10 min at 12000g to remove cell debris, the supernatants
were retained as a cytoplasma extract. Cross-contamination between
nuclear and cytoplasma fractionswere not found (data not shown). Nuclear
lysates were blotted with anti-cyclin D1 and anti-p21monoclonal antibodies
as described under Materials and Methods. The levels of detection in cell
lysate represent the amount of cyclin D1 and p21 proteins in human lung
cancer cells. The blots were stripped and reprobed with anti-lamin A/C
antibody as loading control. The results presented are representative of
three different experiments. The immunoreactive bands are noted with
arrows. (B)The integrated density of cyclin D1and p21 proteins adjusted
with internal control protein (lamin A/C) are shown. Different letters
represent statistically significant difference, p < 0.05.

Figure 4. Consumption of SAC suppressed the growth of lung carcinoma
in vivo. (A) Xenograft nude mice (n = 6 for each group) were divided into
three groups (tumor, tumor with low SAC, tumor with high SAC) and given
SAC (0, 240, and 480mg/kg of body weight/day) for 8 weeks. The extent of
tumor growth was evaluated by using a bioluminescent imaging system.
Data of bioluminescent intensity represent the proliferation index in primary
tumor tissues. Different letters represent statistically significant difference,
p < 0.05. (B) Xenograft nude mice were given SAC (240 and 480mg/kg of
body weight/day) for 8 weeks. The extent of tumor growth was evaluated
by using bioluminescent imaging system. Data represent the biolumines-
cent intensity of primary tumor tissues at week 8. (C) Data represent the
change of tumor weight among control, 240 mg/kg/day SAC, and 480 mg/
kg/day SAC groups. Different letters represent statistically significant
difference, p < 0.05 (p < 0.05 at week 8). (D) Human NSCLC A-549 cell
implanted nude mice were given SAC (0, 240, and 480 mg/kg of body
weight/day) for 8 weeks. Photos of primary tumors from different groups
are shown.
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been observed in NSCLC and uncovered essential roles in the
control of gene expression and protein translation, which affect
cellular proliferation and tumor angiogenesis. Previous studies
indicated PI3K-dependent phosphorylation of Akt or mTOR
molecules in a panel of NSCLC cell lines, which was correlated
with resistance to chemotherapy (3). The mTOR inhibitor rapa-
mycin alone or in combination with chemotherapy treatment
rendered NSCLC cell lines with high Akt/mTOR more respon-
sive to apoptosis and growth inhibition (7,12). Collectively, these
pieces of evidence show significant roles of the activated EGFR
and PI3K/Akt/mTOR pathway in NSCLC. Our results demon-
strated that activation of PI3K/Akt and NF-kB signaling

pathways plays important roles in the cell proliferation of human
NSCLC A-549 cells in vitro (Figure 2A). Previous studies sug-
gested that phytochemicals in fruits and vegetables might have
anticancer effects (32-34). Allium vegetables, especially garlic,
has been implicated as anticancer agents inmany studies (35-37).
Previous studies showed that SAC could inhibit the prolifera-
tion of several types of cancer including prostate and breast
cancers (27, 38). SAC at different concentrations (2.5-40 mM)
could significantly inhibit the proliferation of breast cancer cells
between one and seven days (27). These results suggested that
SACmight effectively suppress the growth of human cancer cells
at a long-term period. Our previous study also demonstrated the

Figure 5. Inhibitory effects of SAC on cellular proliferation are associated with the reduced expression of PCNA protein in NSCLC A-549 cell transplanted
nude mice. (A) Normal tissue and primary lung cancer tissue were formalin-fixed, embedded in paraffin, sectioned, and subjected to H&E staining. Imaging
was documented at 200�magnification. Blue spots represent the nuclei stainedwith hematoxylin. Red spots represent cytoplasma stainedwith eosin. (B)Cell
lysates from animal tissues were prepared using a Tissue Extract reagent kit containing protease inhibitor and phosphatase inhibitors according to the
manufacturer’s instruction. After centrifugation for 10 min at 12000g to remove cell debris, the supernatants were retained as a whole tissue extract. Cross-
contamination between nuclear and cytoplasma fractions were not found (data not shown). Cell lysates were blotted with anti-PCNA monoclonal
antibody as described under Materials andMethods. The levels of detection in cell lysate represent the amount of PCNA in human lung cancer cells. The
blots were stripped and reprobed with anti-lamin A/C antibody as loading control. The results presented are representative of three different
experiments. The immunoreactive bands are noted with arrows. The integrated density of PCNA protein adjusted with internal control protein (lamin A/
C) is shown in the bottom panel. Different letters represent statistically significant difference, p < 0.05. (C) Normal tissue and primary lung cancer tissue
were frozen, sectioned, and subjected to anti-PCNA antibody by immunohistochemical staining described under Materials and Methods. Imaging
was documented at 200� magnification. Green fluorescence area represents distribution of PCNA protein in A-549 cells stained with monoclonal
antibody. Blue fluorescence area represents the location of cell nuclei stained with 4,6-diamidino-2-phenylindole (DAPI). The results presented are
representative of six different experiments. The mean integrated fluorescence of PCNA protein is shown in the bottom panel. Different letters represent
statistically significant difference, p < 0.05.



11162 J. Agric. Food Chem., Vol. 58, No. 20, 2010 Tang et al.

inhibitory effects of SACon the growthof humanoral cancer cells
in vitro (29). In the current study, we examined whether SAC
could inhibit the proliferation of highly invasive human NSCLC
A-549 cells in vitro. To investigate the molecular mechanisms of
actions, we used high concentrations of SAC (5-20mM) in the in
vitro cell model. At 24 h, SAC (at concentrations of 5, 10, and
20mM) inhibited the proliferation ofNSCLCA-549 cells up to 10,
17, and 30%, respectively (Figure 1A). Furthermore, SAC could
significantly suppress cell proliferation at 72 h by up to 37, 59, and
71%, respectively (Figure 1). SAC at different concentrations
(5-20 mM) could effectively inhibit the proliferation of human

NSCLC A-549 cells. The concentration of SAC used in the
present experiment was similar with the one in other studies (27).
Our results were consistent with our previous findings and
indicated that SAC could act as a chemopreventive agent against
human NSCLC A-549 cancer cells. We concluded that the
effective concentration of SAC is relatively high in several studies;
perhaps it is a water-soluble organosulfur compound from garlic.
We further demonstrated that SAC could significantly inhibit the
action of mTOR and NF-κB p65 (Rel A) proteins in human
NSCLC A-549 cells in a time-dependent manner (Figure 2B,C).
Our results also demonstrated that SAC could modulate cell-cycle

Figure 6. Consumption of SAC suppressed the malignant progression of lung carcinoma and modulated the expression of NF-κB and COX-2 proteins in
tumor-bearing mice. (A) Cell lysates from animal tissues were prepared using a Tissue Extract reagent kit containing protease inhibitor and phosphatase
inhibitors according to themanufacturer’s instruction. After centrifugation for 10min at 12000g to remove cell debris, the supernatants were retained as a whole
tissue extract. Cross-contamination between nuclear and cytoplasma fractions was not found (data not shown). Cell lysates were blotted with
antiphosphorylation Akt, antiphosphorylation mTOR, and anti-NF-κB p65 (Rel A) monoclonal antibodies as described under Materials and Methods. The
levels of detection in cell lysate represent the amount of phosphorylated Akt, phosphorylated mTOR, and NF-κB in human lung cancer cells. The blots were
stripped and reprobed with anti-actin antibody as loading control. The results presented are representative of three different experiments. The immunoreactive
bands are notedwith arrows. The integrated densities of p-Akt, p-mTOR, andRel A proteins adjustedwith internal control protein (actin) are shown in the panel.
Different letters represent statistically significant difference, p < 0.05. (B)Normal tissue and primary lung cancer tissuewere frozen, sectioned, and subjected to
anti-COX-2 antibody by immunohistochemical staining described under Materials and Methods. Imaging was documented at 200� magnification. Green
fluorescence area represents distribution of COX-2 protein in A-549 cells stained with monoclonal antibody. Blue fluorescence area represents the location of
cell nuclei stained with 4,6-diamidino-2-phenylindole (DAPI). The results presented are representative of six different experiments. The mean integrated
fluorescence of COX-2 protein is shown in the bottom panel. Different letters represent statistically significant difference, p < 0.05.
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inhibitor p21CIP1/WAF1 and suppress the expression of cyclin D1
(Figure 3). To distinguish whether the inhibitory effects of SAC
were through the general reducing effects of SH- reagents, we also
examined and compared the effects of reduced glutathione on the
proliferationof humanNSCLCA-549 cells in vitro.Our results did
not show significant effects of reduced glutathione on the suppres-
sion of A-549 cancer cells in comparison to SAC (data not shown).
Therefore, the anticancer effects of SAC observed in this study are
specifically targeting human NSCLC A-549 cancer cells. These
results also suggest that SAC could modulate the cell signaling
pathways in human NSCLC A-549 cancer cells, although the
detailed mechanisms of SAC/cancer cell interaction are still under
investigation.

To further investigate the inhibitory effects of SAC in vivo, we
adapted amouse xenograft model by inoculating humanNSCLC
A-549 cells into nude mice. Previous study did not show any
toxicity effects while experimental mice received daily consump-
tion of SAC at 250-2000 mg/kg (24). Therefore, we used
moderately high levels of SAC (240 and 480 mg/kg) to examine
the in vivo chemoprevention effect. No differences in food intake
or body weight were observed in the present study (data not
shown). As shown in Figure 4, our study indicated that consump-
tion of SAC at 240 mg/kg of BW (low dosage) and 480 mg/kg of
BW (high dosage) could significantly inhibit the growth of
NSCLC A-549 cell bearing nude mice without any apparent
untoward toxicity (data not shown). To confirm our findings, we
further demonstrated the inhibitory effects of SAC on the growth
of lung carcinoma by using the in vivo bioluminescence imaging
system. Bioluminescence imaging results indicated that SAC
significantly blocked tumor growth in the mouse xenograft
model. Pathological staining results indicated that SAC could
effectively block the proliferation and malignant progression of
human NSCLC A-549 cells in nude mice (Figure 5A). The pre-
sent study showed that SAC could also inhibit the tumor growth
and levels of PCNA positively stained cells in tumor tissues
(Figure 5C). These pieces of evidence proved the chemopreventive
effects of SAC against highly malignant lung carcinoma.

It is well-known that proliferation, angiogenesis, and malignant
progression of lung cancer are correlated with the overexpression
of COX-2 protein. It is already known that NF-κB transcription
factor plays an important role in the modulation of COX-2
expression. To examine whether SAC could block the malignant
progression of human NSCLC A-549 cells, we investigated the
effects of SAC on the levels of COX-2 positively stained cells. Our
results showed that SACcould significantly reduce levels ofCOX-2
positively stained cells in tumor-bearing mice (Figure 6B). In this
study, we also demonstrated that the PI3K/Akt and NF-κB
signaling pathways played important roles in the regulation of
cellular proliferation. Furthermore, our results showed that SAC
could effectively inhibit the activation of Akt/mTOR signaling
pathways. SAC could also significantly inhibit the nuclear activa-
tion of NF-κB molecules. Take together, these results indicated
that SACcould effectively inhibit the proliferation andmalignancy
of lung cancer in tumor-bearing mice.

In conclusion, our results demonstrate a novel finding that
daily consumption of SACat a concentration of 240 or 480mg/kg
of BW/day could suppress the growth andmalignant progression
of lung carcinoma in amouse xenograftmodel. SAC could inhibit
the activation of Akt/mTOR signaling pathways, NF-κB mole-
cule, and the expression ofCOX-2 protein in tumor-bearingmice.
In the present study, we demonstrated the anticancer effects of
SAC on the growth of humanNSCLCA-549 cancer cells in vivo.
Furthermore, we are also aware of the physiological relevance of
SAC for the future study. Currently, we are investigating the
chemopreventive effects of SAC on different types of human

cancer cells even at low dosages (e60 mg/kg). Take together,
these results still provide important evidence and suggest that
SAC might be an effective chemopreventive agent against highly
invasive lung carcinoma.
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