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A proteomic study on a human osteosarcoma cell line Saos-2
treated with diallyl trisulfide
Yong Kui Zhanga, Xu Hua Zhangb, Jian Min Lic, De Sheng Sund, Qiang Yangc

and Dong Mei Diaoe

Garlic is generally used as a therapeutic reagent against

various diseases, and numerous studies have indicated

that garlic and its derivatives can reduce the risk of various

types of human cancer. Diallyl trisulfide (DATS), a major

member of garlic derivatives, could inhibit the cell

proliferation by triggering either cell cycle arrest or

apoptosis in a variety of cancer cell lines as shown in many

studies. However, whether DATS has the same effect on

human osteosarcoma cells remains unknown. In this study,

we have attempted to analyze the effects of DATS on cell

proliferation, cell cycle, induction of apoptosis, global

protein expression pattern in a human osteosarcoma cell

line Saos-2 cells, and the potential molecular mechanisms

of the action of DATS. Saos-2 cells, a human osteosarcoma

cell line, were treated with or without 25, 50, and 100 lmol/l

DATS for various time intervals. The cell proliferation, cell

cycle progression, and apoptosis were examined in this

study. Then, after treatment with or without 50 lmol/l DATS

for 48 h, protein add pattern in Saos-2 cells were

systematically studied using two-dimensional

electrophoresis and mass spectrometry. DATS could inhibit

the proliferation of Saos-2 cells in a dose-dependent and

time-dependent manner. Moreover, the percentage of

apoptotic cell and cell arrest in G0/G1 phase was also

dose-dependent and time-dependent upon DATS

treatment. A total of 27 unique proteins in Saos-2 cells,

including 18 downregulated proteins and nine upregulated

proteins, were detected with significant changes in their

expression levels corresponding to DATS administration.

Interestingly, almost half of these proteins (13 of 27) are

related to either the cell cycle or apoptosis. DATS has the

ability to suppress cell proliferation of Saos-2 cells by

blocking cell cycle progression and inducing apoptosis in a

dose and time-dependent manner. The proteomic results

presented, therefore, provide additional support to the

hypothesis that DATS is a strong inducer of apoptosis in

tumor cells. However, the exact molecular mechanisms,

how these proteins significantly changed in the Saos-2 cell

line upon DATS treatment, should be further studied.
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Introduction
Numerous historical scientific data have indicated that

garlic has therapeutic effects on various ailments such as

heart disease, arthritis, pulmonary complaints, uterine

growths, diarrhea, and worm infestation [1]. In addition,

recent epidemiological studies have shown that garlic

can reduce the risk of various types of human cancer [2].

The effect of garlic is primarily attributed to organosulfur

compounds (OSCs), which are generated upon processing

of garlic. Garlic-derived OSCs, including diallyl sulfide,

diallyl disulfide, and diallyl trisulfide (DATS), have been

shown to block carcinogenesis induced by a variety of

chemical carcinogens at many sites, including skin,

esophagus, lung, forestomach, mammary tissues, colon,

and liver [3]. Extensive investigations have shown that

the prevention of chemically induced cancers in animal

models by OSCs was because of their ability to increase

detoxification of activated carcinogenic metabolites

through induction of phase II enzymes such as glutathione

transferases and/or suppress carcinogen activation through

inhibition of phase I enzymes [4–6]. Other recent

studies have also shown that DATS could upregulate

the expression of glutathione S-transferase related to the

c-Jun N-terminal kinase–AP-1 and extracellular signal-

regulated kinase–AP-1 signaling pathways [7].

Several studies have indicated that DATS could inhibit

proliferation of cultured cancer cells by causing cell cycle

arrest and inducing apoptosis. However, the mechanisms

by which DATS takes its pharmacological effect on cell

cycle and apoptosis are not fully defined. Moreover, it

seems that the previous studies were limited to cancer

cells from glandular organs or epithelial tissue. Xiao and

Herman-Antosiewicz et al. [8,9] have shown that the

DATS-induced cell cycle arrest in human prostate cancer

cells was mediated by reactive oxygen species and was
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associated with activation of checkpoint kinase 1. They

have also provided experimental evidence to indicate

that DATS-induced apoptosis in human prostate cancer

cells was related to c-Jun N-terminal kinase and extra-

cellular signal-regulated kinase-mediated phosphorylation

of Bcl-2 as well as by inactivation of Akt leading to

mitochondrial translocation of BAD (a proapoptotic

protein) and activation of caspase 3 and 9 [10,11]. Other

recent studies have also evidenced that OSCs, such as

DATS, could cause cell cycle arrest and/or induce

apoptosis in malignant tumor cells from human stomach,

colon, lung, skin, and fibrous tissue [12–14].

Osteosarcoma is a primary malignant tumor of the

skeleton characterized by the direct formation of

immature bone or osteoid tissue by the tumor cells.

The primary choice of adjunctive therapy for osteosarcoma

is neoadjuvant chemotherapy. Although neoadjuvant

chemotherapy is effective in improving patient survival,

the frequent acquisition of drug-resistant phenotypes

and the occurrence of ‘second malignancy’ are often

associated with chemotherapy, which remain as serious

problems [15]. Therefore, there is a clear need for

new effective agents for patients with osteosarcoma. We

attempted to apply DATS on human osteosarcoma

cells and observed that the exposure to 150 mmol/l DATS

led to significant morphological changes and a slow

growth rate in Saos-2 cells, a human osteosarcoma cell

line (data not shown). Now the challenge is how to

elucidate the antineoplastic mechanisms of DATS, which

may conduce to the development of chemotherapy for

osteosarcoma.

Proteomics is an emerging field in medical science

focused on the library of proteins specific to a given

biosystem, the proteome, and understanding relation-

ships therein. The proteomic strategy has provided the

potentiality to profile the cellular responses at the protein

level under stress, and it has been successfully used in

the area of early detection and rational treatment of

cancer [16]. Proteomic analysis of the human osteosarcoma

cell lines has been reported by some investigators

[15,17,18]. In our studies, the combination of two-

dimensional electrophoresis (2-DE) with mass spectro-

metry and database interrogations allowed us to identify

the proteins differentially expressed in Saos-2 cells after

DATS treatment. Our data revealed that several

cell cycle-associated or apoptosis-associated proteins in

Saos-2 cells were expressed corresponding to DATS

treatment. The information provided here, therefore,

will deepen our knowledge on how DATS influences cell

cycle arrest or apoptosis in cancer cells.

Materials and methods
Reagents

DATS was purchased from Shanghai Hefeng Pharmacy

Company (Shanghai, China). Immobilized pH gradient

(IPG) strips were obtained from Bio-Rad Laboratories

(Hercules, California, USA). All chemical reagents for

2-DE were from Amersham Biosciences (Uppsala,

Sweden), and HPLC grade solvents were acquired from

J.T. Baker (Phillipsburg, New Jersey, USA). Trypsin

and dimethyl sulfoxide (DMSO) were from Sigma

(St. Lousis, Missouri, USA).

Cell culture and diallyl trisulfide treatment

Saos-2 cells were obtained from Institute of Biochemistry

and Cell Biology (Shanghai, China). Cells were cultured

in Dulbecco’s modified Eagle’s medium (Invitrogen,

California, USA) containing 10% fetal bovine serum,

100 kU/l penicillin, and 100 mg/l streptomycin at 371C

in a humidified 5% CO2 incubator. After a fraction

of coverage reaching 60%, the cells were treated with 25,

50, or 100 mmol/l DATS. DATS was dissolved in 0.1%

DMSO. Cells treated with DMSO alone were regarded

as the control.

MTT assay

The effect of DATS on cell proliferation was measured by

the MTT [3-(4-5dimethylthiozol-2-yl)-2,5-diphenylte-

trazolium bromide] assay, based on the ability of live

cells to convert thiazolyl blue to dark blue formazan.

Exponentially growing cells were seeded into 96-well

culture plates at 4 � 103 cells per well and treated with

or without DATS for 24, 48, 72, and 96 h, respectively.

After treatment, MTT (5 mg/ml) was added into each

well for continual incubation at 371C for 4 h and then

DMSO was dropped in each well to dissolve the formazan

product for 30 min at room temperature. A 96-well

microplate reader (Rayto, USA) was used to measure

the absorbance at 570 nm (A570). At least three indepen-

dent experiments were carried out.

Cell cycle analysis

After treatment with DATS at desired concentrations

for various time intervals, both floating and adherent

cells were collected, fixed with ice-cold 70% ethanol, and

stored at – 201C before use. After being centrifuged and

washed with phosphate-buffered solution (PBS), the

cells were incubated with 1 mg/ml RNase A and stained

with 50 mg/ml propidium iodide (PI). Then, FACSCalibur

(Bethesda, USA) with Modfit software (Bio-Rad Labora-

tories, California, USA) was used for the analysis of cell

cycle phase. At least three independent experiments

were carried out.

Apoptosis analysis

Flow cytometry combined with annexin V/fluorescein

isothiocyanate (FITC) Apoptosis Detection Kit (Bender,

Austria) was used to determine the apoptosis of Saos-2

cells treated with DATS. Annexin V/FITC Apoptosis

Detection Kit contains binding buffer, PI (20 mg/ml), and

rh Annexin V/FITC. After being treated, the harvested

cells were washed twice with precooling PBS and
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resuspended in 250 ml binding buffer to modulate the cell

concentration at 1 � 106/ml. Then, 100 ml of the cell

suspension was pipetted into a 5 ml test tube, with

5 ml annexin V/FITC and 10 ml PI added to it. After

this mixture had been incubated for 15 min at room

temperature, 400 ml PBS was added to the test tube.

Then, the apoptotic rate was analyzed on FACSCalibur.

A cell isometric chart composed of four quadrants is

required after analysis. In the cell isometric chart, the

lower left quadrant, the lower right quadrant, upper right

quadrant, and upper left quadrant represent normal

(AnPI cells), earlier apoptotic (An + PI cells), secondary

apoptotic (An + PI + cells), and necrotic (AnPI + cells)

cells, respectively. The total number of apoptotic cells is

the summation of earlier apoptotic cells and secondary

apoptotic cells. At least three independent experiments

were carried out.

Sample preparation for two-dimensional

electrophoresis

After treatment with or without 50 mmol/l DATS for

48 h, the cells were harvested and washed three

times using PBS, subsequently lysed with lysis buffer

containing 40 mmol/l Tris, 7 mol/l urea, 2 mol/l thiourea,

4% (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-

sulfonate), 40 mmol/l dithiotheritol (DTT), 1 mmol/l

EDTA, 2% pharmalyte (pH 3–10), and 1 mmol/l phenyl-

methylsulfonyl fluoride. The suspension was sonicated

with a probe sonicator for 5 min followed by centrifuging

at 40 000g for 1 h. After quantification of proteins by the

Bradford method, the supernatants were stored at – 701C

until use for electrophoresis.

Two-dimensional electrophoresis

The protein sample of 150 mg was applied to 18 cm IPG

stips (pH 3–10, nonlinear) and the strips were rehydrated

for 12 h at 201C. The isoelectric focusing was performed

at 500 V for 1 h, at 1000 V for 1 h, and at 8000 V for 1 h,

then, continued at 8000 V until a total of 50 kVh. After the

first dimension, the focused strips were equilibrated for

15 min in the buffer containing 6 mol/l urea, 30% glycerol,

2% SDS, 1% DTT, and trace bromophenol blue, then for

15 min in the same buffer containing 2.5% iodoacetamide

instead of DTT. After equilibration, the strips were loaded

on 12% SDS–polyacrylamide gels running at 2.5 W each gel

for 30 min and 15 W each gel until the bromophenol blue

dye reached the bottom of the gel. Then, the gels were

treated by silver staining. Triplicate gels for each sample

were performed to achieve reproducible results.

The gels were scanned by Imagescanner (Amersham

Bioscience, Sweden) and the image analysis was

performed with ImageMaster 2D Platinum (Amersham

Bioscience). The spot volume is described as the

multiplied area of a spot and the intensity inside this

area. The threshold of the significant change in 2-DE

spots was defined as a three-fold change in spot volume

upon comparison of average gels between the treated and

control groups.

Mass spectrometry

The gel spots verified as the significant changes in spot

volume were separated by picker P2D1.5 (San Francisco,

USA) and transferred into Eppendorf tubes. The

particles were treated with reduction of DTT and

alkylation of iodoacetamide followed by a thorough

process of washing and drying. Then, the treated gel

particles were incubated in 20 ml of 25 mmol/l NH4HCO3

containing 0.05 mg/ml trypsin at 371C overnight. After

centrifuging, the supernatants were mixed with 2 ml of 5%

trifluoroacetic acid and delivered to mass spectrometry.

The tryptic digests were desalted by POROS R2

(Applied Biosystems, California, USA), and cocrystallized

with a matrix of a-cyano-4-hydroxycinnamic acid spotted

on the target wells. Then, the dried matrix was subjected

to a Bruker autoflex matrix-assisted laser desorption

ionization time-of-flight mass spectrometry (MALDI-

TOF MS) (Bremen, Germany). The mass spectrometer

was operated at 19 kV accelerating voltage in the reflectron

mode and the m/z range was from 600 to 4000. All peptide

mass fingerprints were externally calibrated using stan-

dard peptide mixtures and internally calibrated using

the masses of tryptic autolysis products. The mono-

isotopic peptide masses obtained from MALDI-TOF MS

were analyzed by m/z software, and interpreted by

Mascot (Matrix Science, Massachusetts, USA) against

the NCBInr database in which one incomplete fragment

was allowed and alkylation of cysteine by carbamido-

methylation oxidation of methionine and pyro-Glu

formation of N-terminal Gln were considered as possible

modifications.

Statistical analysis

Values were expressed as mean ± SD and analyzed by

one-way analysis of variance and the Fisher’s least

significant difference test to determine significant

differences among group means (P < 0.05).

Results
MTT assay

The antiproliferative effect of DATS on a human

osteosarcoma cell line, Saos-2 cells, was examined by

exposing them to different concentrations of DATS (25,

50, or 100 mmol/l) for 24, 48, 72, and 96 h, respectively.

The rates of cell growth were detected by MTT assay as

shown in Fig. 1, in which 100 mmol/l DATS inhibited

Saos-2 cell proliferation in 24 h treatment, and 50 mmol/l

in 48 h treatment. However, a significant inhibition of cell

growth was observed until 72 h of incubation with

25 mmol/l DATS. The inhibitive effect of DATS on cell

growth was increased with the prolonged treatment time.
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Cell cycle analysis

As shown in Fig. 2, the Saos-2 cells were arrested at G0/G1

phase when the cells were treated with DATS for 48 h.

Furthermore, the higher the concentration of DATS

used, the more Saos-2 cells were blocked at G0/G1 phase

(Table 1). In addition, the cells also showed a time-

dependent arrest at G0/G1 phase when exposed to

50 mmol/l DATS (Fig. 3). Table 2 shows the effects of

50 mmol/l DATS on the cell cycle after treatment for 24,

48, 72, and 96 h, respectively. According to the results

shown in Table 2, the percentage of cells arrested at G0/

G1 phase in 50 mmol/l DATS-treated groups was sig-

nificantly higher than the control (P < 0.05). As the

treatment time increased, the percentage of cells arrested

at G0 /G1 phase also increased.

Apoptosis analysis

Figure 4 shows that DATS can induce apoptosis in

Saos-2 cells. After treatment with 100 mmol/l DATS for

48 h, the percentage of apoptotic cells (36.92 ± 0.65%)

was significantly higher than the 25 mmol/l group

(11.62 ± 0.90%) and the 50mmol/l group (22.15 ± 0.79%)

(Table 3) (P < 0.05). It is shown that DATS can induce

apoptosis in a dose-dependent manner. Furthermore, the

effect of DATS-induced apoptosis is increased in a time-

dependent manner (Fig. 5). Table 4 also shows the

effects of 50 mmol/l DATS on apoptosis after treated for

24, 48, 72, and 96 h, respectively. As shown in Table 4,

50 mmol/l DATS time dependently induced apoptosis of

Saos-2 cells.

Two-dimensional electrophoresis pattern

In this study, we used 2-DE in conjunction with quanti-

tative image analysis and sequencing mass spectrometry

to investigate the changes of protein expression in Saos-2

cells treated with or without DATS. A 2-DE protein map

Fig. 1
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Diallyl trisulfide (DATS) inhibited the proliferation in Saos-2 cells.
The Saos-2 cells were treated with 25, 50, or 100mmol/l of DATS for
24, 48, 72, and 96 h, respectively. Cells treated with dimethyl sulfoxide
alone were regarded as the control. After treatment, the cells were
exposed to MTT assay as described in Material and methods. Asterisks
indicate the significant inhibition of cell growth (P < 0.05).

Table 1 Effect of 25, 50, 100 lmol/l DATS on cell cycle of Saos-2
cells

Group G0/G1 (%) G2/M (%) S (%)

Control 40.94 ± 1.36a 17.81 ± 1.12b 40.95 ± 1.79c

25 mmol/l 42.08 ± 1.84a 20.09 ± 2.00b 37.83 ± 1.91c

50mmol/l 55.66 ± 1.87 19.48 ± 0.62b 24.86 ± 1.35
100 mmol/l 63.30 ± 2.55 17.79 ± 3.12b 18.98 ± 1.69
F value 173.93 0.91 109.81

Saos-2 cells were cultured in Dulbecco’s modified Eagle’s medium containing
25, 50, and 100 mmol/l DATS for 48 h, respectively. Cells treated with DMSO
alone for 48 h were regarded as the control. Values are expressed as means ± SD
of four separate experiments.
DATS, diallyl trisulfide; DMSO, dimethyl sulfoxide.
a,b,cGroups sharing the same superscript letter are not significantly different from
one another (P < 0.05) by one-way analysis of variance and least significant
difference test.
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sulfoxide, 25, 50, or 100mmol/l DATS, respectively.
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was considered as a prerequisite for subsequent compara-

tive proteomic studies. As DATS used for cell culture was

dissolved in DMSO, the experiments of quality control

were always conducted to ensure whether low concentra-

tion of DMSO contributed any side effect to the protein

expression in Saos-2 cells. The image analysis of 2-DE

showed that the patterns of electrophoretic spots were

homoplastic in two media with or without 0.1% DMSO

(data not shown) and the total spots were 321 ± 5 (n = 3,

without 0.1% DMSO) and 316 ± 6 (n = 3, 0.1% DMSO),

respectively. This result indicated that 0.1% DMSO had

no obvious regulatory effect on the protein expression of

Saos-2 cells.

We selected a reference gel against which each of the

other gel images was matched. Three gels per sample

underwent automatic spot detection and manual editing

before automatic spot matching both within and between

groups. Manual matching was done where necessary.

Base-paired normalization was done on all the gels before

examination of spot volume data. Gels were normalized

in accordance with ImageMaster software protocols

using base-paired normalization. Figure 6 shows the 2-DE

images for Saos-2 cells cultured in the absence and

presence of DATS. On the 2-DE images, the proteins in

Saos-2 cells either with or without DATS treatment

showed electrophoretically in similar modes along mole-

cular mass and pI. The spots were biased toward the

specific pH regions on the IPG strips, whereas they were

evenly distributed over the range of molecular mass from

10 to 100 kDa on 12% SDS–polyacrylamide gel. The total

spots were 316 ± 6 (n = 3) and 310 ± 3 (n = 3) in the

Fig. 3
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Effect of 50 mmol/l diallyl trisulfide (DATS) on the cell cycle of Saos-2 cells for various time intervals. (a–d) Saos-2 cells were treated with 50 mmol/l
DATS for 24, 48, 72, and 96 h, respectively. (e) Saos-2 cells treated with dimethyl sulfoxide alone for 48 h was regarded as the control.

Table 2 Effect of 50 lmol/l DATS on cell cycle of Saos-2 cells
during different incubation time intervals

Groups Time (h) G0/G1 (%) G2/M (%) S (%)

Control 48 40.86 ± 0.49a 20.09 ± 1.33b 39.05 ± 0.78d

50mmol/l 24 48.61 ± 1.04a 24.27 ± 0.65b,c 27.12 ± 1.11d

48 56.32 ± 1.32a 20.82 ± 2.35c 22.86 ± 1.36d

72 67.46 ± 0.58a 16.01 ± 1.07b,c 16.53 ± 0.84d

96 74.38 ± 1.81a 12.29 ± 1.54b,c 13.33 ± 0.96d

F value 417.47 33.54 318.59

Saos-2 cells were cultured in Dulbecco’s modified Eagle’s medium containing
50mmol/l DATS for 24, 48, 72, and 96 h, respectively. Cells treated with DMSO
alone for 48 h were regarded as the control. Values are expressed as means ± SD
of four separate experiments.
DATS, diallyl trisulfide; DMSO, dimethyl sulfoxide.
a,b,c,dGroups sharing the same superscript letter are significantly different from
one another (P < 0.05) by one-way analysis of variance and least significant
difference test.
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control and DATS-treated groups, respectively. Of these

proteins with molecular masses ranging from 10 to

100 kDa, approximately 70% had acidic pIs, whereas

30% of polypeptide spots fell within the alkaline region.

There were few protein spots over 100 kDa, and few

spots were detected with a pI of greater than 9. A total

of 36 spots were defined as DATS-sensitive in Saos-2

cells, including 22 downregulated spots and 14 upregu-

lated spots.

Identification of differentially expressed proteins

Stringent criteria for mass spectrometry were adopted to

ensure the accuracy of protein identification: (p) the

identified protein must rank at the top two hits with at

least five matched sequences and (y) the total coverage

must be greater than 10%. The spots from the 2-DE gel

were subjected to trypsin digestion and MALDI-TOF MS

analysis. On the basis of the mass spectrometry data, 36

spots matched with the proteins, in which 27 spots were

ascertained as unique proteins including 18 downregu-

lated and nine upregulated (Tables 5 and 6) protiens.

These proteins are involved in many biological functions,

such as cell growth and apoptosis, cell differentiation

and mobility, cell structure and basic metabolism,

protein biosynthesis and degradation. In our study, the

DATS-sensitive proteins, which may be involved in the

cell cycle arrest or apoptotic pathway are listed in Table 7.

Discussion
In this study, we have investigated the effects of DATS

on a human osteosarcoma cell line, Saos-2 cells. The

results show that the percentage of apoptotic cells

and cells arrested in G0/G1 phase were dose and

time-dependent on DATS treatment. In an effort to

detect the change of protein expression in human osteo-

sarcoma cell, we used 2-DE and mass spectrometry to

examine the protein profiles of Saos-2 cells treated with

or without DATS. The data show that 36 spots were

defined as proteins with 27 unique ones, in which almost

half of these proteins (13 of 27) are related to either cell

cycle or apoptosis.

In the last decade, the regulation of apoptosis or cell cycle

has been considered as a significant strategy for cancer

therapy. Several groups have reported that DATS could

cause cell cycle arrest at G2/M phase in cancer cells, and

this effect may be associated with reactive oxygen species,

checkpoints kinase 1, cyclin-dependent kinase 1,7, cyclinB

1 kinase, and Cdc 25C protein [8,9,19,20]. In our study,

the results indicate that DATS can cause cell cycle

arrest of Saos-2 cells at G0/G1 phase in a dose- and time-

dependent manner. Furthermore, we ascertained that the

expression of proteasome and keratin 10 could be down-

regulated or upregulated by DATS. The proteasome plays

a pivotal role in the cellular housekeeping by eliminating

mutant, misfolded, and damaged proteins. Moreover, the

proteasome is involved in the targeted elimination of

regulatory proteins, such as transcription factors, signaling

molecules, and cell cycle inhibitors [21]. Thus, any

inhibition of the proteasome system creates an imbalance

of various regulatory proteins, triggering cell cycle arrest at

G1/S and G2/M phases or apoptosis [22]. The therapeutic

Fig. 4
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Table 3 Effect of 25, 50, and 100 lmol/l DATS on cell apoptosis of
Saos-2 cells

Group IC (%) AC (%) NC (%)

Control 0.28 ± 0.07 0.23 ± 0.06a 99.49 ± 0.10b

25 mmol/l 0.56 ± 0.23 11.62 ± 0.90a 87.82 ± 0.99b

50 mmol/l 1.14 ± 0.44 22.15 ± 0.79a 77.04 ± 1.58b

100 mmol/l 0.90 ± 0.19 36.92 ± 0.65a 62.18 ± 0.82b

F value 2.06 781.79 356.19

Saos-2 cells were cultured in Dulbecco’s modified Eagle’s medium containing
25, 50, and 100 mmol/l DATS for 48 h, respectively. Cells treated with DMSO
alone for 48 h were regarded as the control. Values are expressed as means ± SD
of four separate experiments.
AC, apoptotic cells; DATS, diallyl trisulfide; DMSO, dimethyl sulfoxide;
IC, impaired cells; NC, normal cells.
a,bGroups sharing the same superscript letter are significantly different from
one another (P < 0.05) by one-way analysis of variance and least significant
difference test.
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value of proteasome inhibitor in human malignancy has

recently shown significant preclinical and clinical activity

in several cancers [23–25]. Moreover, bortezomib, a

proteasome inhibitor had been approved in 2003 for the

treatment of advanced multiple myeloma [22]. Several

previous studies suggested that keratin 10 could inhibit

cell proliferation by reducing cyclin D1 expression and

thus retinoblastoma protein phosphorylation that con-

trolled cell cycle progression during G1 [26] and these

effects were because of the interaction of keratin 10 with

Akt and PKCB, critical effectors of the PI-3K pathway [27].

In addition, proteosome interacted with keratins in a cell

cycle-dependent manner, which is involved in the control

of cell cycle and signal transduction processes [28]. By

using 2-DE and mass spectrometry, we confirmed that

DATS can inhibit or induce the expression of proteasome

and keratain 10, which may be associated with the cell

cycle arrest of Saos-2 cells at G0/G1 phase.

Three biological processes, including mitochondrial

signals, calcium homeostasis, and oxidative stress, are

typical events that result in or from apoptosis [12].

Several components of apoptotic pathways have been

widely investigated under DATS-induction, such as

upregulation of Bax, Bad or Bak, downregulation of

Bcl-2, activation of caspase-3 and caspase-9 [10,29].

Corresponding to these alterations, naturally, a network

response related to apoptosis in Saos-2 cells treated with

DATS can be expected.

Glucose-regulated protein 78 (GRP78), also known as

BiP protein, is a major endoplasmic reticulum (ER)

chaperone with Ca2 + -binding and antiapoptotic pro-

perties [30]. Several studies indicated that GRP78

can promote tumor proliferation, survival, metastasis,

and resistance to a wide variety of therapies, and some

components of apoptotic pathways or other signal path-

ways, such as PKC-e/ERK/AP-1 signaling cascade, inhibi-

tion of caspase-7, prevention of Bax activation, were

involved [31–34]. Thus, GRP78 expression may serve

as a biomarker for tumor behavior and treatment res-

ponse. In addition, recent investigations have verified

that targeting GRP78 could promote apoptosis or over-

come resistance to drug-induced cell death in several

cancer cells [32,33,35,36]. Heat shock proteins (HSPs)

are molecular chaperones, which are the biochemical

regulators of cell growth, apoptosis, protein homeo-

stasis, and cellular targets of peptides. Hsp70 and its

co-chaperones, especially the Bcl-2-associated proteins,

are well-recognized antiapoptotic factors [37]. Recent

studies have shown that Hsp70 blocks the assembly of a

multiprotein complex, which is essential for activat-

ing caspases that are responsible for executing the

apoptotic program [38,39], and enforced overexpres-

sion of Hsp70 in transfected cells provided protection

from stress-induced apoptosis at the levels of both

cytochrome c release and caspase inactivation [38].

Although we observed that DATS can downregulate the

expressions of GRP78/BiP and HSP70, the molecular

mechanisms on how the expression and function of

Fig. 5
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Effect of 50 mmol/l diallyl trisulfide (DATS) on the apoptosis of Saos-2 cells for various time intervals. (a–d) Saos-2 cells were treated with 50 mmol/l
DATS for 24, 48, 72, and 96 h, respectively. AC, apoptotic cells; NC, normal cells; PI, propidium iodide.

Table 4 Effect of 50 lmol/l DATS on cell apoptosis of Saos-2 cells
during different incubation time intervals

Group Time (h) IC (%) AC (%) NC (%)

50mmol/l 24 0.68 ± 0.36 13.63 ± 1.19a 84.93 ± 1.15b

48 1.14 ± 0.44 22.15 ± 0.79a 77.04 ± 1.58b

72 1.10 ± 0.25 35.66 ± 0.42a 63.13 ± 0.51b

96 0.66 ± 0.15 47.91 ± 1.53a 51.44 ± 1.59b

F value 2.05 598.03 396.09

Saos-2 cells were cultured in Dulbecco’s modified Eagle’s medium containing
50mmol/l DATS for 24, 48, 72, and 96 h, respectively. Values are expressed as
means ± SD of four separate experiments.
AC, apoptotic cells; DATS, diallyl trisulfide; DMSO, dimethyl sulfoxide;
IC, impaired cells; NC, normal cells.
a,bGroups sharing the same superscript letter are significantly different from
one another (P < 0.05) by one-way analysis of variance and least significant
difference test.
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GRP78/BiP and HSP70 are mediated by DATS remain to

be elucidated in future studies.

Alteration of actin remodeling not only plays an impor-

tant role in regulating the morphologic and phenotypic

events of a malignant cell, but also provides a potential

target for anticancer drug development [40]. Verrills et al.
[41] defined g-actin as an essential factor in the efficacy

of antimicrotubule agent therapy and suggested that

drug resistance in human acute lymphoblastic leu-

kemia cells involve the interaction between g-actin and

microtubules. In this study, the expression of g-actin was

Fig. 6
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Images of two-dimensional electrophoresis (2-DE) for the proteins extractions of Saos-2 cells. The Saos-2 cells were treated without (a) or with
50 mmol/l diallyl trisulfide (b) for 48 h, respectively, followed by 2-DE analysis. Triplicate gels for each sample were performed to achieve reproducible
results.

Table 5 Downregulated proteins in Saos-2 cells treated with DATS

Code Accession no. Description Mr (kDa) pI Score Sequence coverage (%) Fold change

1 gi|5453832 150 kDa oxygen regulated protein precursor 111.49 5.16 223 35 0.110
2 gi|21264428 Stress-70 protein, mitochondrial precursor

(75 kDa glucose-regulated protein)
73.92 5.87 190 45 –N

3 gi|4916999 78 kDa glucose-regulated protein 72.40 5.07 264 52 0.250
4 gi|1143492 BIP 72.18 5.03 302 60 0.175
5 gi|5729877 Heat shock 70 kDa protein 8 isoform 1 71.08 5.37 163 37 –N

6 gi|190127 Mitochondrial matrix protein 61.19 5.70 152 44 0.152
7 gi|41399285 Chaperonin (Homo sapiens) 61.18 5.70 150 45 0.277
8 gi|306890 Chaperonin (HSP60) 61.15 5.07 126 41 0.334
9 gi|90110780 Nucleobindin-1 precursor (CALNUC) 53.85 5.15 76 37 0.314

10 gi|55977767 Vimentin 53.67 5.06 205 69 –N

11 gi|4501887 Actin, g-1 propeptide (Homo sapiens) 42.05 5.29 155 45 0.318
12 gi|119590557 Heat shock 60 kDa protein 1 (chaperonin), 41.06 5.09 76 33 0.117
13 gi|130848 Proteasome subunit C2 29.82 6.15 82 34 –N

14 gi|130848 Proteasome subunit alpha type 1 29.82 5.10 82 34 –N

15 gi|4185720 Ubiquitin carboxy-terminal hydrolase L1 23.35 5.30 73 31 0.278
16 gi|119631974 hCG1647962, isoform CRA_b 22.76 5.17 31 11 –N

17 gi|119621140 Ras-associated protein Rap1 20.53 7.12 29 21 0.296
18 gi|82408041 Chain B, solution Nmr structure of protein

dynein light chain 2a
12.14 5.20 24 37 –N

The accession numbers were obtained from Matrix Science (http://www.matrixscience.com) using the Mascot peptide mass fingerprint program.
BIP, immunoglobulin-binding protein; DATS, diallyl trisulfide.
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downregulated by DATS, which is the first report on

g-actin in a human osteosarcoma cell line. Rap1 is a

member of the Ras family of small GTPases that is

activated by diverse extracellular stimuli in many cell

types. Functionally, Rap1 interferes with Ras-mediated

ERK activation or activates ERK independent of Ras in a

cell-context-dependent manner, and is involved in the

activation of MAPK pathway and integrin, which suggest

a potential role of Rap1 in tumorigenesis and metastasis

[42,43]. Most recently, significant evidence has emerged

that enhanced activation of Rap1 is responsible for trans-

formed phenotype and increased invasiveness of cancer

cells [44,45]. Corresponding to these outcomes, the data

in this study show that DATS can downregulate the

expression of Rap1 in Saos-2 cells, but its functional

mechanism remains to be illuminated.

Both Ca2 + signaling and Ca2 + homeostasis provide

critical environment for apoptosis. Garlic derivatives have

been observed to interfere in Ca2 + homeostasis and

activate Ca2 + -dependent endonucleases and apoptosis

[14]. When HCT15 cells were treated with diallyl

disulfide, an increase in intracellular calcium level was

correlated with cell cycle arrest and apoptosis induction

[46]. Similar effects were observed in lung cancer

cells exposed to DATS [47]. In this study, several

DATS-sensitive proteins in Saos-2 cells are believed to

participate in the regulation of Ca2 + , such as GRP78/BiP

and calreticulin. GRP78/BiP is a major ER chaperone

with Ca2 + -binding and antiapoptotic properties [30], and

its expression can be dramatically enhanced with Ca2 +

ionophores [48]. However, more studies should be carried

out to elucidate the exact correlation of GRP78/BiP and

intracellular Ca2 + in the apoptotic pathway. Calreticulin

is also an ER protein with several unique functions,

including chaperone activity and regulation of Ca2 +

homeostasis [49]. Arnaudeau et al. [50] observed that

calreticulin overexpression increased Ca2 + fluxes across

ER but decreased mitochondrial Ca2 + and membrane

potential. Thus, increased Ca2 + turnover between the

two organelles might damage mitochondria, accounting

for the increased susceptibility of cancer cells to

apoptotic stimuli. Several studies have shown that

calreticulin-overexpressing cancer cells showed increased

sensitivity to drug-induced or radiation-induced apoptosis

[51,52], whereas calreticulin-deficient cells were more

resistant to ultraviolet radiation-induced apoptosis [53].

Moreover, the overexpression of calreticulin can modulate

Table 6 Upregulated proteins in Saos-2 cells treated with DATS

Code Accession no. Description Mr (kDa) pI Score Sequence coverage (%) Fold change

19 gi|62089214 ALPL protein variant 66.52 6.86 89 32 3.201
20 gi|127801853 Alkaline phosphatase 57.61 6.19 132 30 5.254
21 gi|127801853 Alkaline phosphatase, liver/bone/kidney 57.61 6.19 163 41 6.720
22 gi|116734717 Tissue nonspecific alkaline phosphatase precursor 57.61 6.19 161 43 6.187
23 gi|20141266 Alpha-internexin (a-Inx) (66 kDa neurofilament protein) 55.52 5.34 107 34 N

24 gi|62897681 Calreticulin precursor (Homo sapiens) 47.06 5.02 50 21 N

25 gi|186629 Keratin 10 39.83 5.72 70 25 5.728
26 gi|5716475 Phosphofructokinase, platelet-type 23.15 7.59 41 27 6.180
27 gi|119599010 hCG1644186 (Homo sapiens) 10.70 7.52 50 21 N

The accession numbers were obtained from Matrix Science (http://www.matrixscience.com) using the Mascot peptide mass fingerprint program.
DATS, diallyl trisulfide.

Table 7 DATS-sensitive proteins in Saos-2 cells may be involved in cell cycle arrest or apoptotic pathways

Protein Biological function Expression level Reference

Proteasome Inhibits cell cycle arrest and apoptosis via ubiquitin-proteasome pathway Down [22]
GRP 78/BIP Plays a key role in a survival response against drug-induced apoptosis by

preventing Bax activation
Down [34]

Heat shock 70 kDa protein (HSP70) Provides protection from stress-induced apoptosis at the levels of both
cytochrome c release and initiator caspase activation

Down [38]

g-actin Inhibits antimicrotubule agent-induced cell death Down [41]
Ras-associated protein-1 Involved in the activation of MAPK pathway and integrin activation in human

melanoma cells
Down [43]

Vimentin Associated with a dedifferentiated malignant phenotype, increased motility,
invasive ability and poor prognosis

Down [54]

Oxygen-regulated protein Inhibits celecoxib-induced apoptosis Down [63]
Ubiquitin carboxy-terminal hydrolase L1 Prevents ischemia-induced retinal cell apoptosis Down [64]
Keratin 10 Induces cell cycle arrest because of the interaction of keratin 10 with Akt and

PKCB
Up [27]

Alpha-internexin Induces apoptosis-like cell death in PC12 cells Up [59]
Calreticulin Induces apoptosis by increasing the concentration of cytosolic free Ca2 + Up [50]
Alkaline phosphatase, liver/bone/kidney Reduces secretion of matrix metalloproteinase-9 enzyme and inhibits

tumorigenic and metastatic ability in U-2OS cells
Up [60]

Tissue nonspecific alkaline phosphatase Promotes formation of hydroxyapatite crystals in osteoblast matrix vesicles
and then propagates them into the extracellular matrix

Up [61]

BIP, immunoglobulin-binding protein; DATS, diallyl trisulfide.
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radiation-induced apoptosis by suppressing Akt signaling

and regulating p53 function through altered Ca2 +

homeostasis [52,53]. Taken together, Ca2 + signaling

and Ca2 + homeostasis modulated by GRP78/BiP and

calreticulin are plausible to explain this apoptotic process

induced by DATS in Saos-2 cells.

Interestingly, vimentin, one of the cytoskeletal proteins,

was significantly decreased in Saos-2 cells stimulated

with DATS. Vimentin is often associated with dediffer-

entiated malignant phenotype, increased motility, inva-

sive or metastatic ability, and poor prognosis in cancer

cells [54,55]. In addition, vimentin can be cleaved by

caspases-3, 6, and 7 during apoptosis, and its proteolysis

promotes apoptosis by dismantling intermediate fila-

ments and generating a proapoptotic aminoterminal

cleavage product [56]. Moreover, reducing vimentin

expression could lead to a significant decrease in the

invasive ability of cancer cells [54,57]. a-internexin, an

intermediate filament protein that is expressed in normal

neurons undergoing maturation and differentiation, was

first found to be significantly upregulated after DATS

treatment in Saos-2 cells. It was previously shown that

a-internexin was expressed in medulloblastomas and

atypical teratoid–rhabdoid tumors [58], and induced

apoptosis-like cell death in a rat adrenal pheochromocy-

toma cell line, PC12 cells [59].

Alkaline phosphatases are a family of glycoproteins that

are able to hydrolyze various monophosphate esters at a

high pH optimum. Liver/bone/kidney (L/B/K) alkaline

phosphatase (ALP) and tissue nonspecific alkaline phos-

phatase (TNSALP) are two of the four major isoenzymes

that belong to this family. L/B/K ALP expression

can reduce secretion of matrix metalloproteinase-9

enzyme and inhibit tumorigenic and metastatic ability

in U-2OS cells [60]. As a well-known indicator of bone

formation, TNSALP may initiate and/or promote for-

mation of hydroxyapatite crystals in osteoblast matrix

vesicles and then propagate them into the extracellular

matrix [61]. Several studies indicated that all-trans-

retinoic acid could upregulate TNSALP expression

and catalytic activity, which were correlated with the

inhibition of malignant tumor cell proliferation [61,62].

In this study, the expression of L/B/K ALP and TNSALP

can be upregulated by DATS in Saos-2 cells; however, the

exact relationship between L/B/K ALP or TNSALP and

DATS should be clearly described.

In summary, the results of this study indicate that DATS

has the ability to suppress cell proliferation of Saos-2

cells by blocking cell cycle progression and inducing

apoptosis in a dose-dependent and time-dependent

manner. Furthermore, the proteomic data provide novel

insight into a massive response of protein expression in

Saos-2 cells induced by DATS, and show that some of

DATS-sensitive proteins are related to cell cycle or

apoptosis. Therefore, it seems reasonable to conclude

that DATS exert multiple stimuli to several biological

pathways, which could elucidate the anticarcinogenic

effects of DATS. Moreover, the DATS-sensitive proteins

in our study might be applied as therapeutic targets for

gene therapy of osteosarcoma. The proteomic study on

Saos-2 cells treated with DATS confirmed that DATS

could exert its anticarcinogenic effects on human osteo-

sarcoma cell line that is not from glandular organ or

epithelial tissue. However, the DATS-sensitive proteins

in Saos-2 cells and its molecular mechanisms should be

accurately studied using other experimental methods.
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