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induces G0/G1 cell cycle arrest and apoptosis in  
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Abstract: Simvastatin has been reported to possess anti-cancer activities. However, the roles and molecular mecha-
nisms of simvastatin in osteosarcoma progression are still unknown. In this study, we investigated the effects of 
simvastatin on cell proliferation, migration and invasion, cell cycle and apoptosis in MNNG/HOS osteosarcoma cells. 
Our present study demonstrated that simvastatin inhibited osteosarcoma cell proliferation in culture and tumor 
growth in vivo. Simvastatin suppressed MNNG/HOS cells migration and invasion by down-regulation of expressions 
of MMP-2 and -9. Simvastatin induced MNNG/HOS cells G0/G1 phase arrest via down-regulation of cyclin D1, 
CDK2, CDK4 as well as up-regulation of p21 and p27. Simvastatin induced MNNG/HOS cells apoptosis through in-
activation of PI3K/Akt signaling pathway. Simvastatin can partly approach the efficacy of LY294002 and completely 
reverse the IGF-1-induced activation of PI3K/Akt signaling pathway. Overall, our novel findings suggested the pos-
sibility of simvastatin as a tumor suppressor for human osteosarcoma treatment.
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Introduction

Osteosarcoma is the most common primary 
tumor of bone in children and young adults. 
Because these tumors have a high propensity 
to metastasis, most often to the lung, they are 
ranked among the most frequent causes of 
cancer-related death, despite the fact this can-
cer type only accounts for 5-6% of all childhood 
tumors [1]. Osteosarcoma can transpire in any 
bone, mostly are found near the metaphyseal 
growth plates of the long bones, especially the 
distal femur, proximal tibia and proximal humer-
us [2]. The current favored treatment for Oste- 
osarcoma involves neoadjuvant chemotherapy, 
followed by surgery and chemotherapy again. 
Although surgical techniques and chemothera-
peutic strategies have been improved during 
the past few years, the 5-year survival rate of 
Osteosarcoma patients has not significantly 
increased. Thus, there is a great need to devel-
op more effective treatments for this deadly 
disease.

Statins, which are competitive inhibitors of 
3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (HMGCR), have been widely prescribed for 
the treatment of hypercholesterolemia and are 
among the most widely used pharmaceutical 
agents in the world. These drugs effectively 
lower circulating cholesterol levels by decreas-
ing the intracellular synthesis of cholesterol, 
and extensive clinical trials have demonstrated 
that statins reduce the risk of myocardial infarc-
tion, ischemic stroke, and the development of 
peripheral arterial disease [3]. Recently, statins 
have received more attention for their antican-
cer effects. Evidence is accumulating that sta- 
tins exert the tumor cytotoxicity through the 
inhibition of cell proliferation, induction of ap- 
optosis, or inhibition of angiogenesis [4-6]. Of 
all statins, Simvastatin (Sim), a lipophilic mem-
ber, have showed more potent anti-tumor activ-
ity in vitro and in vivo in previous studies [7]. 
Numerous experimental data confirmed that 
Sim inhibits a variety of cancer cells growth, 
including ovarian cancer [8], bile duct cancer 
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[9], renal cancer [10], prostate cancer [11] and 
hepatic cancer [12]. Evidence is mounting to 
support claims that Sim exert the anti-tumor 
effects by inducing apoptosis and inhibiting cell 
cycle progression through a variety of cell sig-
naling pathways [8, 9, 12, 13]. However, there 
is little research referred to the effects of Sim 
on human osteosarcoma cells as well as molec-
ular mechanisms. Thus, in the present study, 
the effects of Sim on osteosarcoma and possi-
ble molecular mechanisms were further stud-
ied. Our findings demonstrated that Sim could 
inhibit the human osteosarcoma cells prolifera-
tion in vitro and in vivo through multimecha-
nisms, implying that Sim may be a promising 
therapeutic drug for osteosarcoma patients.

Materials and methods

Chemicals and reagents

Sim (Sigma-Aldrich Chemical Co, St. Louis, MO, 
USA) was obtained as solid powder and dis-
solved in 100 mg/ml solution of DMSO (Sigma-
Aldrich Chemical Co, St. Louis, MO, USA) and 
then diluted with the medium to the desired 
concentration prior to use. Final DMSO concen-
tration was lower than 0.1% and has been veri-
fied not to interfere with the test system 
employed. Cell counting kit (CCK)-8 was pur-
chased from Dojindo Molecular Technologies 
Inc. (Kumamoto, Japan). Annexin V-FITC and 
propidium iodide (PI) double staining kit was 
obtained from Nanjing Kaiji Biotechnology Co. 
Ltd. (Nanjing, China). Insulin-like growth fac-
tor-1 (IGF-1) was obtained from PeproTech 
China (Suzhou, China). LY294002 (the PI3K 
inhibitor) were purchased from Cell Signaling 
Technology (Beverly, MA, USA). All other chemi-
cals and reagents were commercially available 
and of standard biochemical quality.

Cell line and culture

Human osteosarcoma cell line MNNG/HOS 
were obtained from ATCC (Rockville, MD, USA). 
The cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Invitrogen, Carlsbad, 
CA, USA) containing 10% fetal bovine serum 
(Invitrogen, Carlsbad, CA, USA) in a humidified 
incubator with 5% CO2 at 37°C.

Cell viability assay and morphological observa-
tion

Cell viability was determined using a cell count-
ing kit (CCK)-8 assay. The MNNG/HOS cells 

were seeded in 96-well plates at 1×104 cells 
per well in 100 µl culture medium. After over-
night incubation, The cells were then subjected 
to different concentrations (0.5, 1, 2, 4, 8, 16, 
32, 64 µM) of Sim for 24, 48 and 72 h. Cells 
grown in DMEM containing an equivalent 
amount of DMSO without any compound treat-
ment functioned as control. 10 μl CCK-8 was 
added into the culture well after the DATS treat-
ment and then the cells were incubated for 2 h 
at 37°C with 5% CO2 in a humidified incubator, 
and the viability of the cells was measured by 
absorption at 490 nm using an ELISA reader 
(BioTek, Winooski, VT, USA). Inhibitory ratio (%) 
= (OD control-OD treated)/OD control × 100%. 
For assessment of cell morphology of MNNG/
HOS cells after exposed to Sim, a total of 4×105 
cells/well were cultured in 6-well plates at 37°C 
overnight, and then each well were treated with 
0, 8, 16 μM Sim for 48 h. The cells in each well 
were examined under a phase-contrast micro-
scope and then were photographed (Olympus, 
Melville, NY).

Cell migration and invasion assays

Cell migration (wound-healing) assay was con-
ducted to determine the capacity of cell migra-
tion. Briefly, the wound was generated when 
the cells reached around 90% confluency by 
scratching the surface of the plates with a 
pipette tip. The cells were incubated in different 
concentrations (0, 8, 16 μM) of Sim for 48 h 
respectively, and then photographed at the 
identical location of the initial image with an 
Olympus Optical microscope (Olympus, Melville, 
NY). The percentages of open spaces covered 
by migrated cells were determined as described 
previously [14]. The determinations of invasion 
assay was performed through 24-well Transwell 
Insert (8 μm pore filters; Corning, NY, USA) coat-
ed with Matrigel (BD Biosciences, Bedford, MA, 
USA) according to manufacturer’s protocol. 
Initially, the MNNG/HOS cells were cultured for 
24 h in serum-free DMEM, and then cells were 
placed in the upper chamber of the Transwell 
Insert (1×104 cells/200 μl medium) and treated 
with desired concentration of Sim (0, 8, 16 μM). 
The 600 μl complete medium containing 10% 
FBS was placed in the lower chamber. After 48 
h of incubation, the cells in the upper chamber 
were removed with a cotton swab, and the 
cells, which invaded through the Matrigel, were 
then fixed with 4% formaldehyde and stained 
with 2% crystal violet. Finally, the cells in the 
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lower surface of the filter which penetrated 
were counted and photographed under a ph- 
ase-contrast microscope. Abilities of invasion 
were quantified by counting the number of 
invaded cells from six random microscopic 
fields [15].

Cell cycle analysis

The MNNG/HOS cells at a density of 3×105 
cells/well were plated in 6-well plates for over-
night incubation and then were treated with dif-
ferent concentrations (0, 8, 16 μM) of Sim for 
48 h. Both floating and attached cells were col-
lected and washed in ice-cold PBS, resuspend-
ed, and fixed with 70% ice-cold ethanol over-
night at 4°C. Then the cells were centrifuged 

Western blot analysis

For the preparation of cytosolic extracts, the 
MNNG/HOS cells were lysed in RIPA with 1 mM 
PMSF for 30 min on ice. The mixture was centri-
fuged at 14,000 g for 5 min and the precipita- 
te was discarded. Protein concentration was 
measured with BCA protein assay kit (Beyotime, 
Haimen, China). Samples containing equal am- 
ount of protein were separated by SDS-PAGE, 
and then transferred to polyvinylidene fluoride 
(PVDF) membranes (Merck Millipore, MA, USA) 
using standard procedure. The PVDF mem-
brane was blocked in 5% (w/v) skim milk pow-
der in Tris-buffered saline containing 0.1% 
Tween-20 for 2 h at room temperature. The pri-
mary antibodies against GAPDH (Abcam, ab- 

Figure 1. Effects of Sim on the cell growth of MNNG/HOS cells. A. MNNG/
HOS cells were treated with 0.5, 1, 2, 4, 8, 16, 32, 64 µM μM of Sim for 
24, 48 and 72 h. The cell growth inhibitory rate was measured using CCK-8 
assay. The results from three independent experiments are represented in 
the form of means ± SD. #P<0.05, ##P<0.01 compared with control groups. 
*P<0.05, ** P<0.01 compared with 24 h groups. B. Representative mor-
phologies of MNNG/HOS cells respectively under phase contrast microscopy 
(magnification, x100).

and treated with RNase A (20 
μl in 500 μl PBS) for 30 min at 
37°C. Subsequently, the cells 
were added 400 μl PI and 
incubated at room tempera-
ture for 30 min in the dark. 
Cell cycle distribution was 
analyzed using flow cytometer 
(BD Calibur). Data analysis 
was performed using FlowJo 
software.

Cell apoptosis assay

The apoptosis of MNNG/HOS 
cells was examined by flow 
cytometry using Annexin V- 
FITC/PI staining. Briefly, the 
cells were cultured in 6-well 
plates (3×105 cells/well) over-
night and then were treated 
with indicated concentrations 
(0, 8, 16 µM) of Sim for 48 h. 
Both attached and floating 
cells were accumulated and 
washed twice with ice-cold 
PBS, resuspended in 500 μl 
binding buffer. The samples 
were added 5 μl Annexin 
V-FITC and 5 μl PI, and incu-
bated at room temperature 
for 15 min in the dark. Cell 
apoptosis was analyzed using 
flow cytometer (BD Calibur). 
Data analysis was performed 
using FlowJo software.
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9485), PI3K (p110β) (Abcam, ab32569), Akt 
(Cell Signaling Technology, #9272), p-Akt (Ser- 
473) (Cell Signaling Technology, #9271), Bax 
(Abcam, ab32503), Bcl-2 (Cell Signaling Tech- 
nology, #2870), cleaved PARP (Abcam, ab32- 
064), cyclin D1 (Cell Signaling Technology, #29- 
78), CDK2 (Abcam, ab32147), CDK4 (Abcam, 
ab108355), p21 Cip1 (Abcam, ab7960), p27 
Kip1 (Abcam, ab7961), MMP-2 (Cell Signaling 
Technology, #4022), and MMP-9 (Cell Signaling 
Technology, #3852) were diluted according to 
the instructions of antibodies and incubated 
overnight at 4°C. Then the horseradish peroxi-
dase (HRP)-conjugated secondary antibodies 
against rabbit IgG (Zhongshanjinqiao Biotech- 
nology Co., Ltd, Beijing, China) were added at a 
dilution ratio of 1:5000 and incubated at room 
temperature for 2 h. The blots were visualized 

using an enhanced chemiluminescence (ECL) 
detection kit (Merck Millipore, Billerica, MA, 
USA) according to the manufacturer’s instruc-
tions. The relative protein expression levels 
were then determined using ChemiDoc Touch 
Imaging System (Bio-Rad Laboratories, Inc., 
CA, USA) and quantified by Image Lab and 
ImageJ software. In order to quantify changes 
to protein expression, the target protein was 
normalized against GAPDH.

In vivo xenograft tumor assay

The MNNG/HOS cells were counted by trypan 
blue staining. Then the cells (5×106 cells) were 
suspended in non-serum medium with equal 
volume of Matrigel (BD Biosciences) and inocu-
lated subcutaneously into the right flank of 

Figure 2. Sim suppressed cell migration and invasion and down-regulated the expression of MMP-2 and -9 after 
MNNG/HOS cells were treated with different concentrations of Sim for 48 h. A and B. The effects of Sim on the 
migration ability of cells were determined by wound healing assay. Cell migration was assessed by the percentages 
of original open spaces covered by migrated cells. C and D. The effects of Sim on the invasive ability of cells were 
determined by Transwell assay. Images of the cells that invaded through the Matrigel to the lower chamber at 48 
h were captured by light microscopy (magnification, ×100). Columns indicated the mean numbers of MG63 and 
MNNG/HOS cells that invaded through the Matrigel from six random microscopic fields. E and F. Expression levels of 
MMP-2 and -9 detected by Western blot in MNNG/HOS cells treated with Sim. GAPDH was used as a loading control. 
Data are expressed as the mean ± SD from three independent experiments. *P<0.05, **P<0.01 vs. control groups.
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nude mice. Sixteen mice were injected with the 
MNNG/HOS cells and then randomly divided 
into the control and simvastatin groups. The 
Sim treatment (intraperitoneal injection, 3 mg/
kg/day) was initiated twelve days after the inoc-
ulation, and tumor volume was measured every 
week using palpation until tumors had grown to 
a size amenable to caliper measurement. Co- 
ntrol mice were given the same volume of nor-
mal saline. The body weight of mice in both 
groups was also measured every week. Tumor 
volume was calculated using the following 
equation (width2 × length)/2. About 7 weeks af- 
ter inoculation, mice were euthanized by subcu-
taneous injection with sodium pentobarbital 
(40 mg/kg) and the tumor volume was calcu-
lated. This study was performed with approval 
from the Animal Ethics Committee of Qilu Ho- 
spital. All surgeries were performed under sodi-
um pentobarbital anesthesia (Sigma, St. Louis, 
MO, USA), and all efforts were made to mini-
mize suffering.

Statistical analysis

All the experiments were performed three times 
independently. All the results were expressed 
as the mean ± SD. The Student’s t-test by Gr- 
aphPad InStat software (GraphPad Software, 
Inc., San Diego, CA, USA) was used to compare 
the difference among different groups. A P< 
0.05 was considered statistically significant.

Results

Effect of Sim on MNNG/HOS cell proliferation

The anti-proliferative effect of Sim (Figure 1A) 
against MNNG/HOS cells was examined by 
CCK-8 assay. Our data showed that Sim signifi-
cantly inhibited MNNG/HOS cell proliferation in 
a dose- and time-dependent manner (P<0.05). 
The IC50 values of Sim at 24, 48, 72 h were 
15.10±2.08, 9.91±1.05, 6.24±0.83 µM res- 
pectively. For the morphological changes of 
MNNG/HOS cells after incubation with Sim at 

Figure 3. Effects of Sim on cell cycle distribution and the expressions of cell cycle related proteins in MNNG/HOS 
cells. After treatment with Sim at 0, 8, 16 µM for 48 h, A. cell cycle distribution was determined by flow cytometric 
analysis. B. The percentage of cells in various phases of cell cycle. Data are expressed as the means ± SD from 
three independent experiments. C and D. Expression levels of cyclin D1, CDK2, CDK4, p21 Cip1 and p27 Kip1 were 
detected by Western blot in Sim treatment MNNG/HOS cells. GAPDH was used as a loading control. Data are ex-
pressed as the means ± SD from three independent experiments. *P<0.05, **P<0.01 vs. control groups.
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different concentrations (0, 8, 16 µM) for 48 h, 
the control group cells showed a typical polygo-
nal and intact appearance, whereas the Sim-
treated cells displayed dose-dependent chang-
es in cell counts, cell shrinkage, loss of cell to 
cell contact, poor adherence and floating 
shapes (Figure 1B, magnification, x100).

Sim suppressed cell migration and invasion

After the MNNG/HOS cells were treated with 
Sim at 0, 8, 16 μM for 48 h, the wound healing 

assay showed that Sim significantly suppressed 
the migration ability of MNNG/HOS cells in a 
dose-dependent manner compared with the 
control groups (Figure 2A and 2B, P<0.01). 
Transwell assay showed that DATS significantly 
reduced the invasive ability of MNNG/HOS cells 
in a dose-dependent manner compared with 
the control groups (Figure 2C and 2D, P<0.05). 
Collectively, our results suggested that Sim 
played a suppressive role in MNNG/HOS cells 
migration and invasion.

Figure 4. Sim induced MNNG/HOS cells apoptosis and inactivation of the PI3K/Akt signaling pathway. After Sim 
treatment at 0, 8, 16 µM for 48 h, the MNNG/HOS cells were stained with Annexin V-FITC and PI for flow cytometric 
analysis and protein expression levels were determined by Western blot. (A) Flow cytometric analysis. (B) The per-
centage of apoptotic cells (early apoptosis + late apoptosis). (C) Representative blots. Relative expression levels of 
(D) PI3K (p110β), (E) cleaved PARP. The ratio of expressions of (F) p-Akt/Akt, (G) Bax/Bcl-2. GAPDH was used as a 
loading control. Data are expressed as the means ± SD from three independent experiments. *P<0.05, **P<0.01 
vs. control groups.
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We further investigated the underlying molecu-
lar mechanism that might be responsible for 
the Sim-induced suppression of cell invasion. 
We determined the expression of Matrix metal-
loproteinases (MMPs) by Western blot. As 
shown in Figure 2E and 2F, the protein expres-
sions of MMP-2 and MMP-9 were markedly 
inhibited in a dose-dependent manner in Sim-
treated cells compared with the control groups 
(P<0.05). Therefore, our results suggested that 
the down-regulation of MMP-2 and MMP-9 
might be responsible for Sim-induced invasive 
suppression in MNNG/HOS cells.

Effects of Sim on cell cycle distribution

To further analyze the if Sim-induced growth 
inhibition of osteosarcoma cells was a result of 

induction of cell cycle arrest, flow cytometric 
analysis was performed to assess the cell pop-
ulation at various stages of cell cycle. The 
results revealed that Sim caused significant 
accumulation of cells in G0/G1 phase in a 
dose-dependent manner in MNNG/HOS cells 
(Figure 3A and 3B, P<0.05). Nearly 51.2±2.8% 
of the cells accumulated in G0/G1 phase as 
compared to 34.7±2.3% in control groups at 16 
μM of Sim.

To elucidate whether cell cycle arrest is ass- 
ociated with the regulation of cell cycle check-
point proteins, we examined the expression of 
related proteins by Western blot. As some index 
for G1 phase arrest, we measured the expres-
sion levels of cyclin-dependent kinases (CDKs) 

Figure 5. The Inactivation of PI3K/Akt signaling pathway was involved in Sim-induced apoptosis. The MNNG/HOS 
cells were pretreated with IGF-1 (10 ng/ml) for 2 h, followed by treatment with IGF-1 or co-treatment with Sim (8 μM) 
for 48 h. The other groups were treated with Sim (8 μM) or LY294002 (20 µM) for 48 h. Protein expressions were 
determined by Western blot and quantified densitometric analysis. (A) Representative blots. Relative expression 
levels of (C) PI3K (p110β) and cleaved PARP. The ratio of expressions of (B) p-Akt/Akt, (D) Bax/Bcl-2. GAPDH was 
used as a loading control. Data are expressed as the means ± SD from three independent experiments. *P<0.05, 
**P<0.01 vs. control groups. #P<0.05, ##P<0.01 vs. Sim groups. &P<0.05 vs. IGF-1 groups.
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CDK2, CDK4, of cyclin D1, and of cyclin-depen-
dent kinase inhibitors (CDKIs) p21 Cip1 and 
p27 Kip1. As representatively demonstrated  
in Figure 3C and 3D, MNNG/HOS cells exposed 
to Sim treatment for 48 h exhibited a dose-
dependent decrease in cyclin D1, CDK2 and 
CDK4 compared with the control groups (P< 
0.01). Whereas the expressions of CDKIs, p21 
Cip1 and p27 Kip1, were remarkably enhan- 
ced (P<0.01). These findings coincide with the 
Sim-induced cell cycle arrest in the G0/G1 
phase.

Sim induced cell apoptosis

The flow cytometry was used to quantify the 
apoptosis in MNNG/HOS cells triggered by Sim. 
The results showed that the apoptotic effects 
of Sim significantly increased in dose-depen-
dent manner compared with control groups 
(Figure 4A and 4B, P<0.01). The percentage of 
apoptotic cells (early apoptosis + late apopto-
sis) increased from 11.35±2.57% in control 
groups to 24.47±2.58% (8 μM), 38.53±2.81% 
(16 μM) in Sim treated cells respectively. The 
different quadrants differentiate necrotic cells 
(Annexin V-FITC -/PI +, left upper quadrant, Q1) 
from early apoptotic cells (Annexin V-FITC +/PI -, 
right lower quadrant, Q3) and late apoptotic 
cells (Annexin V-FITC +/PI +, right upper quad-
rant, Q2). Q4 quadrant shows the percentage of 
live cells.

Sim induced apoptosis via inactivation of 
PI3K/Akt pathway and enhancement of Bax/
Bcl-2 expression

The PI3K/Akt signaling pathway is significant 
for cell existence and apoptosis. Therefore, the 
potential role of Sim on the PI3K/Akt signaling 
pathway was examined by Western blot. After 
the MNNG/HOS cells were treated with various 
concentrations of Sim (0, 8, 16 μM) for 48 h, as 
shown in Figure 4C, 4D and 4F, the expressions 
of PI3K (p110β) and phospho-Akt (p-Akt) (Ser 
473) decreased significantly compared with 
control cells (P<0.01), while total Akt protein 
level were unaffected (P>0.05). We also ana-
lyzed expressions of the pro-apoptotic protein 
Bax, anti-apoptotic protein Bcl-2, and down-
stream cleaved poly (ADP-ribose) polymerase 
(PARP) by Western blot. Our results showed the 
expressions of Bax and cleaved PARP were sig-
nificantly enhanced, whereas the expression of 
Bcl-2 was down-regulated by Sim, thus leading 
to an up-regulation in the ratio of Bax/Bcl-2 
compared with control groups (Figure 4C, 4E 
and 4G, P<0.01). This may be one of the molec-
ular mechanisms by which Sim induced apopto-
sis in MNNG/HOS cells.

To further test the contribution of PI3K/Akt 
pathway in Sim-induced apoptosis, insulin-like 
growth factor-1 (IGF-1), one of the most potent 
activators of the PI3K/Akt signaling pathway, 
and LY294002, a specific PI3K inhibitor, were 

Figure 6. Sim inhibited tumor growth in osteosarcoma xenograft tumor mouse models. A. Graph representing the 
average tumor volumes of MNNG/HOS xenografts treated with or without Sim. B. Body weight curve of nude mice 
bearing MNNG/HOS tumors in Sim and control groups. Data are expressed as the means ± SD from three indepen-
dent experiments. *P<0.05 vs. control groups.
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used. The MNNG/HOS cells were pretreated 
with IGF-1 (10 ng/ml) for 2 h in order to activate 
the PI3K/Akt signaling pathway, followed by 
treatment with IGF-1 or co-treatment with Sim 
(8 μM) for 48 h. In other groups, the cells were 
treated with Sim (8 μM) for 48 h, or LY294002 
(20 µM) for 48 h as a positive control [16, 17]. 
As can be seen in Figure 5, Western blot analy-
sis indicated that IGF-1 significantly activated 
PI3K/Akt signaling pathway by up-regulated the 
expressions of PI3K (p110β), p-Akt to promote 
cell growth, thus the ratio of downstream Bax/
Bcl-2 was enhanced and the expression of 
cleaved PARP was down-regulated (P<0.05 vs. 
control groups). However, the Sim treatment 
had a reversal of roles, even simulated partly 
the effects of LY294002 (20 μM) on MNNG/
HOS cells by inactivation of PI3K/Akt signaling 
pathway. In addition, co-treated with Sim and 
IGF-1 almost completely reversed the IGF-1-in- 
duced up-regulation of PI3K and p-Akt (P<0.05), 
which suggested that blockage of PI3K/Akt 
pathway might account for Sim-induced apop- 
tosis.

Sim suppresses the growth of osteosarcoma 
in vivo

To assess the effects of Sim on osteosarcoma 
growth in vivo, we utilized xenograft tumor 

suppress tumor growth in xenograft model. Our 
data revealed that the possible molecular 
mechanisms by which Sim exerted the anti-
cancer effects involved in alterations of MMP-
2, -9, cell cycle regulators, and inactivation of 
PI3K/Akt signaling pathway.

Recently, Sim has been demonstrated to exert 
anti-tumor effects on various cancer cells of 
different origins. In addition, many epidemiolo- 
gical studies have shown a correlation between 
Sim use and a relative reduction in the risk of 
gastric, pancreatic, colorectal and prostate 
cancer [18-21]. In the present study, our experi-
ments revealed that Sim inhibited the MNNG/
HOS cells proliferation in culture and in vivo, 
which were in agreement with previous rese- 
arches [8, 9, 22]. Simultaneously, we investi-
gated the effects of Sim on biological behavior 
of MNNG/HOS cells, such as cell migration and 
invasion. As we know, tumor metastasis is a 
dynamic biological, multi-step and complex ev- 
ent, in which the matrix metalloproteinases 
(MMPs) are required and play crucial role [23]. 
Among the MMPs, MMP-2 and MMP-9 are in- 
volved with the invasive metastatic potential  
of tumor cells because of their capability to 
degrade various types of collagens [24]. The- 
refore, it is well-established that inhibitions  

Figure 7. Proposed model of Sim induced migration and invasion inhibition, 
cell cycle arrest and apoptosis in human osteosarcoma MNNG/HOS cells. 
The arrows indicated the expression changes in our results.

mouse models by injecting 
MNNG/HOS cells into the fla- 
nks of nude mice and deter-
mined tumor growth and body 
weight of mice. During the tr- 
eatment, the mice showed to- 
lerance to Sim injections and 
maintained normal activities. 
We found that Sim significant-
ly reduced the tumor volume 
compared with control mice 
(Figure 6A, P<0.01). Further- 
more, there was no significant 
toxicity to mice treated with 
Sim by assessing mice weight 
of 2 groups (Figure 6B, P> 
0.05).

Discussion

In the present study, we sho- 
wed that Sim could potently 
inhibit human osteosarcoma 
cell proliferation and mobility 
in vitro, induce G0/G1 phase 
arrest and apoptosis, and 
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of MMP-2 and -9 proteins expression are early 
targets for preventing cancer metastasis. We 
found that Sim suppressed the MNNG/HOS 
cells migration and invasion in a dose-depen-
dent manner, and the possible mechanism was 
involved in down-regulation of MMP-2 and 
MMP-9. Our results strengthen the potential 
use of Sim as a new strategy for anticancer 
therapy against migration and invasion of 
osteosarcoma cells.

A great number of analyses of human malig-
nancy tumors revealed that cell cycle regula-
tors are frequently mutated [25, 26]; therefore, 
targeting regulators to control cell cycle pro-
gression is an feasible alternative in cancer 
therapy. In the current study, Sim induced G0/
G1 cell cycle arrest in MNNG/HOS cells, which 
was consistent with previous research in other 
human malignancies [8, 9, 13]. Furthermore, to 
analyze the underlying biological mechanisms 
in Sim-induced G0/G1 cell cycle arrest in 
MNNG/HOS cells, proteins expressions includ-
ing cyclins, CDKs and CDKIs were determined. 
Our results revealed that Sim-induced G0/G1 
cell cycle arrest were associated with a marked 
reduction of cyclin D1, CDK2 and CDK4 as well 
as up-regulation of p21 and p27. As is known, 
cell cycle progression is regulated by CDKs and 
CDKIs whose activities are highly controlled 
and coordinated by cyclins. Cyclin D-CDK2/4 
complexes are the primary regulators and 
required for the cell cycle G1/S transition [27]. 
The p21 and p27 gene, which recently been 
discovered to be important CDKIs, are all candi-
date tumor suppressor genes whose function 
as a regulator of cell cycle progression at the 
G1 phase [28]. Our finding involved the possi-
ble mechanism of Sim-induced G0/G1 phase 
arrest in MNNG/HOS cells is the first report by 
now.

Many recently published reports suggested 
that Sim exerted anti-cancer effects by induc-
ing apoptosis via down-regulation of critical sig-
naling pathways in a few human cancers, in- 
cluding MAPK, Akt/mTOR, JAK2/STAT3 signal-
ing pathways [8-10]. Our results showed that 
Sim was capable of triggering apoptosis in 
MNNG/HOS cells in a dose-dependent manner 
by down-regulation of PI3K/Akt axis. The PI3K/
Akt signaling pathway, a well-established and 
crucial signal transduction pathway, plays criti-
cal roles in suppressing apoptosis and promot-
ing cell proliferation by affecting the activation 

state of a range of downstream effector mole-
cules [29]. Thus, blocking this pathway or tar-
geting the downstream substrates, for instance 
Bcl-2 and Bax, was a favorable strategy for the 
development of novel approaches in cancer 
therapy. Bcl-2 and Bax, the important members 
of Bcl-2 gene families, take important parts in 
the functional regulation of cell apoptosis by 
altering mitochondrial permeability transition 
[30]. The induction of Bax is associated with 
the release of cytochrome c from the mitochon-
dria to the cytosol and the cleavage of PARP 
[31]. To further confirm whether the apoptosis 
of MNNG/HOS cells induced by Sim was mainly 
regulated through the PI3K/Akt pathway, IGF-1 
and LY294002 were used to activate or inacti-
vate this pathway for evaluating the underlying 
mechanisms. Recent studies indicate that 
IGF-1 not only acts as an activator of PI3K, but 
also involves in cellular processes such as pro-
tection from apoptosis and promotion of prolif-
eration via Akt activation [32]. It was notewor-
thy that in addition to inhibition of Akt activity, 
Sim treatment can partly approach the efficacy 
of LY294002 and acted as an inhibitor of PI3K/
Akt axis. Furthermore, Sim completely reversed 
IGF-1-induced activation of PI3K/Akt pathway 
highlighted the possibly mechanisms that Sim-
induced apoptosis in MNNG/HOS cells was 
involved in inactivation of PI3K/Akt signaling 
pathway.

In conclusion, the current study demonstrated 
that Sim inhibited osteosarcoma cell prolifera-
tion in culture and tumor growth in vivo. Sim 
suppressed MNNG/HOS cells migration and 
invasion by down-regulation of expressions of 
MMP-2 and -9. Sim exerted the anti-tumor 
effects on MNNG/HOS cells by inducing G0/G1 
phase arrest and apoptosis, the possible 
mechanism was involved in alterations of cell 
cycle regulators and inactivation of PI3K/Akt 
signaling pathway (Figure 7). Our novel findings 
shed new light on the possibility of Sim as a 
tumor suppressor for human osteosarcoma 
treatment.
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