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Introduction

In recent decades the medical

Abstract

Purpose: Statin is an effective factor for promoting osteogenesis. The aim of the present
study was to evaluate the effect of simvastatin (SIM) and/or HA addition on changes in
osteogenesis levels by human DPSCs transferred onto three-dimensional (3D) nanofibrous
Poly (e-caprolactone) (PCL)/Poly lactic acide (PLLA) polymeric scaffolds.

Methods: For this purpose, a 3D nanofibrous composite scaffold of PCL/PLLA/HA was
prepared by electrospinning method. SIM was added to scaffolds during DPSCs culturing
step. Cell proliferation and osteogenic activity levels were assessed by using MTT assay
and Alizarin Red assay methods. In addition, the expression of genes responsible for
osteogenesis, including BMP2, Osteocalcin, DSPP and RUNX2, were determined before
and 2 weeks after incorporation of SIM.

Results: The MTT assay showed that PCL/PLLA/HA scaffolds seeded with DPSCs has
significant (p<0.05) more proliferative effect than PCL/PLLA or DMEM cultured cells,
additionally SIM administration improved this result over the PCL/PLLA/HA scaffolds
without SIM treatment. SEM imaging revealed improved adhesion and probably osteogenic
differentiation of DPSCs on PCL/PLLA/HA nanofibers treated with SIM, moreover the
alizarin red assay ensured significant (p<0.05) higher mineralization of this group. Finally,
real time PCR confirmed the positive regulation (P<0.05) of the expression of
osteo/odontogenesis markers BMP2, Osteocalcin, DSPP and RUNX2 genes in PLLA-PCL-
HA (0.1)-SIM group.

Conclusion: As a result, addition of simvastatin with incorporation of hydroxyapatite in
PCL-PLLA scaffolds might increase the expression of osteogenesis markers in the DPSCs,
with a possible increase in cell differentiation and bone formation.

sciences have been available sources for stem cells. Availability of this

revolutionized due to the introduction of treatment
modalities with the application of stem cells and the
synthesis of various tissues and organs. Stem cells are
progenitor cells that can be differentiated into cells
with specific functions under some physiologic or
laboratory conditions. These cells have indefinite
potential for proliferation, can remain undifferentiated
and preserve their capacity to differentiate into every
cell type in the body.*

Stem cells have been isolated from the human primary
tooth pulps and periodontal ligaments in various
studies to date.>® Human dental pulp is one of the most

source and the high rate of proliferation of these cells
have made the dental pulp a proper source for tissue
regeneration by stem cells.” It appears that the stem
cells isolated from dental pulp are therapeutically
valuable similar to the bone marrow derived stem cells.
These cells have the capacity to differentiate into
adipose tissue, cartilage, neurons, bone and smooth
muscles.®

The effects of different materials have been evaluated
on the proliferation and differentiation of these cells,
and the role of different materials in the induction or
inhibition of these cells has been studied.
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The structures of teeth and bones have very important
roles in the health of the oral cavity and the
periodontium. Loss of teeth and resorption of the
alveolar bone create many problems for the individuals
affected. Therefore, attempts are underway to
regenerate lost teeth and osseous structures.®

Statins (such as simvastatin) are inhibitors of the
HMG-COA reductase and are widely used to decrease
cholesterol levels.® Mundy et al showed that statins
have a positive effect on the metabolism of bone and
its regeneration; they exert such an effect by increasing
the expression and synthesis of BMP2 protein and
angiogenesis.” There are conflicting results in relation
to the effect of statins on regeneration of bone.
However, some studies have shown that statins have a
positive effect on the metabolism of bone and
induction of its regeneration.”®

Although some studies have not confirmed the effect
of statins on the initiation and formation of bone.**
Von stechow et al evaluated the effect of statins on
elimination of bony defects in the mandible of rabbits
and reported that the amounts of regenerated bone
were not significantly different with and without
exposure to statins.’® Therefore, further studies are
necessary to determine the role of this material in the
induction of bone regeneration.

Scaffolds might be biologic or synthetic, and
degradable or non-degradable. Natural polymers,
degradable synthetic polymers and non-degradable
synthetic polymers are tissue engineering biomaterials.
It is possible to synthesize polymeric scaffolds with
proper characteristics in relation to strength, the rate of
degradation, porosity, microstructure, shape and size.
Synthetic polymers are considered more suitable
biomaterials due to their properties in relation to
porosity, a definite time for degradation and good
mechanical properties. These polymers are cheaper
than biopolymers, can be synthesized in large
quantities with a uniform quality and have longer
durability. Polylactic acid (PLLA), polyglycolic acid
(PGA) and lactic-glycolic acid copolymer (PLGA) are
some of the most commonly used biodegradable
synthetic polymers in tissue engineering procedures.™
Various polymeric nanofibers with high surface—area-
to-volume ratio and interconnected pores which was
similar to the natural extracellular matrix (ECM) have
been produced by electrospinning methods.'? These
nanofibrous scaffolds can potentially provide similar
support to cell adhesion, proliferation, and migration
which could be used in tissue engineering application.
Considering the discrepancies in the results of studies that
represented the effect of stains on stem cells and lack of
studies available on their effect on the transferred hDPSCs
on polymeric scaffolds, revealed the need of further studies
to determine the role of this material in the induction of
bone regeneration. The present study was undertaken to
evaluate the effect of simvastatin on changes in
osteogenesis levels by human DPSCs transferred onto
polymeric scaffolds.

Materials and Methods

DL-lactide (LA) was purchased from Sigma—Aldrich
(Co., Steinem, Germany), and purified by
recrystallization two times from ethyl acetate, and dried
under high vacuum at room temperature before use.
Stannous 2-ethyl hexanoate (stannous octoate, SnOct),
and glutaraldehyde (25%) and dimethylformamide
(DMF) were obtained from Sigma-Aldrich Chemical Co.
(St. Louis,MO, USA). Dichloromethane (CH,Cl3)(DCM)
and e-caprolacton (CL) were purchased from Merck
Chemical Co. Dulbecco Modified Eagle’s Medium
(DMEM), fetal bovine serum (FBS), trypsin—-EDTA and
phosphate buffered saline (PBS) were purchased from
Gibco, Singapore. MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide) was purchased from
Invitrogen (Carlsbad, CA). All other materials were used
as received.

Preparation of PCL/PLLA/HA nanocomposite

The synthesis protocol and characterization of PCL,
PLLA and HA were described in detailed by our team in
previous work.

Fabrication of PCL/PLLA/HA nanofibrous scaffolds by
the electrospinning method

PCL/PLLA (2:1 w/w) and HA nanoparticles were
dissolved in four and one mL DCM: DMF (3:1 v/v ratio),
respectively to prepare 20 wt% solutions of
PCL/PLLA/HA with the ratio of 2:1:0, 2:1:0.1, 2:1:0.5
(w/w). The optimum electrospinning condition for
preparation of PCL/PLLA/HA nanofibers on the
electrospinning device (Fanavaran Nano-Meghyas, Iran)
was reported in detailed in our team previous work.**

Isolation and characterization of dental pulp stem cells
In a previous study, the authors discussed the protocol of
isolation and characterization of dental pulp stem cells.*®
Dental pulp stem cells were isolated from primary and
permanent teeth. They were characterized by FACS
(Fluorescence-activated cell sorting). These cells were
positive for CD90, CD166, CD105, and CD73 and
negative for CD11b, CD34, CD133, CD64, CD106,
CD31 and CD 45 markers. Current study is following the
regeneration of teeth and bones using these cells seeded
on suitable scaffold and useful stimulators. The current
study investigated the regeneration of teeth and bones
using these cells seeded on suitable scaffolds and with
useful stimulators.

Culturing human DPSCs, transferring the cells onto
scaffolds and addition of simvastatin to the cell culture
media

In this in vitro study, the human DPSCs were cultured in
2 flasks for 10 days to achieve a cell count of 2,000,000
in each flask. Cells counts were determined in 1 mL of
the cellular content the flasks on a microscopic
haemocytometer. Before hDPSCs seeding to the
scaffolds, scaffolds were sterilized then pre-treated with
media as follows. First 70% alcohol was transferred into
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each well and after 20-30 minutes the scaffolds were
rinsed 3 times with PBS and incubated for 24 hours with
culturing media. The stem cells were trypsinated. Then
20000-30000 cells were added to each well. Simvastatin
powder was dissolved in ethanol at a concentration of
1 umol/L and added to the cell cultures.*® Two wells
were selected as the controls without SIM addition.

Evaluation of biocompatibility of scaffolds for hDPSCs
in the presence of SIM

The hDPSCs were seeded in each scaffold including P
PLLA A-PCL, PLLA-PCL-HA (0.1) and PLLA-PCL-HA
(0.5) scaffolds before and after SIM addition to media.
hDPSCs seeded on Tissue Culture Polystyrene (TCPs) in
routine DMEM-FBS media as non-treated control. After
5 days, the upper media in each group was replaced with
2mg/ml MTT solution, incubated for 4 hours in 37 °C,
5% CO2 and dark place. Next, the MTT solution was
aspirated and DMSO was added to each well of 6 well
plates for dissolving furmazan crystals. The absorbance
was measured by transferring the DMSO from each well
into 96-well format ELISA reader.

Evaluation of the Alizarin Red Activity after 14 days
The potential of the hDPSCs to differentiate into
osteo/odontogenic inductions was examined by Alizarin
red (AR) S staining to measure calcium amounts.
Alizarin red staining protocol and calcium mineral
content quantization was described in our previous
work™* according to method was done previously by
Stanford et al.” In summary, the supernatant on the cells
was removed and the scaffolds were rinsed twice with
calcium and phosphate-free saline solution, and fixed
with ice-cold 70% ethanol for 1 h. After a brief wash
with water, the cells were tainted with 40 mM Alizarin
red solution (pH 4.2) at ambient temperature for 15 min.
The cells were washed with water for six times followed
washing for 20 min with PBS (with rotation) to remove
excess Alizarin red stain. Stained cultures were scanned
followed by a quantitative distaining procedure using
10% (wiv) cetylpyridinium chloride in 10 mM sodium
phosphate (pH 7.0), for 15 min at ambient temperature.
Afterwards, Alizarin Red S concentrations were assessed
by absorbance measurement at 570 nm on Victor3TMV
(PerkinElmer) using an Alizarin red standard curve in the
similar solution. The color change of the cells to red was
proportional to their osteogenic activity.

Total RNA isolation and complementary DNA synthesis
Fourteen days after cultivation of the hDPSCs on
aforementioned scaffolds as well as treatment with SIM,
the media were aspirated then washed with PBS. The
cellular total RNAs were extracted using Trizol reagent
(Invitrogen),  according to the  manufacturer
recommendations. For evaluation of isolated RNA vyield
and quality, the gel electrophoresis and Nanodrop
(Thermo scientific, Waltham, MA, USA) were used. The
Revert Aid cDNA synthesis kit (Fermentase, Life
Science, and USA) was employed for first strand cDNA

synthesis. Finally, the Syber green Master Mix (Hot
Equa master mix- sinaclone) was mixed with cDNA and
gene specific primers of BMP2, DSPP, Osteocalcin and
RUNX2 genes (Table 1) for qRT-PCR reaction on a
Rotorgen 6000 system (Qiagene). The GAPDH gene was
used as housekeeping gene. The fold changes were
calculated by 2" (-AACT).

Table 1. Sequences of oligonucleotide primers used for gPCR

H-BMP2 F GCTGTGATGCGGTGGACTGC
H-BMP2 R CGCTGTTTGTGTTTGGCTTGA
H-Osteocalcin F CCCATTGGCGAGTTTGAGAAG
H-Osteocalcin R CAAGGCCCGATGTAGTCCAG
H-DSPP F CCCAATAGCAGTGATGAATCTAA
H-DSPP R TGTCATCATTCCCATTGTTACC
H-RUNX2 F CTCACTGCCTCTCACTTGCC
H-RUNX2 R CTGTACACACATCTCCTCCCTTC
H-GAPDH F CAAGATCATCAGCAATGCCTCC
H-GAPDH R GCCATCACGCCACAGTTTCC
SEM Imaging

The prepared of nano HA and nanofibrous scaffolds
were characterized by scanning electron microscopy
(SEM) (ChamScan MV2300). Air-dried samples of nano
HA, PCL-PLLA nanofibrous scaffold and HA-coated
PCL-PLLA nanofibers were putted on aluminum stubs
and coated with gold layer. An average HA particle size
and fiber diameter of each image were calculated by
random choosing of at least 60 different sample
segments with an image analyzer (Image-Proplus, Media
Cybernetics). After different times of in vitro
implantation on the scaffolds, cells were rinsed twice
with PBS, fixed in 2.5% glutaraldehyde in PBS buffer
pH 7.4, rinsed in PBS, at 4 °C for about 24 h, dehydrated
in a graded series of ethanol (25-100%), and finally air-
dried at room temperature. The samples were then kept
under vacuum at 30 °C to ensure complete drying and a
nanometer-thick gold coating was applied. Scanning
electron microscopy was used for the characterization of
the sheet morphology.

Statistical analysis

Data were analyzed with descriptive statistics
(frequencies, percentages, means and standard
deviations) and by comparing the means. When the
differences were significant, proper post hoc tests were
used. McNemara test was used to evaluate qualitative
variables. Statistical significance was set at P<0.05.

Results

Fabrication of PCL/PLLA/HA nanofiber

Nanofibers were prepared from PCL and PLLA that both
of them are well known biocompatible and
biodegradable polymers enable the successful cultivation
of hDPSCs and osteogenic cells. To improve the
osteo/odontogenic induces character of PCL and PLLA
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for hDPSCs seeding, HA nanoparticles were added to the
PCL/PLLA blend before electrospinning. The control
over different electrospinning parameters for example
concentration, distance of source electrode from the
substrate, applied voltage, and flow rate have been
optimized for good spinnability and investigated in
detiled at previous work conducted with our team.*® A
mixture of dichloromethane and dimethylformamide in
the ratio 3/1 (v/v) was chosen as a medium to dissolve
PCL/PLLA/HA and this solvent mixture is also highly
volatile. In order to gain smooth, droplet and bead free
PCL/PLLA/HA nanofibers, the optimum polymer
nanocomposite blend concentration was 20% that lead to

¥ %
L] i

2

porous nanofibrous structure with the average fiber
diameters of approximately 120-300 nm (Figure 1a) with
highly porous structure of the interior of a scaffold
sample. Scaffold porosity is one of the necessities for
tissue engineering because it provides sufficient cell
growth space, and nutrient, water as well as growth
factors transportation in the whole scaffold compared to
the PCL/PLLA scaffolds. It is worth noting that the
morphologies and structures of the prepared HA
nanoparticle was nanorod with uniformity in size/shape
and mean diameter in the range of approximately 20-40
nm (Figure 1b).

View
SEM MAG: 1.00 kx | Date(m/dly): 12/02/14

Figure 1. FESEM images of a) nano Hydroxyapatite, b) 20 wt % PCL/PLLA/HA (0.1)

Evaluation of proliferation and viability of hDPSCs
seeded on scaffolds by MTT assay

MTT assay was performed to assess the cell survival rate
upon attachment and proliferation in developed
nanofibrous scaffold, as well as the biocompatibility of
scaffolds. hDPSCs were seeded on the TCPS containing
DMEM without scaffolds as control, and wells
containing PCL/PLLA, PCL/PLLA/SIM,
PCL/PLLA/HA as well as PCL/PLLA/HA/SIM. Figure 2
shows the cell viability percentage for hDPSCs grown on
all wells after 5 days of cell culture. The similar cell
viability values obtained for PCL/PLLA and TCPs
cultured cells grown in routine DMEM-FBS media,
which indicated that PCL/PLLA blended scaffolds
matrix was non-toxic to hDPSCs and did not negatively
affect the proliferation rate of hDPSCs which
acknowledged the biocompatibility of scaffolds. The
high cell viability values for cultured cells on
PCL/PLLA/SIM and PCL/PLLA/HA groups in
comparison to PCL/PLLA and TCPs groups (p<0.05)
(Figure 2) implied more significant accelerating effects
of HA and SIM on cell viability. PLLA-PCL-HA (0.1)-
SIM group showed significant highest (p<0.01) cell
viability and proliferation rate as compared to other
treatments suggested that HA and SIM had positive
effects on cell survival. Therefore, we concluded that

SIM/HA played a decisive role in boosting cell viability
(Figure 2).
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Figure 2. Cell viability study of hDPSCs grown on the TCPS
plate and six scaffolds, control PCL/PLLA scaffold,
PCL/PLLA/HA scaffolds (molar ratio of PCL to PLLA to HA of
2:1:0.1 and 2:1:0.5) with and without simvastatin and after 5
days.
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Alizarin red

In order to investigate the effect of SIM content alone or
in combination with HA on osteoblast maturation,
Alizarin Red S staining assay was done in this study for
determination of biomineralization in each group. Figure
3 represents the alizarin red staining results which
reflected the biological function of osteoblast in hDPSCs
in each group. hDPSCs were treated for 14 days in 3D
PCL/PLLA, PCL/PLLA/HA (0.1), and PCL/PLLA/HA
(0.5), PCL/PLLA/SIM, PCL/PLLA/HA (0.1)/SIM, and
PCL/PLLA/HA (0.5)/SIM nanofibers and regular growth
media (DMEM) used as control. It was obvious from
results represented at Figure 3 that cells cultured in
regular growth media (DMEM) (control cells) and 3D
PCL/PLLA showed no alizarin red activity while a
significantly higher degree of activity was observed in
hDPSCs seeded on other scaffolds. hDPSCs cultured in

Control

PCL/PLA

PCL/PLA-SIM

PCL/PLA/HA (0.1)

PCL/PLA/HA (0.5)

PCL/PLA/HA (0.1)-SIM

PCL/PLA/HA(0.5)-SIM

scaffolds containing HA or SIM (both known as
osteogenic supplement) alone or in combination in media
for 14 days showed Alizarin red staining, commonly
associated to the establishment of an osteo-like
phenotype. Significantly superior alizarin red activity
was observed in cells treated with HA and SIM (Figure
3a). The PLLA-PCL-HA (0.1)-SIM showed significant
higher ODs (p<0.001) which proved osteogenesis
potential of HA incorporated- SIM added conditions on
hDPSCs (Figure 3b). Therefore the simultaneous
addition of HA and SIM in scaffold and growth media
might be have an important role in simulation of
mineralization. Mineralization refers to cell-mediated
deposition of extracellular calcium and phosphate ions,
and finally leading to calcification, which is important
for bone regeneration.*’

©w
1

24

Alizarin red activity (OD)

Treatments

Figure 3. Effect of hydroxyapatite (HA) and simvastatin (SIM) on hDPSCs osteogenic differentiation, a) Cells was stained with Alizarin
Red S at day 14 to visualize mineralized bone matrix. b) A bar graph showing quantitative results of osteoblast differentiated hDPSCs
were stained with Alizarin Red S. Control (lower row) is slightly bright pink, whereas the show vast extracellular calcium deposits, stained
in reddish (upper row). All experiments were performed a minimum of three. Alizarin red activity was significantly higher in PLLA-PCL-HA
scaffolds than both PLLA-PCL and control (without scaffold) *** P<0.001.

SEM

The attachment and proliferation of hDPSCs cultured
over a 14-day incubation period on PCL/PLLA/SIM,
PCL/PLLA/SIM/HA (HA; 01 wt %) and
PCL/PLLA/SIM/HA (HA; 0.5 wt %) scaffolds were
visualized by FESEM images (Figures 4-6). The
attachment and proliferation of hDPSCs on PCL/PLLA
and PCL/PLLA/HA (HA; 0.1 and 0.5 wt %), scaffolds

were fully investigated in previous work conducted by
our team.**

The hDPSCs are uniformly and abundantly distributed
in the whole area of PCL/PLLA/SIM and
PCL/PLLA/SIM/HA (HA; 0.1 and 0.5 wt %) scaffolds
surface and exhibited normal cell adhesion (Figures 4a,
5a, 6e). Most of the cells appeared fibroblast-like mor-
phology with multiple filopodia. High-magnification
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SEM images showed the formation of cytoplasmic
extensions on PCL/PLLA/SIM and
PCL/PLLA/SIM/HA (HA; 0.1 and 0.5 wt %) scaffolds
(Figures 4-6). Their spread-out cytoplasm exhibited
well-attachment onto scaffold. Their filopodia was
anchored to the surface of PCL/PLLA/SIM and
PCL/PLLA/SIM/HA (HA; 0.1 wt %) scaffolds (black
box image in Figure 5a). The migrated DPSCs derived
into bone-like tissue that was able to synthesis typical
bone-like tissue, such as collagen (green arrow) and
cortical (red arrow) structures, together with many
mineralized nodules in the ECM (green arrow) (Figures
4, 5 and 6a). Cells aligned themselves on the scaffold,
representing a very intense cell adhesion, which is
indicated by the flat spread out cell bodies on the
scaffold (red and green arrows on Figures 4-6). The
whole area, surrounding the nanofibers was covered by
multilayered cells.

The cells showed morphology of osteoblast like cells,
i.e. cube/spindle-shaped, big sized and exhibit long
cytoplasmic prolongations to adhere to the surface

SEM
View field: 546 pm Det: SE 100 pm
SEMMAG: 233x | Date{midly): 0412515

X
‘WD: 16.01 mm
View : Det: SE
SEM MAG: 723 x Date(m/dly): 04/25/15

MIRA3 TESCAN|

(green box in Figures 4-6). These results indicate a
good cyto-compatibility and close interactions of
hDPSCs with the scaffolds prepared, independently of
their chemical composition and microstructure. These
cellular morphologies may be associated with the
differentiation of the hDPSCs cultured on
PCL/PLLA/HA/SIM toward the osteogenic lineage.
Cells were covering almost the entire scaffold and able
to cover both side of scaffold surface and migrate inside
the large pores, filled interconnected microspores and
eventually embedded in a matrix (Figures 4b, c, d and
5b, d and 7b, d). hDPSCs could bridge the hDPSCs on
both sides of the Nanofibrous scaffold (forward and
backward sides of scaffolds) (Figures 5b and 6d).
Multi-cell layers were formed where the underlying
scaffold could not be observed at all and a continuous
cell sheet can be clearly observed (Figures 4a, 5c, e and
6¢). The cells grew by spreading on the scaffold surface
and vertically penetration into the porous structure
(Figure 4c, d and 5d and 64, b).

SEM HV: 5.0 kV [ 'WD: 16.68 mm I MIRA3 TESCAN

View field: 161 pm Det: SE 50 pm
SEM MAG: 790 x | Date(m/dly): 04/25/15

SEM HV: 5.0 kV
View field: 71.6 pm Det: SE
SEM MAG: 1.78 kx | Date(m/dly): 04/25/15

Figure 4. FESEM images of hDPSCs cell morphology on the PCL/PLLA/SIM scaffolds after 14 days of culture.
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SEM MAG: 114 x Date(m/dly): 04/2515 SEM MAG: 35.5 kx  Date(m/dly): 04/25/15

Figure 5. FESEM images of hDPSCs cell morphology on the PCL/PLLA/ HA(0.1wt%)/SIM scaffolds after 14 days of culture.
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SEM HV: 10.0 kV WD: 16.52 mm SEM HV: 5.0 kV 16.99 mm
View field: 127 pm Det: SE View field: 146 pm Det: SE
SEM MAG: 1.00 kx | Date(m/dly): 01/04/15 SEM MAG: 873 x | Date(m/dly): 04/25/15
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SEM HV: 5.0 kV WD: 16.90 mm MIRA3 TESCAN SEM HV: 5.0 kV WD: 16.90 mm MIRA3 TESCAN
View field: 163 pm Det: SE 50 ym View field: 230 pm Det: SE 50 pm

SEMMAG: 779 x | Date(m/dly): 04125115 SEM MAG: 553 x | Date(m/dly): 04/25/15
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SEM HV: 5.0 kV 5 MIRA3 TESCAN
View field: 444 pm
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Figure 6. FESEM images of hDPSCs cell morphology on the PCL/PLLA/HA(0.5 wt%)/SIM scaffolds after 14 days of culture.
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Evaluation of the expression of BMP2, Osteocalcin,
DSPP and RUNX2 genes 14 days after incorporation of
the inductive materials in different study groups

In order to assess the effect of SIM alone or in
combination with HA on the differentiation of
osteoblasts and osteogenesis, the expression levels of
BMP2, Osteocalcin, DSPP and RUNX2, all
osteo/odontogenic markers were detected on day 14 for
all samples with the use of gPCR technique (Figure 7).
The expression of all four candidate genes showed
similar results at mRNA levels in three groups by qRT-
PCR method. The effect of HA on PCL/PLLA
nanofibrous scaffold was investigated in our team
previous work.**
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The expression of BMP2 gene in the PLLA-PCL
scaffold, after incorporation of simvastatin, was
significantly higher than that in the control group and
PLLA-PCL scaffold without simvastatin (P<0.01). In
addition, the expression of BMP2 in the PLLA-PCL-HA
(0.2)-SIM group was significantly higher than that in the
control group and PLLA-PCL scaffold without
simvastatin (P<0.001). However, in the PLLA-PCL-HA
(0.5)-SIM group the expression of BMP2 was slightly
less than that in the group with 0.1 wt% HA. In general,
the results showed that incorporation of simvastatin in
association with hydroxyapatite resulted in an increase in
the expression of genes responsible for osteogenesis and
possibly cell differentiation and osteogenesis levels
(Figure 7a).
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Figure 7. The expression of BMP2 (a), DSPP (b), Osteocalcin (c), and RUNX2 (d) genes were investigated by qRT-PCR in hDPSCs
seeded in three different scaffolds (PCL/PLLA, PCL/PLLA/SIM, PCL/PLLA/HA(0.1)/SIM and PCL/PLLA/HA(0.5)/SIM) and control (without
scaffold). GAPDH gene was used as internal control. All differentiation marker genes, BMP2, DSPP, Osteocalcin and RUNX2 are
significantly up-regulated in PLLA/PCL/HA (0.1 wt %) /SIM group (p value<0.001). * p<0.05, ** p<0.01, *** p<0.001)

The expression of DSPP gene in the PLLA-PCL-HA
(0.1)-SIM group was significantly higher than that in the
other groups (P<0.001). However, this increase was
lower in the PLLA-PCL-HA (0.5)-SIM group. In
addition, the expression of DSPP gene in the PLLA-PCL
scaffold, after incorporation of simvastatin, was

significantly higher than that in the control group and the
PLLA-PCL scaffold without simvastatin (P<0.05). The
results showed that incorporation of simvastatin in
association with HA resulted in an increase in the
expression of DSPP gene (Figure 7b).
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The expression of Osteocalcin gene was very similar to
that of BMP2 gene, with higher expression of this gene
in scaffolds containing simvastatin. In addition, the
expression of Osteocalcin gene in the PLLA-PCL-HA
(0.1)-SIM group was significantly higher than that in the
other groups (P<0.001). The results showed that
incorporation of simvastatin in association with HA
increased cellular differentiation and the expression of
this gene (Figure 7c).

The expression of RUNX2 gene was very similar to that
of DSPP gene, with the results indicating that
incorporation of simvastatin in association with HA
resulted in an increase in the expression of RUNX2 gene.
In addition, the expression of RUNX2 gene in the PLL-
PCL scaffold, after incorporation of simvastatin, was
significantly higher than that in the control group and the
PLLA-PCL scaffold without simvastatin (P<0.05). The
expression of RUNX2 gene in the PLLA-PCL-HA(0.1)-
SIM group was significantly higher than that in the other
groups (P<0.001) (Figure 7d).The high expression of all
osteo/odontogenic markers meant that cell attachment
was also increased in PCL/PLLA/HA/SIM groups.

Discussion

The present in vitro study was carried out to evaluate the
effect of simvastatin on changes in osteogenesis levels in
human DPSCs placed on polymeric scaffolds. The main
goal of odontoblastic tissue engineering is producing
odontoblasts which resemble as much as possible the
body’s own native teeth structure. In this way, utilizing
both  scaffolds and other dental-differentiation
supplementary materials has been investigated in recent
researches.'®'%%

The ideal cell resource for tissue engineering should be
proliferative enough, non-immunogenic, and have the
ability to differentiate into desired functional cells.
Therefore adult stem cells in particular, MSCs isolated
from either bone marrow or other origins have shown
promising outcomes in regenerative medicine and cell
therapy.

The human DPSCs (hDPSCs) exhibit the postnatal
characteristics of the stem cells, including multipotent
differentiation, self-regeneration capacity, clonogenic
potential and expression of various surface markers of
mesenchymal stem cells.”*** In addition, the stem cells
of the human dental pulp have been recognized as
heterogenic stem cells that are the analogs of
mesenchymal stem cells of the bone marrow.?2%%

One of the unique characteristics of the hDPSCs is their
capacity to form pulp—dentin-like tissue when
transplanted into immunosuppressed rats with the use of
a hydroxyapatite/tricalcium phosphate carrier.??*%
Under in vitro conditions, the capacity of the hDPSCs to
differentiate into osteoblasts,®*” in conjunction with the
excretion of large amounts of extracellular matrix,
resulting in the synthesis of woven bone, has been
demonstrated.?® Furthermore, hDPSCs can differentiate
into osteoblasts and endothelial cells to synthesize
mature bone-like tissue in association with provision of

internal blood supply in vitro.?® Statins are a group of
widely used lipid lowering drugs that block the
biosynthesis of cholesterol.*

Simvastatin(SIM) increased the proliferation of smaller
MSCs,® and can increase osteogenesis of them.** The
mechanism for enhancing osteogenesis is mediated by
increasing both actin filament organization and cell
rigidity.® Also, SIM enhances the odontogenic plasticity
of human DPSCs at both in vitro and in vivo conditions™
SIM loaded porous titanium oxide surface can accelerate
osseointegration as well as peri-implant formation of
bone.” Simvastatin in combination with osteo-
conductive biomaterials can produce synergistic effects
for enhancing vyield of tissue engineering. The
odontoblastic differentiation of hDPSCs by the
controlled release of SIM from gelatin hydrogel granules
is possible. Calcium phosphate composite scaffolds
containing  simvastatin-loaded PLGA  microspheres
showed biocompatibility and osteogenesis potential
applicable for bone tissue engineering.* Simvastatin
increases the proliferation and use of osteoprogenitor
cells, which is an important and vital step in the initial
stages of bone regeneration.* There is strong evidence
that statins increase the differentiation of osteoblasts and
mineralization, resulting in osteogenesis.*** In addition,
statins increase osteogenesis indirectly by inhibiting
inflammation which is responsible for an imbalance in
the metabolism of bone.*” Furthermore statins inhibit the
activation of osteoclasts by inhibiting intracellular
signaling pathways in osteoclasts® and have a role in
maintaining the skeletal integrity.*® In the present study,
the expression of 4 genes, BMP2, Osteocalcin, DSPP and
RUNX2, was evaluated with the gPRC technique in
order to investigate the effect of incorporating
simvastatin and the scaffold type on the differentiation of
osteoblasts and osteogenesis level. In relation to changes
in the expression of BMP2 gene, the results of the
present study showed that incorporation of simvastatin
into the scaffold resulted in a significant increase in the
expression of this gene compared to that in the scaffold
without simvastatin. In addition, incorporation of 0.1 ug
of hydroxyapatite in association with simvastatin had a
significant effect on increasing the expression of BMP2
and osteogenesis. Statin has been recognized as a factor
accelerating the expression of BMP2 and increasing
osteogenesis.® Consistent with the results of the present
study, Mundy et al, showed the positive effect of statins
on the metabolism of bones and induction of their
regeneration and reported that statins exert this effect by
up-regulating BMP2 and inducing angiogenesis.” In
addition, Maeda et al, too, showed the effect of statins on
promotion of osteoblastic differentiation and on
increasing the production of alkaline phosphatase (ALP)
and BMP2 in MC3T3-E1 cells, resulting in an increase
in osteogenesis.*’

The results of the present study in relation to the
expression of Osteocalcin gene were very similar to
those of BMP2 gene, with significantly higher
expression of this gene in scaffolds containing
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simvastatin; in addition, incorporation of simvastatin in
association with hydroxyapatite resulted in an increase in
cellular differentiation and up-regulation of this gene.
Osteocalcin, along with bone sialoprotein (BSP) are
recognized as late-stage markers of osteogenic
differentiation and the results of a study by Min et al,
too, showed an increase in the production of this
osteogenic marker when they were added to tooth pulp
stem cells.** Varalakshimi et al reported that when
simvastatin is used in association with tricalcium
phosphate (TCP) carrier, there is an increase in the
expression of Osteocalcin in hDPSCs.*

Evaluation of changes in the expression of DSPP gene,
too, showed that incorporation of simvastatin alone and
in association with hydroxyapatite resulted in a
significant increase in the expression of DSPP gene.
Karanxha et al concluded in a similar study that
incorporation of simvastatin in association with enamel
matrix derivatives resulted in an increase in osteoblastic
differentiation by increasing the expression of DSPP
gene.”® Also Stanford et al reported that when
simvastatin was added to the dental pulp stem cells,
DSPP and Osteocalcin were up-regulated, subsequently
resulting in an increase in osteogenesis in vitro and in
vivo; it was also suggested that statins might be
considered active and ideal compounds for accelerating
the differentiation of these cells.”’

The expression pattern of RUNX2 gene was very similar
to that of DSPP gene. The results showed that
incorporation of simvastatin in association with HA
increased the expression of RUNX2 gene. In addition,
the expression of RUNX2 gene in the PLLA-PCL
scaffold when simvastatin was added to it was
significantly higher than that in the control group and in
the scaffolds without simvastatin. The transcription
factors of RUNX2 are necessary and increase the
expression of many genes related to teeth and bones.*
However, in a study by Junqueira et al no significant
differences were observed between the control group and
the group with simvastatin in relation to the expression
of RUNX2 gene.® Such discrepancy between the results
of the present study and the study above might be
attributed to differences in the methodologies between
the two studies and use of different concentrations of the
materials tested.

The mechanism of the effect of simvastatin on up-
regulating genes responsible for osteogenesis and
odontogenesis has not been completely elucidated.
However, Min et al reported that the effect of simvastatin
on up-regulating odontogenic and angiogenic factors
might be implemented through mechanisms that involve
hemoxygenase-1 (HO-1) and its product, i.e. carbon
monoxide (CO).* In addition, Chen et al reported that
ERK is one of the signaling pathways that might have a
role in the simvastatin-mediated differentiation of
osteoblasts in rats.** ERK is one of the principal
mediators in  growth  factor-mediated cellular
differentiation in different cells. In this context, the
results of a study by Kim et al showed that simvastatin

might induce osteoblastic differentiation of PDL cells by
regulating ERK pathways.*®

In general, the results of the present study revealed that
incorporation of simvastatin along with HA resulted in
up-regulation of osteogenic genes and possibly in
increasing the cellular differentiation and osteogenesis.
Moreover, in this study only one concentration of
simvastatin was used and the effect of different
concentrations on the viability of cells and expression of
the genes in question was not evaluated.

Conclusion

Nanofibrous PCL-PLLA-HA scaffolds with higher
surface areas and porosities treated with SIM were
evaluated as supports for hDPSCs cell growth for their
potential use in bone/dentin tissue engineering. An
adequate interaction of hDPSCs was observed with all
the scaffolds. Based on the results of the present study,
incorporation of simvastatin might up-regulate genes
responsible  for  Osteogenesis, including BMP2,
Osteocalcin, DSPP and RUNX2 in the hDPSCs and
might increase cellular differentiation and osteogenesis.
However, PCL/PLLA/HA(0.1wt%)/SIM scaffolds
exhibited higher cell viability, proliferation and
differentiation in comparison to other groups. These
results suggest a better response of cells treated with HA
in combination with SIM in blended PCL-PLLA
polymeric nanofibrous matrices as an osteo/odonto-
conductive scaffold.
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