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Abstract. Diallyl trisulfide (DATS) is a natural organic sulfur 
compound that may be isolated from garlic and has strong 
anticancer activity. DATS has been demonstrated to upregulate 
the expression of calreticulin (CRT) in various types of human 
cancers, which is associated with the prognosis of cancer and 
its response to therapy. However, whether DATS has the same 
effect on human osteosarcoma cells is not known. Therefore, 
in the present study, Saos‑2 human osteosarcoma cells were 
cultured with different concentrations of DATS (0, 25, 50 and 
100 µmol/l) for 24 h, or with 50 µmol/l DATS for different time 
periods (0, 12, 24 and 36 h). Reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR), western blotting and 
immunofluorescent staining were used to detect CRT mRNA 
and protein in the Saos‑2 cells. Exposure to DATS changed 
the morphology and inhibited the growth of the Saos‑2 cells, 
and its effects appeared to be concentration‑ and exposure 
time‑dependent. The optimum concentration and exposure 
time of DATS were 50 µmol/l and 24 h, respectively. The 
levels of CRT mRNA and protein in the Saos‑2 cells were 
significantly upregulated following exposure to DATS. The 
upregulation of CRT expression by DATS may be a mecha-
nism underlying the ability of DATS to inhibit the growth of 
human osteosarcoma Saos‑2 cells.

Introduction

Osteosarcoma is one of the most common malignancies 
in adolescents. The incidence rate of all people has been 
reported to be 6‑8/1 million (1‑3), accounting for 2.4% of all 
malignancies and 60% of all malignant bone tumors (4,5). 
Furthermore, the incidence of osteosarcoma has been rising in 
recent years (6). Osteosarcoma originates from mesenchymal 
tissue and acquires the characteristics of strong invasiveness 
and early metastasis, which are associated with a poor prog-
nosis (3,4). Although neoadjuvant chemotherapy and surgical 
treatment are commonly used to treat osteosarcoma (7,8), the 
curative effect and prognosis are relatively poor; the 5‑year 
survival rate for patients with osteosarcoma without metastases 
is <70% (9). Some patients are insensitive to chemotherapy, 
and others are not able to tolerate the side effects of chemo-
therapy, including myelosuppression, kidney toxicity and 
gastrointestinal reactions. Therefore, it is necessary to explore 
the pathogenesis of osteosarcoma further and to develop novel 
effective drugs with reduced side effects for these patients.

Calreticulin (CRT) is a multifunctional Ca2+‑binding 
protein and an effector of the unfolded protein response, which 
participates in the regulation of intracellular Ca2+ homeostasis, 
protein folding and processing, antigen presentation, cellular 
differentiation and apoptosis (10). It is a molecular chaperone 
located in the endoplasmic reticulum (11). Previous studies 
have demonstrated that CRT expression is closely associated 
with the occurrence, development, diagnosis, prognosis and 
response to therapy of various tumors (11‑19); CRT has been 
shown to promote the growth of certain tumors, but to inhibit 
the growth of others. A previous study conducted by the 
present research team (20) identified that there was a strong 
association between low expression levels of CRT and osteo-
sarcoma growth and metastasis, which suggests that CRT may 
serve as a potential drug target for osteosarcoma.

Diallyl trisulfide (DATS) (21), a volatile oil‑like bioactive 
compound derived from allium vegetables, has a variety of 
biological effects, including lipid‑lowering, antibacterial, 
anti‑inflammatory and immune‑enhancing effects (22). DATS 
has previously exhibited strong anticancer effects, and is 
widely used as an anticancer and chemopreventive agent for 
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certain tumors (23,24). However, the effect of DATS on osteo-
sarcoma and the underlying mechanism are largely unknown. 
A previous proteomic study conducted by the present research 
team (25) demonstrated that DATS suppressed Saos‑2 human 
osteosarcoma cell proliferation by blocking cell cycle progres-
sion and inducing apoptosis in a dose‑ and time‑dependent 
manner. In addition, nine upregulated proteins were detected 
as DATS‑sensitive proteins, one of which was CRT. In the 
present study, the effects of DATS on Saos‑2 cells were 
observed, and the level of CRT expression in the Saos‑2 cells 
was investigated.

Materials and methods

Materials. DATS (98% pure) was purchased from LKT 
Laboratories, Inc. (Minneapolis, MN, USA). Dulbecco's 
modified Eagle's medium (DMEM) and fetal bovine serum 
(FBS) were obtained from Gibco (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Rabbit anti‑human polyclonal 
CRT antibody (cat. no. ab227444) and mouse anti‑human 
polyclonal β‑actin antibody (cat. no. ab8227) were purchased 
from Abcam (Cambridge, UK). Fluorescein isothiocyanate 
(FITC)‑labeled goat anti‑rabbit immunoglobulin G antibody 
(FITC‑IgG; heavy and light chain; cat. no. E031220‑01) was 
obtained from EarthOx Life Sciences (Millbrae, CA, USA). 
Horseradish peroxidase (HRP)‑conjugated goat anti‑rabbit 
IgG antibodies (cat. no. sc‑2004) were obtained from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The primer 
sequences were as follows: CRT upstream, 5'‑TTG GAA GAG 
ATT GGG ACT‑3' and downstream, 5'‑GCC AAA GTT ATC 
ATA GGC ATA GA‑3'; β‑actin upstream, 5'‑CTC CCT GGA 
GAA GAG CTA CGA‑3' and downstream, 5'‑CGA TCC ACA 
CGG AGT ACT TGC‑3' (Takara Biotechnology Co., Ltd., 
Dalian, China).

Cell culture. Saos‑2 cells were obtained from the Institute 
of Biochemistry and Cell Biology at the Chinese Academy 
of Sciences (Shanghai, China). The cells were cultured in 
DMEM supplemented with 10% FBS at 37˚C in humidified air 
containing 5% CO2. Cells were used in the logarithmic phase 
of growth throughout the study.

Immunofluorescent staining assay. The Saos‑2 cells (~5x105) 
were treated with different concentrations of DATS (0, 25, 50 
and 100 µmol/l) for 24 h, and with 50 µmol/l DATS for different 
time periods (0, 12, 24 and 36 h) in 24‑well culture plates. 
Following treatment, the Sao‑2 cells were washed three times 
in PBS and then fixed in PBS containing 4% formaldehyde for 
30 min at room temperature. The cells were then washed twice 
in PBS and incubated for 30 min in PBS containing 0.1% Triton 
X‑100. Next, the cells were blocked with 200 µl 10% normal 
goat serum (Gibco; Thermo Fisher Scientific, Inc.) diluted with 
PBS per well and incubated for 30 min at room temperature. 
Thereafter, the cells were incubated with 200 µl primary CRT 
antibody (dilution, 1:75) per well in a moist chamber at 4˚C 
overnight. After washing three times with PBS, the cells were 
incubated with goat anti‑rabbit FITC‑IgG antibody (dilution, 
1:200) at room temperature for 30 min. Following this, the 
cells were blocked with glycerol followed by incubation with 
DAPI for 5 min at room temperature.

The cells were then analyzed using a Leica DM4000B 
microscope (Leica Microsystems GmbH, Wetzlar, Germany). 
Images were captured and expression levels determined 
using the Image‑Pro Plus image analysis system 7.0 (Media 
Cybernetics, Inc., Rockville, MD, USA). Cells in which 
the cytoplasm was stained green were considered to be 
CRT‑positive cells.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR) assay. Following treatment with DATS 
as described for the immunofluorescent staining assay, total 
RNA was extracted from the Saos‑2 cells using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and 
synthesized into cDNA using the PrimeScript RT reagent 
kit (Takara Biotechnology Co., Ltd.) at 37˚C for 15 min and 
85˚C for 5 sec. qPCR analysis was then performed using 
SYBR Premix Ex Taq II (Takara Biotechnology Co., Ltd.) 
with a LightCycler 480 system (Roche Diagnostics, Basel, 
Switzerland). A 25‑µl PCR reaction mixture contained 2 µl 
cDNA, 12.5 µl SYBR Premix Ex Taq II, 1 µl each primer 
and 8.5 µl diethyl pyrocarbonate water. Following an initial 
denaturation step at 95˚C for 2 min, CRT and ß‑actin were 
amplified with 45 cycles at 95˚C for 20 sec, 60˚C for 30 sec 
and 68˚C for 30 sec. The levels of β‑actin were used as an 
internal control. All reactions were run in triplicate. The data 
output from the RT‑qPCR experiments were then analyzed 
using the 2-ΔΔCq method (26).

Western blot analysis. Following treatment with DATS as 
described for the immunofluorescent staining assay, protein 
was extracted from the Saos‑2 cells using radioimmunopre-
cipitation assay buffer (Beyotime Institute of Biotechnology, 
Haimen, China) containing phenylmethane sulfonyl fluoride. 
A BCA protein assay kit (Beyotime Institute of Biotechnology) 
was used to evaluate the total protein concentration. Protein 
samples (30 µg/lane) were separated by SDS‑PAGE (8%) 
and transferred to polyvinylidene difluoride membranes. 
The membranes were incubated overnight at 4˚C with 
primary anti‑CRT antibody (dilution, 1:1,000) followed by 
the HRP‑conjugated goat anti‑rabbit IgG secondary antibody 
(dilution, 1:20,000) at room temperature for 1 h. The blots 
were then visualized using a chemiluminescent detection kit 
(Amersham; GE Healthcare Life Sciences, Chalfont, UK). 
A Typhoon PhosphorImager with ImageQuant TL software 
version 7.0 (both GE Healthcare Life Sciences) was used to 
quantify the protein. The antibody against β‑actin served as an 
internal reference. The expression level of CRT protein in each 
sample was determined as follows: Expression level of CRT 
protein = densitometric value of CRT protein/densitometric 
value of β‑actin.

Statistical analysis. All data are expressed as the 
mean ± standard error of the mean of three independent 
experiments. The statistical significance of differences in 
the expression of CRT mRNA and protein among multiple 
groups was determined using one‑way analysis of variance 
followed by Scheffe's post hoc test. SPSS 19.0 software (IBM 
Corp., Armonk, NY, USA) was used for statistical analysis. 
P<0.05 was considered to indicate a statistically significant 
difference.
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Results

DATS inhibits the growth of Saos‑2 human osteosarcoma cells. 
Changes in the morphology and growth status of the Saos‑2 
cells were observed under an inverted microscope following 
culture with different concentrations of DATS (0, 25, 50 and 
100 µmol/l) for 24 h, and with 50 µmol/l DATS for different 
exposure times (0, 12, 24 and 36 h). In the DATS‑treated 
cells, morphological deformations, including the shrinkage 
of cell bodies, loosening of intercellular gaps, cell lysis and 
condensation of nuclei were observed. In addition, a number 
of cells became round, floated and necrotic. Furthermore, 
these morphological changes appeared to be concentration‑ 
and exposure time‑dependent phenomena. However, the cell 
morphology of the control group appeared normal (data not 
shown). Images of the Saos‑2 cells following treatment with 
DATS under these conditions have been presented by the 
present authors in a previous study (27).

DATS induces the expression of CRT mRNA in Saos‑2 cells. 
The presence of CRT mRNA was detected in the Saos‑2 cells 
treated with different concentrations of DATS for 24 h (Fig. 1A) 
and 50 µmol/l DATS for different exposure times (Fig. 1B). 
The results demonstrated that the expression level of CRT 
mRNA was significantly upregulated following culture with 
DATS, and the upregulation appeared to be concentration‑ and 
exposure time‑dependent (Fig. 1).

DATS increases CRT protein levels in Saos‑2 cells. To char-
acterize the functional relevance of increased CRT expression 
in osteosarcoma, analysis of CRT protein levels in the Saos‑2 
cells following culture with different concentrations of DATS 
for 24 h and with 50 µmol/l DATS for different exposure times 
was conducted. In the immunofluorescent staining assay, 
CRT exhibited prominent nuclear localization and increased 
expression intensity following treatment with DATS (Fig. 2). 
The expression intensity of CRT appeared to increase as the 
concentration (Fig. 2A) and exposure time (Fig. 2B) increased.

Western blotting was conducted to support further evaluate 
the CRT protein content of the cells following culture with 
different concentrations of DATS for 24 h (Fig. 3A) and 
with 50 µmol/l DATS for different exposure times (Fig. 3B). 
Treatment with DATS significantly reduced the CRT protein 
levels. The levels of CRT protein detected by western blot-
ting were consistent those indicated by immunofluorescent 
staining.

Discussion

Developments in neoadjuvant chemotherapy, surgical treat-
ment and comprehensive treatments for osteosarcoma have 
provided significant benefits to the treatment of osteosarcoma 
in recent years. Neoadjuvant chemotherapy combined with 
surgery is currently the preferred treatment for osteosar-
coma (28), following more than 40 years of development and 
improvement (29). This type of treatment has great advan-
tages, including the ability to limit or shrink the primary 
lesion, increase the likelihood of surgical success, reduce the 
difficulty of surgery and increase the 5‑year survival rate of 
patients with osteosarcoma (28,29). However, it has numerous 

side effects and complications, including myelosuppression, 
hepatorenal toxicity, serious gastrointestinal reactions and 
drug resistance (30). The development of neoadjuvant chemo-
therapy has slowed. Therefore, the exploration of new effective 
biomarkers, sensitive chemotherapeutic agents with reduced 
side effects and molecular therapeutic targets is necessary.

A large amount of research has been conducted on plant 
extracts, and many satisfactory results have been achieved. Garlic 
extract has attracted considerable attention due to its advantages 
of readily absorbed, non‑polluting to the environment and 
widely available compared with traditional chemotherapeutic 
medicines. However, although the term garlic extract usually 
refers to a complex mixture of heterogeneous allyl organic 
sulfides, the present study investigated a specific component 
of garlic extract, namely DATS. DATS has been demonstrated 
to have good anticancer effects, with the ability to inhibit the 

Figure 2. Effect of DATS on the expression of the cell surface differentia-
tion marker CRT. CRT is indicated by immunofluorescence (green, upper 
panels). The DNA‑intercalating dye DAPI was used to distinguish cell 
nuclei (blue, center panels). The lower panels display merged images to 
highlight the nuclear localization of CRT. Images for Saos‑2 cells cultured 
with (A) different concentrations of DATS for 24 h and (B) 50 µM DATS for 
different exposure times (magnification, x400). CRT, calreticulin.

Figure 1. Detection of CRT mRNA in Saos‑2 cells following treatment with 
DATS detected using reverse transcription‑quantitative polymerase chain 
reaction with β‑actin as a reference gene. CRT mRNA levels in Saos‑2 cells 
cultured with (A) different concentrations of DATS for 24 h and (B) 50 µM 
DATS for different exposure times. Error bars represent the standard error 
of the mean. *P<0.05 vs. control group. CRT, calreticulin; DATS, diallyl 
trisulfide.
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proliferation and metastasis of various types of cancer, including 
prostate cancer (31), gastric cancer (32), lung cancer (33), breast 
cancer (34) and colon cancer (35). Oommen et al (36) reported 
that DATS promoted the apoptosis of SiHa cells by increasing 
the activity of caspase‑3, ‑8 and ‑9, and downregulating the 
expression of poly (ADP‑ribose) polymerase. Xu et al (37) 
revealed that C‑Jun N‑terminal kinase (JNK) activation and 
mitochondrial Bax translocation were involved in the apop-
tosis of SKOV3 cells induced by another component of garlic 
extract, allicin. Li et al (38) demonstrated that allicin inhibited 
the proliferation of Caco‑2 cells by downregulating the expres-
sion of nuclear factor‑κB p65 and blocking the p38 and JNK 
signaling pathway. However, few studies investigating the effect 
of DATS on osteosarcoma and the underlying mechanism have 
been conducted.

A previous study conducted by the present research team 
demonstrated that DATS inhibited the proliferation of osteo-
sarcoma cells and promoted their apoptosis in a dose‑ and 
time‑dependent manner in vitro (25). Another study by the 
present research team (20) observed that the expression of 
CRT in patients with osteosarcoma was higher in the normal 
tissues surrounding the tumors than in the tumor tissues. In 
addition, CRT expression was greater in patients without 
metastasis than in those with metastasis, and in patients 
following chemotherapy than in those prior to chemotherapy. 
These results suggest that the CRT expression level is nega-
tively associated with osteosarcoma malignancy. Therefore, 
further experiments to elucidate the mechanism of DATS on 
growth of human osteosarcoma were conducted in the present 
study.

The observation of Saos‑2 cells under an inverted micro-
scope following treatment with DATS revealed that DATS 
damaged the normal structure of the cells and inhibited 
their growth. These morphological changes appeared to 
be positively associated with the DATS concentration and 
exposure time, and indicate that DATS is able to inhibit the 
growth of osteosarcoma, consistent with previous study (27). 
Immunofluorescence staining, RT‑qPCR and western blot 
analyses were conducted in the present study to detect CRT 
expression following the exposure of Saos‑2 cells to DATS. 
The experimental results consistently demonstrated that DATS 

upregulated the expression of CRT in these cells, in an appar-
ently concentration‑ and exposure time‑dependent manner. 
Therefore, it is possible that the inhibition of osteosarcoma 
cell growth by DATS may occur via the upregulation of CRT 
expression. Furthermore, upregulating the expression of CRT 
via DATS treatment may be a possible therapeutic strategy for 
the effective management of osteosarcoma.

Although a number of studies on the association between 
CRT and malignant tumors have been conducted, the findings 
concerning the level and significance of CRT expression in 
cancer are not consistent in different types of tumors. Previous 
studies have demonstrated that CRT is upregulated in oral 
squamous cell carcinoma (11), pancreatic cancer (14), breast 
cancer (15), hepatocellular carcinoma (17), adrenocortical 
carcinomas (18) and gastric cancer (19). However, the results 
of a previous study by the present authors indicated that CRT 
was downregulated in osteosarcoma cells (20). In the present 
study, immunofluorescent staining, RT‑qPCR and western 
blotting were conducted to detect the expression of CRT in 
Saos‑2 osteosarcoma cells following culture with DATS at 
different concentrations and exposure times.

CRT has been demonstrated to serve an important role in 
inhibiting neovascularization and decreasing the blood supply 
to tumor tissue. In addition, CRT recruits macrophages to 
tumor cells to engulf and destroy the tumor cells, induces the 
production of killer lymphocytes and improves the ability of 
the immune system to kill tumor cells (39). Furthermore, CRT 
binds to the cluster of differentiation 47 receptor on the surface 
of certain innate immune cells, such as macrophages and 
dendritic cells, and increases the immune response to tumor 
cells (40). These previous observations and the results of the 
present study suggest that CRT may serve as a potential target 
for the development of therapeutics and preventive strategies 
for osteosarcoma.

The present study demonstrated that the treatment of 
Saos‑2 osteosarcoma cells with DTS was associated with 
an increase in CRT expression. The possible mechanisms 
for this are as follows. Firstly, DATS may upregulate CRT 
expression by antagonizing the peroxisome proliferator‑acti-
vated receptors that control the metabolic processes in 
various cells (37,41). Secondly, DATS acts as a calcium 

Figure 3. Western blot analysis of CRT expression level in Saos‑2 cells following treatment with DATS. CRT protein levels in Saos‑2 cells cultured with 
(A) different concentrations of DATS for 24 h and (B) 50 µM DATS for different exposure times. β‑actin was used as a loading control. Error bars represent 
the standard error of the mean. *P<0.05 vs. control group.
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antagonist and is able to influence the calcium channels 
on cell membranes (42). Therefore, it may upregulate CRT 
expression by regulating the calcium concentration in osteo-
sarcoma cells.

However, the present study is a preliminary study in which 
only in vitro experiments were conducted. Further in‑depth 
experiments using relevant animal models are required to 
clarify the curative effect and mechanism of DATS. In addi-
tion, the biological roles of CRT require further investigation 
in DATS‑treated osteosarcoma cells in which CRT expression 
has been knocked down or overexpressed. In addition, the 
results require confirmation using other osteosarcoma cell 
lines, for example, HOS, U2OS and MG63 cells. Therefore, 
the investigation of the CRT‑dependent molecular targets and 
signaling pathways will be the focus of future studies by the 
present research team.

In conclusion, the present study revealed a novel mecha-
nism and potential molecular target of DATS in osteosarcoma 
cells. The results indicate that the known inhibitory effect of 
DATS on the growth of Saos‑2 osteosarcoma cells may be 
mediated via upregulation of the expression of CRT. The 
present study provides a basis for the clinical use of DATS 
and suggests a novel molecular target for the treatment of 
osteosarcoma.
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