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Objective(s): This research is to study the influences of different concentrations of simvastatin on the 
biological activities of nucleus pulposus-derived mesenchymal stem cells (NPMSC).
Materials and Methods: NPMSC were cultured with different concentrations of simvastatin (0, 0.01, 
0.1, and 1 μM) and assessed to determine the possible effects of simvastatin. The cell proliferation was 
assessed with CCK-8 assay. The flowcytometry and multilineage differentiation were also performed 
to identify the stem characterization of the cells. The mRNA expressions of aggrecan, collagen type 
II, glucose transporter 1 (GLUT-1), vascular endothelial growth factor (VEGF) and hypoxia-inducible 
factor-1α (HIF-1α) were determined by qRT-PCR.
Results: The results demonstrated that the cells isolated from nucleus pulposus of healthy Sprague-
Dawley (SD) rat met the criteria of MSC. NPMSC could form sunflower-like colonies and strongly 
expressed stem cell-related genes. In addition, NPMSC showed strong ability of chondrogenic, 
adipogenic and osteogenic differentiation. Simvastatin at certain range concentrations (0.01 μM-0.1 
μM)) significantly promoted colony-forming rate and cell proliferation, and inhibited cell apoptosis. 
Simvastatin could promote expressions of aggrecan, collagen type II, HIF-1α, VEGF and GLUT-1, while 
0.1 μmol/l concentration reached the maximum effect. Our study further demonstrated that HIF-1α-
intermediated signaling pathway might participate in regulating the biological activities of NPMSC.
Conclusion: Proper concentration of simvastatin can promote the biological behavior of NPMSC, and 
HIF-1α-intermediated signaling pathway might participate in the mechanism.
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Introduction
Low back pain (LBP) is considered as one of the most 

common public health problems, causing huge socio-
economic cost and human suffering (1-3). Even though 
the accurate pathomechanism of LBP stays poorly 
understood, intervertebral disc  degeneration disease 
(IVDD) is generally accepted as one of the major reasons 
(4, 5). However, the current conservative and surgical 
treatment can only relieve the sufferings rather than 
reverse the degeneration process or reconstruct the 
functionality of IVD (6-8).

With the development of the biological strategies in 
recent years, the biological approaches represented by 
cell therapy have been widely applied as alternative or 
complementary treatment of IVD degeneration (9-11). 
Accumulating evidence indicated that mesenchymal 
stem cells (MSC) transplantation is a useful method, 
which may delay or even reverse IVD degeneration 
process in some classical IVD degeneration animal 
models (12-14). However, the defects of MSC 
transplantation including cell survival, puncture 
injury and dysfunction of transplanted stem cells in 
the harsh microenvironment (high osmolarity, pH, 
hypoxia, limited nutrition) remain a problem (15-18). 
Induction of endogenous stem cell activity and homing 
of endogenous progenitor cells are being investigated as 
novel ideas (19, 20). Damaged tissues themselves will 

release certain signal molecules to attract or activate 
progenitor cells to facilitate endogenous cell-mediated 
tissue repair. The tissue specific ability of endogenous 
repair has been studied under the background of bone 
defect, wound healing and myocardial infarction (21-23). 

Recently, a new type of endogenous MSC was derived 
from degenerated nucleus pulposus (NP) tissue, and 
these cells were confirmed to meet the criteria of MSC 
that was defined by the International Society for Cell 
Therapy (ISCT) with multilineage differentiation in 
vitro (24). Studies by San (25) and Liu (26) further 
identified other types of endogenous progenitor cells 
from different anatomical regions of IVD. It has been 
confirmed that NP-derived MSC (NPMSC) could better 
tolerate high osmolality (27), hypoxia (28) and acidic 
environment during IVD degeneration (26) compared 
to other types of MSC. Compared to NP cells, NPMSC has 
shown better regenerative efficiency though inhibiting 
the degeneration progress of IVD of rabbit model (29). 
But, the declined Tie2+ NP progenitor cell population of 
mouse and human (30), decreased cell activity, colony 
formation rate and expression of stemness genes in 
human IVD (31) as well as senescent features (32) 
suggested that there are still some difficulties in utilizing 
endogenous progenitor cell for IVD repair.

Simvastatin is commonly applied in control of 
hyperlipidemia. Tu et al. revealed that simvastatin 
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can inhibit extracellular matrix (ECM) degradation 
and decrease interleukin-1β (IL-1β)-induced NP cell 
apoptosis (33). Zhang et al. further demonstrated 
that appropriate concentration of simvastatin could 
modulate the expressions of collagen type II and 
proteoglycan partially through upregulating of bone 
morphogenetic protein-2 (BMP-2) to inhibit mevalonate 
pathway in NP cells (34). As to the stem cell, simvastatin 
can not only promote neural stem cells migration and 
enhance neuron differentiation rate (35), but also 
can promote bone marrow-derived MSC osteogenic 
differentiation and migration in vitro (36, 37). Thus, 
simvastatin may promote NP cells to secrete ECM and 
MSC to differentiate. However, the effect of simvastatin 
on NPMSC is still unknown.

In this study, we speculated that appropriate 
concentration of simvastatin may promote biological 
activities of NPMSC. Thus, NPMSC were isolated from 
normal NP tissue of rat disc, and then flowcytometry 
and multilineage differentiation were used to detect 
whether the isolated cells meet the ISCT criteria for MSC. 
In addition, the influences of various concentrations of 
simvastatin concerning the biological characteristics of 
NPMSC were studied in vitro, including cell apoptosis, 
cell proliferation, cell colony-forming and functional 
genes expressions. 

Materials and Methods
Cell isolation and culture

All procedures performed for the present work were 
authorized by the Institutional Animal Use and Care 
Committee of the Clinical Medical College of Yangzhou 
University, Yangzhou, China. Six Sprague-Dawley (SD) 
rats (age, 4-6 months; weight, 300-400 g) were obtained 
from Jiangsu University Animal Center (License No. 
SCXK (Su) 2013-0011). After euthanasia by injecting 
10% chloral hydrate intraperitoneally, the NP tissues 
were obtained under aseptic conditions. The isolated NP 
tissues were digested by collagen type II (Gibco, USA) 
and then trypsin (Gibco, USA), and then washed twice 
with phosphate-buffered saline (PBS) and centrifuged. 
After that, the pellets were suspended with F12 medium 
with 1% penicillin (Gibco, USA) and 20% fetal bovine 
serum (FBS) (Hyclone, USA). Lastly, plated cells (1×105 
cells/ml) were incubated in cell incubator. The medium 
replaced every 3 days and observed with microscope. 
The adherent cells were harvested and subcultured at 1: 
3 when 80% confluence reached.

Characteristics of NPMSC proliferation curve
The proliferation capacity of the third generation 

of NPMSC was measured with CCK-8 (Dojindo, Tokyo, 
Japan). Briefly, P3 NPMSC at 1×103 cells/well were 
cultured in 96-well plates. At the corresponding time 
after initial plating, 10 μl reagents were added in each 
well and placed in incubator for 3 hours. Optical density 
(OD) values were measured with microplate reader at 
450 nm (Bio-Rad, Hercules, USA). 

Immunophenotype of NPMSC by flowcytometry
For the immunophenotypic characterization, P3 

NPMSC were trypsinized, collected, and resuspended 
with PBS. Then, according to the ISCT recommendation, 

the cells were incubated with monoclonal antibodies: 
CD105-FTTC, CD90-FTTC, CD73-FTTC, CD45-PE, and 
CD11b (Bioscience, USA) in the dark for 30 minutes. 
Isotype IgG control antibodies (BDB) (Bioscience, 
USA) were served as controls. After that, the cells 
were resuspended with PBS, which contained 1% 
paraformaldehyde (Sangon Biotech, China). The 
fluorescence intensity of each monoclonal antibody and 
the percentage of positive cells were examined using 
flowcytometry (BD, USA).

Multilineage differentiation of NPMSC 
Osteogenic differentiation 

NPMSC were cultured in 6-well plate with osteogenic 
differentiation medium (medium containing 87.5% 
basal media, 10% FBS, 1.0% penicillin-streptomycin, 
1.0% glutamine, 1.0% β-glycerophosphate, 0.2% 
ascorbate and 0.01% dexamethasone) according to 
2.0×104 cells/ml (38). The medium was changed every 
3 days. Through 21 days differentiation, the cells were 
fixed and stained with alizarin red and then observed 
under inverted microscope.

Chondrogenic differentiation
NPMSC were cultured in 6-well plate according to 

3.0×105 cells/ml and incubated with chondrogenic 
differentiation medium (medium containing 97.0 basal 
media, 1.0% transforming growth factor beta-3 (TGF-β3), 
0.01% dexamethasone, 0.1% sodium pyruvate, 0.3% 
ascorbate, 0.1% proline and 1.0% insulin-transferrin-
selenium (ITS) supplement) for 28 days (38). The cells 
were embedded with paraffin and cut into slices. Then, 
the slices were stained with alcian blue and observed 
though inverted microscope. 

Adipogenic differentiation 
NPMSC were cultured in 6-well plate according 

to 2.0×104 cells/ml at 37°C with 5% CO2. Adipogenic 
differentiation medium A (medium containing 87.5% 
basal media, 0.1% IB-MX (3-isobutyl-1-methylxanthine), 
1.0% glutamine, 1.0% penicillin-streptomycin, 0.1% 
dexamethasone, 0.1% rosiglitazone, 0.2% insulin and 
10% FBS) was added and incubated for 3 days. Then, 
medium B was (medium containing 87.5% basal media, 
0.2% insulin, 1.0% penicillin-streptomycin, 1.0% 
glutamine and 10% FBS) changed and incubated for 1 
day (38). This 4-day cycle was repeated four times and 
then incubated with medium B for 7 days. After that, 
the cells were fixed and stained by oil red O and then 
observed with inverted microscope.

Expressions of stem cell-related genes
The mRNA expressions of Sox-2, Oct-4 and Nanog 

were assessed by qRT-PCR and compared to those of 
BMSC (gifted from Pro. Zhao’s lab). Briefly, total RNA 
was extracted with RNA extraction kit (Carlsbad, CA, 
USA). The values were compared to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and the relative 
genes expressions were calculated through the 
comparative Ct method. The information of primer 
sequences (synthesized by Invitrogen) were shown in 
Table 1. 
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The influence of simvastatin on the characteristic of NPMSC
Preparation of different concentrations of simvastatin culture 
medium

Different concentrations of simvastatin culture medium 
(Sigma st. Louis, MO, USA) were prepared with Hatano’s 
method (39). Culture medium of four concentration levels 
0 μM, 0.01 μM, 0.1 μM and 1 μM were obtained. 

CCK-8 assay
NPMSC (1,000 cells/well) were plated in 96-well 

plates with different concentrations of simvastatin 
media. Then, samples were harvested at 1, 3, 7, 11 
and 15 days; 10 μl reaction solution was added and 
then cultured 3 hrs. OD values were measured through 
microplate reader at 450 nm. 

Apoptosis assay of NPMSC
NPMSC (1×105 cells/ml) were seeded onto 6-well 

plates and incubated with different concentrations of 
simvastatin for 3 days. Cell death and apoptosis were 
detected with flowcytometry using propidium iodide 
(PI) and Annexin V-FITC (Invitrogen, USA) for observing 
the influence of simvastatin on apoptosis. The cells were 
resuspended and cultured with PI (Keygen, Biotech, 
China) and Annexin V-FITC for 15 mins. The Annexin 
V-positive/PI-negative cells were apoptotic. The Cell 
Quest software (Biosciences, USA) was used to assay 
the apoptosis rate of NPMSC. 

Colony-Forming Assay
NPMSC (1,000/cm2) were seeded onto 6-well 

plates and incubated with different concentrations 
of simvastatin media. After incubating 2 weeks, cells 

were fixed with 4% paraformaldehyde for 15 min. 
The cells were then stained 15 min with crystal violet 
(0.1%) (Keygen Biotech, Nanjing, China). Cell colonies 
that contained more than 100 cells were recorded and 
the colony-forming rates were counted as the colonies 
numbers divided by the initial adherent cell numbers.

The mRNA expressions of related genes
NPMSC (1×105 cells/ml) were plated in 6-well 

plates and cultured with different concentrations of 
simvastatin media at 37 °C with 5% CO2 for 1, 4, 7 and 14 
days. The influence of simvastatin on the expressions of 
hypoxia-inducible factor-1α (HIF-1α), aggrecan, collagen 
type II, glucose transporter 1 (GLUT-1) and vascular 
endothelial growth factor (VEGF) was detected by qRT-
PCR. Quantities of gene expression were calculated and 
compared to GAPDH. 

Statistical analysis
The experimental figures were described as mean ± 

SD and analyzed with SPSS (18.0) software (IBM, USA). 
Univariate general linear analysis and one-way analysis 
of variance (ANOVA) were used to assay the differences 
among different groups. P values<0.05 indicate 
statistically significant. 

Results
Cell morphology

After 3-5 days of initial culture, adherent cells 
presented sunflower-like colonal growth in the first 
generation as shown in Figure 1A and then the adherent 
cells gradually increased after 5-7 days. The adherent 

Table 1. Primer sequences used for this study

Gene	name	 Forward	primer	(5'-3')	 Reverse	primer	(5'-3')	

Sox-2(EU661361.1) GGCAATCAAATGTCCATT	 GTCTGTAACGGTCCTTAA	

Nanog(JQ801747.1) GATATGGTGGCTCCTCTC	 AGGCTGGTCTTGAACTTAT	

Oct-4(HQ907734.1) AGCAGATCACTAGCATTG	 TCATACTCTTCTCGTTGG	

Aggrecan(J03485.1) CCCAAACAGCAGAAACAGCC	 AGCTGGTAATTGCAGGGGAC	

Type II collagen(X16711.1)  ATTCCTGGTGAAGCTGGAGC	 AGCGTCACCTTTCTGTCCAG	

HIF-1α(JQ308830.1) GTCTCCATTACCTGCCTCTG	 GATTCTTCGCTTCTGTGTCTTC	

VEGF(KJ729036.1) TCTTGTCTCTGGCGTGTTCC	 TGCTGAGGTAACCTGTGCTG	

GLUT-1(S77924.1) GTTCCTTCTCTGTGGGCCTC	 CGGAACAGCTCCAAGATGGT	

GAPDH(KC205035.1)  TGACTTCAACAGCGACACCCA	 CACCCTGTTGCTGTAGCCAAA	

Figure 1. Morphologies of NPMSC cultured in vitro. (A): Adherent cells presented sunflower-like clonal growth in the first generation. (B): The 
passaged cells grew in mainly spindle-shaped. (C): The morphology of P3 cells was basically spindle shape. NPMSC: Nucleus pulposus-derived 
mesenchymal stem cells
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cells needed approximately 3-4 weeks to reach 80%-
90% confluence. When cells were passaged, the cell 
growth was significantly faster than primary cells, and 
the cells grew in mainly spindle-shaped (Figure 1B). P3 
cells morphology was basically spindle shape (Figure 1C). 

Analysis of cell viability and proliferation 
The growth curves determined by CCK-8 assay showed 

that NPMSC (1,000 cells/well) proliferated slowly in the 
initial 3-5 days and then presented logarithmic growth 
phase in 8-13 days and then reached cell growth plateau 
in 11-13 days (Figure 2).

Immunophenotype analysis and expressions of stem 
cell-related genes 

NPMSC highly expressed CD73 (97.8%), CD90 
(98.8%) and CD105 (97.5%) and were negative for 
CD11b/c and CD45 (Figure 3A). The expression levels 

of commonly expressed stem cell genes (Oct-4, Nanog 
and Sox-2) in NPMSC were comparable to those in BMSC 
(Figure 3B, P>0.05). 

Different lineage differentiation of NPMSC
Alizarin red staining result for 21 days’ osteogenic 

induction indicated that NPMSC was stained red and 
calcium deposits could be identified (Figure 4A). NPMSC 
was also stained with alcian blue after chondrogenic 
induction for 28 days (Figure 4B). After adipogenic 
induction, oil red O staining result demonstrated that 
NPMSC was stained red and lipid formation was found 
(Figure 4C).   

The influence of simvastatin on the biological 
characteristics of NPMSC
Proper concentrations of simvastatin promote cell 
proliferation

The proliferation of NPMSC significantly increased in 
the 0.01 μM (2.14±0.41) and 0.1 μM groups (2.67±0.24) 
(P<0.05), which reached the peak on the 7th day. The 
proliferation rate of 0.1 μM group (2.67±0.24) was 
higher than that of 0.01 μM group (2.14±0.41) (P<0.05). 
However, the proliferation rate decreased with time 
at the 1.0 μM group (0.47±0.32) (P<0.05) as shown in 
Figure 5.

Proper concentrations of simvastatin decrease cell 
apoptosis

The percentage of apoptotic cells decreased in the 
0.01 μM (6.92±0.85) and 0.1 μM groups (5.13±0.91) 
compared to that of 0 μM group (8.64 ± 0.89) significantly 
(P<0.05), and the apoptotic cell rate of 0.1 μM group was 
higher than that of 0.01 μM group (P<0.05). However, 

Figure 2. The growth curve of NPMSC. The growth curve showed 
that NPMSC proliferated slowly in the initial 3-5 days, presented 
the logarithmic growth phase in 8-13 days, and then reached cell 
growth plateau in 11-13 days. NPMSC: Nucleus pulposus-derived 
mesenchymal stem cells

Figure 3. Immunophenotypic analysis and expressions of stem 
cell related genes. (A): Immunophenotypic analysis of cell surface 
markers. NPMSC were highly positive for CD105, CD73 and CD90 and 
negative for CD11b/c and CD45. (B): The expressions of Sox-2, Oct-
4 and Nanog of NPMSC were comparable to those of BMSC (P>0.05). 
NPMSC: Nucleus pulposus-derived mesenchymal stem cells

Figure 4. Differentiation staining results of NPMSC: (A): Alizarin red 
staining; (B): Alcian blue staining; (C): Oil red O staining. NPMSC: 
Nucleus pulposus-derived mesenchymal stem cells

Figure 5. The relative proliferation rate of NPMSC incubated with 
different concentrations of simvastatin. The figures are expressed as 
means±SD, n=3. *P<0.05 indicated significant difference compared to 
0 μM group, #P<0.05 indicated significant difference compared to 0.01 
μM group, &P<0.05 indicated significant difference compared to 0.1 
μM group. NPMSC: Nucleus pulposus-derived mesenchymal stem cells
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the percentage of apoptotic cells significantly increased 
in the 1 μM group (10.89±1.13) compared to that of 0 
μM group (8.64±0.89) (P<0.05) as shown in Figure 6. 

Proper concentrations of simvastatin promote cell colony-
forming ability 

NPMSC cultured with different concentrations of 
simvastatin showed significant colony-forming abilities. 
The colony-forming rate of both 0.01 μM (33.76±0.54) 
and 0.1 μM groups (42.34±0.88) significantly increased 
compared to that of 0 μM group (24.36±0.63), and 
the colony-forming rate of 0.1 μM group was even 
higher than that of 0.01 μM group (P<0.05). However, 
the colony-forming rate of 1 μM group (19.84±0.47) 
decreased compared to that of 0 μM group (P<0.05) 
(Figure 7). 

Proper concentrations of simvastatin increase related 
mRNA expressions 

The mRNA expressions of collagen type II and 
aggrecan increased gradually at different concentrations 
of simvastatin group from the 4th day and reached the 

peak on the 14th day. The highest mRNA expressions 
of aggrecan (17.24±0.62) and collagen type II 
(17.83±0.56) of 0.1 μM group were greater than those 
of 0.01 μM (5.96±0.82 and 12.83±0.53) and 1 μM groups 
(2.83±0.59 and 2.13±0.41) (P<0.05) (Figure 8A-B). 
The mRNA expressions of VEGF, HIF-1α and GLUT-1 in 

Figure 6. The apoptotic cells rates of NPMSC incubated with different concentrations of simvastatin for 3 days. (A): Annexin V-positive/PI-
negative population of NPMSC with different concentrations of simvastatin. (B): Flow cytometric analysis of apoptotic rate. The data are 
expressed as means±SD, n=3. *P<0.05 indicated significant compared to 0 μM group, #P<0.05 indicated significant difference compared to 0.01 
μM group, P<0.05 indicated significant difference compared to 0.1 μM group. NPMSC: Nucleus pulposus-derived mesenchymal stem cells

Figure 7. The colony-forming rate of NPMSC cultured with different 
concentrations of simvastatin for 3 days. The data are expressed as 
means±SD, n=3. *P<0.05 indicated significant difference compared to 
0 μM group, #P<0.05 indicated significant difference compared to 0.01 
μM group, &P<0.05 indicated significant difference compared to 0.1 
μM group. NPMSC: Nucleus pulposus-derived mesenchymal stem cells

A B 

C D 

E 

Figure 8. mRNA expressions of related genes of NPMSC cultured with 
different concentrations of simvastatin for 3 days. The Figures are 
described as means±SD, n = 3. (A): aggrecan expression; (B): collagen 
type II expression; (C): HIF-1α expression; (D): VEGF expression; (E): 
GLUT-1 expression. *P<0.05 indicated significant difference compared 
to 0 μM group, #P<0.05 indicated significant difference compared to 
0.01 μM group, &P<0.05 indicated significant difference compared 
to 0.1 μM group. NPMSC: Nucleus pulposus-derived mesenchymal 
stem cells, GLUT-1: Glucose transporter 1, VEGF: Vascular endothelial 
growth factor, HIF-1α: Hypoxia-inducible factor-1α 
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NPMSC began to increase from the 4th day and reached 
the peak at the 7th day (Figure 8C-E). The highest mRNA 
expressions of 0.1 μM group (HIF-1α 17.28±0.92, VEGF 
13.93±0.74 and GLUT-1 19.28±0.96) were higher than 
those of 0.01 μM (6.93±0.43, 7.64±0.47 and 9.32±0.69) 
and 1 μM groups (2.13±0.21, 4.13±0.64 and 2.15±0.28) 
(P<0.05).  

Discussion
IVD was believed as a non-renewable organ in previous 

studies. However, the results of recent researches 
demonstrated that MSC can be isolated from NP tissues 
(25, 26). NPMSC shares the same morphological 
characteristics, cell phenotype and stem cell-related 
gene expressions as MSC. All of our findings indicated 
that the cells isolated from NP tissues fulfilled the ISCT 
requirement of MSC definition. NPMSC could not only be 
isolated from healthy and degenerate NP tissue but can 
also be capable to adjust to the harsh microenvironment 
of IVD (31, 32, 40). Thus, inducing endogenous NPMSC 
to repair and reconstruct the function of degenerative 
IVD may be the future direction of IVDD regeneration.

Statins are commonly-prescribed drugs used to 
inhibit hyper-cholesterolemia in clinical use. In addition, 
they can strengthen the function and other biological 
activities of MSC to enhance the therapeutic effect 
(36, 37, 41). The influences of simvastatin on IVD cells 
have been verified, in which simvastatin were mostly 
confirmed to promote the expressions of collagen type II, 
BMP-2 and aggrecan (33, 34). Zhang et al. demonstrated 
that simvastatin (0.3 μM) can not affect NP cells viability; 
however, cell viability significantly decreased when the 
dose increased to 1 μM and 3 μM (34). In addition, Tu 
et al. demonstrated that simvastatin (5-50 μM) did not 
induce significant cytotoxicity to the co-cultured NP 
cells, but can inhibit IL-1β induced cell apoptosis (33). 
However, there is only few information about statins’ 
effect on MSC, as higher dose of fluvastatin (10 μM) can 
induce morphological changes (42), lower dose (1 μM) 
and medium dose (5 μM) of simvastatin significantly 
reduce cell proliferation (41). Whether simvastatin has 
similar effect on NPMSC is still unknown. 

Thus, in our present work, NPMSC was cultured with 
different concentrations of simvastatin to observe its 
effects on the biological properties of NPMSC. Our data 
suggested that proper concentrations of simvastatin 
could promote the proliferation and colony-forming 
ability of NPMSC in a time-dose dependent manner. 
The function of the healthy IVD depends on the ECM 
integrity of the IVD, which mainly consist of collagen 
and proteoglycans. The use of NPMSC in the biological 
treatment for IVDD is to differentiate into NP cells. In 
the present study, the main ECM of normal NP cells 
were regarded as collagen type II and aggrecan. The 
results of qRT-PCR showed that the expressions of 
collagen type II and aggrecan increased in the 0.01 μM 
and 0.1 μM groups to a certain extent in a time-dose 
dependent manner. All the above results demonstrated 
that simvastatin with the concentrations of 0.01 μM and 
0.1 μM could not only decrease NPMSC apoptosis but 
also promote ECM synthesis and cell proliferation. Thus, 
proper concentrations of simvastatin can induce NPMSC 
differentiate into NP cells and secrete ECM, which may 

be helpful in the maintenance of IVD stability and may 
reverse the degenerative process. However, 1.0 μM 
group would decrease cell proliferation and promote 
cell apoptosis rate, which may be attributed to the 
cytotoxic effects of high concentration of simvastatin.

Some studies have found that multiple types of MSC 
from bone marrow, placenta, fat, and ligamentum flavum 
can be differentiated to NP cells under hypoxia (43-46). 
HIF-1α is an important transcriptional regulator under 
hypoxia, which affects cell proliferation, apoptosis and 
differentiation. Cui et al. found that local application 
of simvastatin can promote migration and homing of 
BMSC through upregulating the expressions of HIF-
1α and BMP-2 to promote bone defect repair (47). It 
is commonly known that persistent glucose supply is 
important for cell proliferation and secretion of ECM. 
Park et al. also found that HIF-1α participates in the 
metabolism of adipose-derived MSC and glucose uptake 
through increased expressions of GLUT-1 and GLUT-3 
(48). Li et al. further demonstrated that HIF-1α promote 
NPMSC proliferation and chondrocyte differentiation by 
upregulating the expressions of its downstream genes 
GLUT-3, GLUT-1 and VEGF (28). VEGF can improve MSC 
viability and the influence of MSC transplantation in the 
ischemic diseases treatment (49, 50). Chen et al. found 
that certain range of simvastatin (0.001-0.100 μM) could 
enhance the proliferation and secretion ability of BMSC 
by upregulating the expression of VEGF (51). Tamama 
et al. further demonstrated that VEGF can enhance 
the secretions of growth factor and proliferation of 
BMSC (52). Our study is the first to demonstrate that 
different concentrations of simvastatin could increase 
the expressions of VEGF, GULT-1 and HIF-1α in NPMSC, 
and the expressions increased along with increasing 
concentrations of simvastatin from 0.01 μM to 0.1 μM. 
These results suggested that HIF-1α-mediated signaling 
could participate in the simvastatin-dependent response 
of NPMSC.

Conclusion
In summary, our results indicated that proper 

concentration of simvastatin is a favorable factor to 
promote the biological behavior of NPMSC, and this 
promoting effect may occur via HIF-1α-mediated 
signaling pathway. Our study will lay a foundation to 
further investigate the mechanism of simvastatin-based 
therapy for interverbal disc degeneration. 

Acknowledgment
This research was granted by the Natural Science 

Foundation for young scholars of Jiangsu Province 
(Grant number BK 20140496) and the National Natural 
Science Foundation for young scholars of China (Grant 
number 81401830).

Conflicts of Interest
The authors declare that there are no conflicts of 

interest.

References
1. Hoy D, Bain C, Williams G, March L, Brooks P, Blyth F, et al. 
A systematic review of the global prevalence of low back pain. 
Arthritis Rheum 2012; 64:2028-2037.



1474Iran J Basic Med Sci, Vol. 22, No. 12, Dec 2019

Influence of simvastatin on mesenchymal stem cells Huang et al.

2. Liu Y, Li Y, Huang ZN, Wang ZY, Nan LP, Wang F. The effect
of intervertebral disc degenerative change on biological 
characteristics of nucleus pulposus mesenchymal stem cell: a 
study in rats. Connect Tissue Res 2019; 60:376-388.
3. Moradi-Lakeh M, Forouzanfar MH, Vollset SE, Bcheraoui CE, 
Daoud F, Afshin A, et al. Burden of musculoskeletal disorders 
in the Eastern Mediterranean Region. Ann Rheum Dis 2017; 
76:1365-1373.
4. Zheng CJ, Chen J. Disc degeneration implies low back pain. 
Theor Biol Med Model 2015; 12:23-24.
5. Brinjikji W, Diehn F, Jarvik J, Carr C, Kallmes DF, Murad MH,
et al. MRI findings of disc degeneration are more prevalent in 
adults with low back pain than in asymptomatic controls: a 
systematic review and meta-analysis. AJNR Am J Neuroradiol 
2015; 36:2394-2399.
6. Noshchenko A, Hoffecker L, Lindley EM, Burger EL, Cain CM, 
Patel VV. Long-term treatment effects of lumbar arthrodeses in 
degenerative disk disease. J Spinal Disord Tech 2015; 28:493-
521.
7. Tong W, Lu Z, Qin L, Mauck RJ, Smith HE, Smith LJ, et al. Cell
therapy for the degenerating intervertebral disc. Transl Res 
2017; 181:49-58. 
8. Bydon M, Garza-Ramos RD, Macki M, Baker A, Gokaslan AK, 
Bydon A. Lumbar fusion versus nonoperative management for 
treatment of discogenic low back pain: a systematic review 
and meta-analysis of randomized controlled trials. J Spinal 
Disord Tech 2014; 27:297-304.
9. Sampara P, Banala RR, Vemuri SK, Subbaiah G. Understanding 
the molecular biology of intervertebral disc degeneration and 
potential gene therapy strategies for regeneration: a review. 
Gene Ther 2018; 1:1-4.
10. Zeng Y, Chen C, Liu W, Fu Q, Han Z, Li Y, et al. Injectable 
microcryogels reinforced alginate encapsulation of 
mesenchymal stromal cells for leak-proof delivery and 
alleviation of canine disc degeneration. Biomaterials 2015; 
59:53-65.
11. Mochida J, Sakai D, Nakamura Y, Watanabe T, Yamamoto 
Y, Kato S. Intervertebral disc repair with activated nucleus 
pulposus cell transplantation: a three-year, prospective clinical 
study of its safety. Eur Cell Mater 2015; 29:202-212.
12. Gan Y, Li S, Li P, Xu Y, Wang L, Zhao C, et al. A controlled
release codelivery system of MSCs encapsulated in dextran/
gelatin hydrogel with TGF-β3-loaded nanoparticles for nucleus 
pulposus regeneration. Stem Cells Int 2016; 1:1-14.
13. Noriega DC, Ardura F, Hernández-Ramajo R, Martín-Ferrero 
MA, Sánchez-Lite L, Toribio B, et al. Intervertebral disc repair 
by allogeneic mesenchymal bone marrow cells: a randomized 
controlled trial. Transplantation 2017; 101:1945-1951. 
14. Orozco L, Soler R, Morera C, Alberca M, Sánchez A, 
García-Sancho J. Intervertebral disc repair by autologous 
mesenchymal bone marrow cells: a pilot study. Transplantation 
2011; 92:822-828.
15. Hang D, Li F, Che W, Wu X, Wan Y, Wang J, et al. One-stage
positron emission tomography and magnetic resonance 
imaging to assess mesenchymal stem cell survival in a Canine 
model of intervertebral disc degeneration. Stem Cells Dev 
2017; 26:1334-1343.
16. Huang YC, Leung VY, Lu WW, Luk KD, The effects of 
microenvironment in mesenchymal stem cell–based 
regeneration of intervertebral disc, Spine J  2013; 13:352-362.
17. Liang C, Li H, Tao Y, Zhou X, Li F, Chen G, et al. Responses of 
human adipose-derived mesenchymal stem cells to chemical 
microenvironment of the intervertebral disc, J Transl Med 
2012; 10:48-49.
18. Wang F, Shi R, Cai F, Wang YT, Wu XT. Stem cell approaches 
to intervertebral disc regeneration: obstacles from the disc 
microenvironment. Stem Cells Dev 2015; 24:2479-2495.
19. Clouet J, Fusellier M, Camus A, Visage CJ, Guicheux 
J. Intervertebral disc regeneration: From cell therapy to 
the development of novel bioinspired endogenous repair 

strategies. Adv Drug Deliver R 2018; 1:1-12.
20. Huang Z, Zhang L, Feng X, Chen T, Bi S. A new in vivo method 
to retard progression of intervertebral disc degeneration 
through stimulation of endogenous stem cells with simvastatin. 
Med Hypotheses 2017; 101:65-66.
21. Kosaraju R, Rennert RC, Maan ZN, Duscher D, Barrera
J, Whittam AJ, et al. Adipose-derived stem cell-seeded 
hydrogels increase endogenous progenitor cell recruitment 
and neovascularization in wounds. Tissue Eng Part A2016; 
22:295-305.
22. González EC, Shih YR, Nakasaki M, Liu M, Varghese S. 
Mineralized biomaterials mediated repair of bone defects 
through endogenous cells. Tissue Eng Part A 2018; 1:1-9.
23. Su G, Liu L, Yang L, Mu Y, Guan L. Homing of endogenous 
bone marrow mesenchymal stem cells to rat infarcted 
myocardium via ultrasound-mediated recombinant SDF-1α 
adenovirus in microbubbles. Oncotarget 2018; 9:477-487.
24. Blanco JF, Graciani IF, Sanchez-Guijo FM, Muntion S, 
Hernandez-Campo P, Santamaria C, Carrancio S, et al. Isolation 
and characterization of mesenchymal stromal cells from 
human degenerated nucleus pulposus: comparison with bone 
marrow mesenchymal stromal cells from the same subjects. 
Spine 2010; 35:2259-2265.
25. Sang C, Cao X, Chen F, Yang X, Zhang Y. Differential
Characterization of Two Kinds of Stem Cells Isolated from 
Rabbit Nucleus Pulposus and Annulus Fibrosus. Stem Cells Int 
2016; 82:325-327.
26. Liu J, Tao H, Shen C, Liu X, Wang H, Dong F, et al. Biological
behavior of human nucleus pulposus mesenchymal stem 
cells in response to changes in the acidic environment during 
intervertebral disc degeneration. Stem Cells Dev 2017; 
12:901-911.
27. Tao YQ, Liang CJ, Li H, Zhang YJ, Li FC, Chen G, et al. Potential 
of co-culture of nucleus pulposus mesenchymal stem cells and 
nucleus pulposus cells in hyperosmotic microenvironment for 
intervertebral disc regeneration. Cell Biol Int 2013; 37:826-
834.
28. Li H, Tao Y, Liang C, Han B, Li F, Chen G, et al. Influence of 
hypoxia in the intervertebral disc on the biological behaviors 
of rat adipose and nucleus pulposus-derived mesenchymal 
stem cells. Cells,Tissues, Organs 2013; 98:266-277.
29. Chen X, Zhu L, Wu G, Liang Z, Yang L, Du Z. A comparison 
between nucleus pulposus-derived stem cell transplantation 
and nucleus pulposus cell transplantation for the treatment of 
intervertebral disc degeneration in a rabbit model. Int J Surg 
2016; 28:77-82.
30. Sakai D, Nakamura Y, Nakai T, Mishima T, Kato S, Grad 
S, et al. Exhaustion of nucleus pulposus progenitor cells 
with ageing and degeneration of the intervertebral disc. Nat 
Commun 2012; 3:1262-1264.
31. Jia Z, Yang P, Wu Y, Tang Y, Zhao Y, Wu J, et al. Comparison
of biological characteristics of nucleus pulposus mesenchymal 
stem cells derived from non-degenerative and degenerative 
human nucleus pulposus. Exp Ther Med 2017; 13:3574-3580.
32. Zhao Y, Jia Z, Huang S, Wu Y, Liu L, Lin L, et al. Age-Related
Changes in Nucleus Pulposus Mesenchymal Stem Cells: An In 
Vitro Study in Rats. Stem Cells Int 2017; 1:1-13.
33. Tu J, Li W, Zhang Y, Wu X, Song Y, Kang L, et al. Simvastatin
inhibits IL-1β-Induced apoptosis and extracellular matrix 
degradation by suppressing the NF-kB and MAPK pathways 
in nucleus pulposus cells. Inflammation 2017; 40:725-734.
34. Zhang H, Lin CY. Simvastatin stimulates chondrogenic
phenotype of intervertebral disc cells partially through BMP-2 
pathway. Spine 2008; 33:E525-531.
35. Zhang C, Wu JM, Liao M, Wang J, Xu CJ. The ROCK/GGTase 
pathway are essential to the proliferation and differentiation 
of neural stem cells mediated by simvastatin. J Mol Neurosci 
2016; 60:474-485.
36. Bing W, Pang X, Qu Q, Bai X, Yang W, Bi Y, et al. Simvastatin
improves the homing of BMSCs via the PI3K/AKT/miR-9 



Iran J Basic Med Sci, Vol. 22, No. 12, Dec 2019

Huang et al. Influence of simvastatin on mesenchymal stem cells

1475

pathway. J Cell Mol Med 2016; 20:949-961.
37. Niu J, Ding G, Zhang L. Effects of simvastatin on the 
osteogenic differentiation and immunomodulation of bone 
marrow mesenchymal stem cells. Mol Med Rep 2015; 12:8237-
8240.
38. Zhang H, Ma X, Zhang L, Guan X, Bai T, Xue C. The ability to 
form cartilage of NPMSC and BMSC in SD rats. Int J Clin Exp 
Med. 2015; 8:4989-4996.
39. Hatano H, Maruo A, Bolander ME, Sarkar G. Statin 
stimulates bone morphogenetic protein-2, aggrecan, and type 
2 collagen gene expression and proteoglycan synthesis in rat 
chondrocytes. J Orthop Sci 2003; 8:842-848.
40. Shen Q, Zhang L, Chai B, Ma X. Isolation and characterization 
of mesenchymal stem-like cells from human nucleus pulposus 
tissue. Sci China Life Sci 2015; 58:509-511.
41. Zanette DJ, Lorenzi JC, Panepucci RA, Palma PVB, Dos 
Santos DF, Prata KL, et al. Simvastatin modulates mesenchymal 
stromal cell proliferation and gene expression. PLoS One 2015; 
10:120-137.
42. Lee OKS, Ko YC, Kuo TK, Chou SH, Li HJ, Chen WH, et 
al. Fluvastatin and lovastatin but not pravastatin induce 
neuroglial differentiation in human mesenchymal stem cells. 
J Cell Biochem 2004; 93:917-928.
43. Stoyanov JV, Gantenbein-Ritter B, Bertolo A, Aebli N, Baur 
M, Alini M, et al. Role of hypoxia and growth and differentiation 
factor-5 on differentiation of human mesenchymal stem cells 
towards intervertebral nucleus pulposus-like cells. Eur Cell 
Mater 2011; 21:533-547.
44. Ni L, Liu X, Sochacki KR, Ebraheim M, Fahrenkopf M, Shi Q, et 
al. Effects of hypoxia on differentiation from human placenta-
derived mesenchymal stem cells to nucleus pulposus-like 
cells.  Spine J 2014; 14:2451-2458.

45. Zhang Z, Li F, Tian H, Guan K, Zhao G, Shan J, et al. 
Differentiation of adipose-derived stem cells toward 
nucleus pulposus-like cells induced by hypoxia and a three-
dimensional chitosan-alginate gel scaffold in vitro. Chin Med 
J 2014; 127:314-321.
46. Han XB, Zhang YL, Li HC, Chen B, Chang B, Zhang W, et al. 
Differentiation of human ligamentum flavum stem cells toward 
nucleus pulposus-like cells induced by coculture system and 
hypoxia. Spine 2015; 40: E665.
47. Yueyi C, Xiaoguang H, Jingying W, Quansheng S, Jie T, Xin
F, et al. Calvarial defect healing by recruitment of autogenous 
osteogenic stem cells using locally applied simvastatin. 
Biomaterials 2013; 34:9373-9380.
48. Park HS, Kim JH, Sun BK, Song SU, Suh W, Sung JH. Hypoxia 
induces glucose uptake and metabolism of adipose-derived 
stem cells. Mol Med Rep 2016; 14:4706-4714.
49. Pons J, Huang Y, Arakawa-Hoyt J, Washko D, Takagawa J,
Ye J, et al. VEGF improves survival of mesenchymal stem cells 
in infarcted hearts. Biochem Biophys Res Commun 2008; 
376:419-422.
50. Liu X, Feng T, Cheng T, Bertolo A, Aebli N, Baur M. Effect of 
notch signaling pathway on VEGF promoting rat mesenchymal 
stem cell proliferation. J Experiment Hematol 2014; 22:1068-
1071.
51. Cheng J, Zhang F, Wang L, Yuan Y, Zhang Q, Ma j. Influence 
of simvastatin on the proliferation and paracrine functions 
of bone marrow-derived mesenchymal stem cells. Journal of 
Nanjing Medical University (Natural Sciences) 2010; 1:20-24.
52. Tamama K, Kawasaki H, Kerpedjieva SS, Guan J, Ganju RK, 
Sen CK. Differential roles of hypoxia inducible factor subunits 
in multipotential stromal cells under hypoxic condition. J Cell 
Biochem 2011; 112:804-817.


	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	Acknowledgment
	Conflicts of Interest
	References



