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ABSTRACT

Background: Tissue engineering is a promising alternative for the development of bone substitutes; for this
purpose, three things are necessary: stem cells, a scaffold to allow tissue growth and factors that induce tissue
regeneration.

Methods: To congregate such efforts, we used the bioresorbable and biocompatible polymer poly(lactic-
co-glycolic acid) (PLGA) as scaffold. For the osteoinductive factor, we used simvastatin (SIM), a drug with a pleio-
tropic effect on bone growth. Mesenchymal stem cells (MSCs) were cultured in PLGA containing SIM, and the
bone substitute of PLGA/SIM/MSC was grafted into critical defects of rat calvaria.

Results: The in vitro results showed that SIM directly interfered with the proliferation of MSC promoting cell
death, while in the pure PLGA scaffold the MSC grew continuously. Scaffolds were implanted in the calvaria of rats
and separated into groups: control (empty defect), PLGA pure, PLGA/SIM, PLGA/MSC and PLGA/SIM/MSC. The
increase in bone growth was higher in the PLGA/SIM group.

Conclusions: We observed no improvement in the growth of bone tissue after implantation of the PLGA/SIM/
MSC scaffold. As compared with in vitro results, our main hypothesis is that the microarchitecture of PLGA as-
sociated with low SIM release would have created an in vivo microenvironment of concentrated SIM that might
have induced MSC death. However, our findings indicate that once implanted, both PLGA/SIM and PLGA/MSC
contributed to bone formation. We suggest that strategies to maintain the viability of MSCs after cultivation in
PLGA/SIM will contribute to improvement of bone regeneration.
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Introduction

The aging population in the world makes bone fractures
a substantial public health issue, thus increasing the need
for strategies for bone regeneration (1). Autologous grafts
(i.e., tissue or organs of the individual) remain the gold
standard for stimulating bone regeneration (2), but these
procedures are limited by lack of donor area, by morbidity
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and by pain. Therefore, development of artificial bone is
indispensable. Various synthetic materials have been de-
veloped for bone regeneration; however, issues such as
late or incomplete regeneration are still persistent. Among
the synthetic materials developed are ceramics such as hy-
droxyapatite, bioactive glasses, tricalcium phosphate and
polymers (3).

The most frequently used polymers for bone tissue re-
generation are polylactic acid (PLA); polyglycolic acid (PGA);
poly(lactic-co-glycolic acid) (PLGA), which is a copolymer of
PLA and PGA; polycaprolactone (PCL); polyethylene (PE);
polyethylene glycol (PEG) and poly(methyl methacrylate)
(PMMA); among others (3, 4). PLGA is very interesting as a
biomaterial since this polymer degrades in the presence of
water and its by-products are completely eliminated by the
body (4). Furthermore, it possesses good mechanical prop-
erties, low immunogenicity and toxicity, and can be struc-
tured to degrade in the time necessary for the growth of
tissue (5, 6).
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However, these materials are not considered bioactive —
i.e., they do not induce tissue growth (7). For that reason,
various substances have been added to polymers to acceler-
ate the healing process, such as growth factors, drugs and
ceramics (8-9). Among the drugs used is simvastatin (SIM),
a member of the statin family, used in the treatment of cho-
lesterol problems (8). Studies have shown that SIM plays a
role in osteoblast cell differentiation and mineralization, thus
stimulating the regeneration of bone tissue (10-12).

Bone marrow-derived mesenchymal stem cells (MSCs) have
also been associated with biomaterials in bone tissue engi-
neering. These cells are easily expanded in vitro and have the
capacity to differentiate into osteoblasts, chondrocytes and
adipocytes (13). The use of MSCs in tissue engineering is based
on evidence that these cells exert a paracrine effect on the
implanted site. Studies have shown that the secretion of cyto-
kines and growth by MSCs stimulate resident cells and promote
matrix remodeling and the differentiation of native progenitor
cells (14). Additionally, after implantation of any biomaterial,
an inflammatory response is expected to occur, which can be
reduced with the use of MSCs due to the immunomodulatory
properties of these cells (14, 15).

Therefore, this study examined whether the presence of
MSCs in a PLGA scaffold with SIM has a synergistic effect on
the regeneration of bone tissue.

Material and methods

Sample preparation

Scaffolds were obtained by dissolution of PLGA in chlo-
roform (Merck) (10%, m/v). Subsequently, SIM (Merck) was
added to a concentration of 2% (w/w). Sucrose particles were
used to obtain pores. The solution was reversed in a Petri dish
to allow solvent evaporation.

SIM release study

To study the release of SIM, 90-mg scaffolds were immersed
in 3 mL of phosphate-buffered saline (PBS) and incubated at
37°C. Every 5 days, 1 uL of supernatant was removed and mea-
sured using a UV spectrophotometer at a wavelength of 240
nm, and the solution was exchanged with new PBS after each
reading point. The amount of SIM released was calculated from
a standard curve containing known amounts of the drug.

Isolation, culture and characterization of MSCs

MSCs were isolated from the femur and tibia of 3 male Wi-
star rats about 3 months of age. All experiments of this study
were approved by the Ethics Committee for Experimentation
on Animals of the Pontifical Catholic University of Sdo Paulo
(2014/37). After sacrifice with halothane, the femur and tib-
ia of animals were dissected. In a laminar flow cabin, bone
epiphyses were cut. The bones were centrifuged at 1,500 rpm
for 10 minutes. Then, bone marrow was suspended in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS). The cells were maintained in an incuba-
tor at 37°C containing 5% CO,. For characterization of MSCs,
the cells were differentiated in an inducing medium for either
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osteoblasts (StemPro® Osteogenesis Differentiation Kit; Invit-
rogen) or adipocytes (StemPro® Adipogenesis Differentiation
Kit; Invitrogen). After 14 days in differentiation medium, the
MSCs were stained with alizarin red S and oil red O, respec-
tively.

Seeding of MSCs in scaffolds and cell proliferation assay

PLGA scaffolds, with or without SIM, were used in the
cell proliferation assay. The scaffolds were cut into disks of
8-mm diameter and 1-mm thick, with the same dimensions
for both in vitro and in vivo assays. Prior to each in vitro assay,
the scaffold disks were sterilized for 1 hour under UVC light.
Then cells were seeded in the scaffolds at a concentration of
2.6 x 10* cells/cm?. The cell viability assay was performed by
counting cell nuclei after 1, 7 and 14 days of cultivation. For
this, cells were fixed with 4% paraformaldehyde and the nu-
clei stained with 4’,6-diamidino-2-phenylindole (DAPI). The
images were analyzed by laser scanning confocal microscopy
(LSCM; Leica TCS SP8; Germany). To count all cells present in
scaffolds, 3D image reconstruction was performed. The maxi-
mum depth where the cells were present was 400 um. For
implantation of the PLGA/SIM/MSC scaffold, cells were cul-
tured for 7 days prior to implantation.

Implantation of scaffolds in murine model

PLGA/SIM/MSC scaffolds were implanted in the calvaria
of Wistar rats to analyze their influence on the regenera-
tion of bone tissue (Fig. 1). Altogether, 35 male Wistar rats
about 3 months of age were used. The animals (n = 7) were
divided into 5 groups: control (blank default), PLGA pure,
PLGA/SIM, PLGA/MSC and PLGA/SIM/MSC. After anesthesia
with 10% ketamine hydrochloride (40 mg/kg) and 2% xy-
lazine hydrochloride (5 mg/kg), the calvaria were exposed
and defects of 8-mm diameter were made with a trephine
drill (Beltec®). The scaffolds were implanted, and the skin
sutured. After 8 weeks, the animals were sacrificed, and the
calvaria removed for histological analysis.

Histological analysis

The calvaria were fixed with 10% formaldehyde and de-
calcified under 10% ethylenediaminetetraacetic acid (EDTA)
solution for 4 days. The samples were embedded in paraffin.
The tissue was stained with hematoxylin and eosin (H&E). The
processed calvaria tissue was serial sectioned into 6 slices of
4 um, as presented in Figure 1F. The sections were examined
with a light microscope (Nikon Eclipse E800).

Histomorphometric analysis

The quantification of new bone formation was per-
formed by histomorphometric analysis: The calvaria tis-
sue extracted from the bone defect was serially cut into
6 slices from different areas, as shown in Figure 1F. The
histological sections were digitally acquired, the obtained
images were demarcated and the new bone areas were
quantified by NisElements software (Nikon Instruments
Inc.).

© 2017 The Authors. Published by Wichtig Publishing
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Statistical analysis

Statistical analysis was performed using 1-way analysis of
variance (ANOVA). Results were expressed as means + stan-
dard deviation (SD). The difference between groups was ana-
lyzed by Tukey’s test, with p values less than 0.05 indicating
significance (Prism version 6.03) (n = 5).

Results

SIM release study

SIM drug release from PLGA scaffolds is shown in Figure 2.
This assay was performed for 1 month. Every 5 days, the su-
pernatant was collected, and the SIM concentration measured
by UV. This assay demonstrated that release from the SIM was
slower over time.

Characterization of MSCs

Isolated MSCs were characterized as previously reported
(16). These cells had to be adherent to a plastic polystyrene
plate and capable of differentiating into bone and fat. The
phenotype of the isolated cells after using the inductor me-
dium for adipocytes (Fig. 3B) and osteoblasts (Fig. 3D) con-
firmed that these cells were MSCs.

Cell proliferation in the scaffolds
MSC quantification after seeding on scaffolds was per-
formed by LSCM. After 1, 7 and 14 days the cells cultured

over the materials were fixed, and the nuclei were stained
with DAPI. Reconstruction of the 3D images was made up to

© 2017 The Authors. Published by Wichtig Publishing
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Fig. 1 - Surgical procedure: (A) Tri-
chotomy, (B) incision, (C) defect
with 8-mm diameter, (D) implant of
scaffold, (E) suture. After 8 weeks,
1 cm? of the healing tissue in the
implanted area was removed and
processed for histology, and serial
sections of each sample were per-
formed (lines in (F)), as indicated in
the scheme. The area indicated by
the middle line (*) was separated by
cleavage, and the middle sections
were analyzed to generate Figure 5.
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Fig. 2 - Release profile of simvastatin from poly(lactic-co-glycolic
acid) (PLGA) scaffolds incubated in phosphate-buffered saline (PBS)
at37°C(n=05).

400-um deep. After that, the nuclei were counted. In pure
PLGA, cells were able to adhere and grow over time, while in
PLGA/SIM, cells also had some adhesion but all died after 14
days (Fig. 4).

Implantation of scaffolds in murine model

After anesthetizing the animals, a skin incision was made
exposing the skull. With the aid of a trephine drill, a defect of
8-mm diameter was made. Then, the scaffolds of PLGA pure,
PLGA/SIM, PLGA/MSC and PLGA/SIM/MSC were implanted.
The control remained empty (Fig. 1). The animals resumed
their normal activities within 24 hours.
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Histological analysis

The histological analysis was performed after 8 weeks
of implantation. New bone formation is shown in Figures
5 and 6. Longitudinal sections were taken from the center
of the defect and stained with H&E. It can be seen that
in all treatments tested, the scaffold was still present. All
materials were well accepted by the body. In the control,
pure PLGA and PLGA/MSC groups, bone growth was always
dependent on the edges (Fig. 5A, B and D, respectively), be-
ing more evident in the PLGA/MSC group. There was bone
tissue growth independent of the edges in the PLGA/SIM
scaffold with and without cells, indicative of osteoinduc-
tion (Fig. 6C and E). However, bone growth was less evi-
dent in PLGA/SIM/MSC than in the same material without
cells.

Histological analysis of the defect borders is shown in
Figure 6. It was noted that only animals given PLGA/SIM
scaffolds had bone spurs surrounded by osteoprogenitor
cells, suggesting maintenance of bone growth (Fig. 6B).

Histomorphometric analysis

The quantification of new bone formation was performed
after 8 weeks of implantation (Fig. 7). The results demon-
strated a major bone neoformation in the PLGA/SIM group
as compared with the other groups. There was no statisti-
cally significant difference among the control (empty defect),
PLGA, PLGA/MSC and PLGA/SIM/MSC groups with regard to
new bone formation.
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Fig. 3 - Characterization of
mesenchymal stem cell (MSC)
isolates. (A, C) Experimental
controls, cells grown in Dul-
becco’s modified Eagle’s me-
dium (DMEM) with 10% fetal
bovine serum (FBS). (A, B) De-
piction of ability to differenti-
ate into adipocyte cells, after
growth in inductor medium
(B) (oil red O stain). (C, D) lllus-
tration of differentiation into
osteoblasts, after growth in
inductor medium (D) (alizarin
red S stain).

Discussion

Bioabsorbable polymers such as PLGA are widely used
in tissue engineering (17, 18), but only PLGA is unable to in-
duce the growth of tissue. Therefore, 2% of SIM was added
to this scaffold to induce the growth of bone tissue. Some
studies have shown that this SIM concentration was able
to stimulate bone formation in vivo (19, 20). Furthermore,
in vitro studies also showed that the addition of SIM in-
creased the expression of osteogenic marker genes (11,
21-23).

Bone tissue engineering aims to use biomaterials as
supports for cells. These cells can be isolated, cultured and
expanded in vitro for use in biomaterials (24). MSCs have
several advantages for this purpose. They are easily cul-
tured in vitro and can differentiate into osteoblasts. Also,
they have immunosuppressive properties, which may at-
tenuate the inflammatory response induced by biomateri-
als (25).

After isolation of MSCs, cells must be characterized; one
way to do this is to analyze the differentiation potential in me-
sodermal tissue cells, since it is known that they are able to
differentiate into adipocytes and osteocytes when subjected
to specific differentiation factors (26). The cytochemical anal-
ysis conducted in this study showed that the cells isolated
were MSCs.

Before MSC culture in scaffolds, we needed to understand
whether and how there would be a release of SIM by the
PLGA scaffold; for this, we did an in vitro release assay. This
assay showed that the release of SIM occurred slowly —about

© 2017 The Authors. Published by Wichtig Publishing
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Fig. 4 - Mesenchymal stem cell (MSC) quantification after 1, 7 and 14 days of culture in the scaffolds. Cell nuclei were stained with DAPI
(blue) and analyzed by laser scanning confocal microscopy (LSCM). The 3D reconstructions of poly(lactic-co-glycolic acid) (PLGA) pure scaf-
fold merged with adhered cells are presented at the bottom of the image. 3D reconstructions of PLGA/simvastatin (SIM) with cells were
not carried out due to SIM autofluorescence, blurring the visualization of the cells. Also, 3D reconstructions of PLGA after 1 day in culture
were not performed because there were few cells to justify the reconstruction. The cell count graph represents the median and standard
deviation of a triplicate assay.

© 2017 The Authors. Published by Wichtig Publishing w
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Fig. 5 - Histological analysis demonstrated the healing process of defects. (A) Control (empty defect), (B) poly(lactic-co-glycolic acid) (PLGA)
pure, (C) PLGA/simvastatin (SIM), (D) PLGA/mesenchymal stem cells (MSCs), (E) PLGA/SIM/MSC, (F) detail of (E) showing a small fragment
of newly formed bone. Arrows indicate newly formed bone. Sections stained with hematoxylin and eosin (H&E).

Fig. 6 - Histological analysis of the
defect borders. (A) poly(lactic-co-
glycolic acid) (PLGA) pure; (B) PLGA/
simvastatin (SIM), showing bone
beams surrounded by osteoprogen-
itor and osteoblast cells (indicated
by arrows); (C) PLGA/mesenchymal
stem cells (MSC), also showing bone
beams; (D) PLGA/SIM/MSC. Sec-
tions stained with hematoxylin and
eosin (H&E).

W © 2017 The Authors. Published by Wichtig Publishing
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Fig. 7 - Bar graph of areas of newly formed bone after 8 weeks of
implantation. Results are expressed as medians and standard de-
viation. All groups were compared to control (*p<0.01, vs control).
MSC = mesenchymal stem cell; PLGA = poly(lactic-co-glycolic acid);
SIM = simvastatin.

4% in 24 hours. The cumulative release was approximately
30% in 30 days. This slow release is ascribed to the hydro-
phobic characteristics of SIM (27). In fact, this release could
also be correlated to the progressive degradation of PLGA,
since it was shown that this polymer has a degradation rate
of around 20% after 30 days (28), which is close to the release
rate obtained by SIM after 30 days.

Our results demonstrated that when cells were cul-
tured directly in the PLGA pure scaffold, the cell prolif-
eration continuously increased over time. However, when
cultured directly in the PLGA/SIM scaffold, there was 100%
cell death after 14 days. We also performed an additional
assay to evaluate the cell viability by MTT reduction, and
in this experiment, the scaffolds were under indirect con-
tact conditions. At each point in this colorimetric assay (1,
7 and 14 days), the PLGA/SIM and PLGA did not promote
any cell death (data not shown). So, the cell death attrib-
uted to SIM, in these 2 analysis, was probably related to the
direct release of SIM to the cells. Studies in vitro with os-
teoblasts and MSCs have demonstrated that SIM promotes
cell viability and increases the expression of osteogenic
marker genes such as ALP, OPC and RUNX-2 (21, 26, 29).
However, in our study, the PLGA/SIM scaffold was toxic to
cells in static conditions in vitro. Other research has shown
that SIM reduces the viability of human MSCs in vitro and
rat endothelial cells, through the depletion of mevalonate
by inhibiting HMG-CoA reductase (30, 31). The mevalon-
ate is related to cholesterol production and is required for
cell cycle progression regulating the transition from G1to S
(32, 33).

After obtaining results of cell proliferation in vitro, we
chose to implement scaffolds after 7 days of culture with
MSCs since they had cells present in PLGA/SIM. Scaffolds
remained deployed for 8 weeks. The control group (empty
defect) showed extensive fibrosis at the site of the defect
and a small amount of bone formation at the edges. In the

© 2017 The Authors. Published by Wichtig Publishing
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PLGA pure group, a small amount of bone formation depen-
dent on the defect edge was also observed. This was the
expected result, since it is known that PLGA is not osteoin-
ductive (34, 35).

The PLGA/SIM group showed significant bone growth at
the edges, and the presence of osteoprogenitor cells sur-
rounding bone spicules, suggesting maintenance of bone
growth. This indicates that SIM was osteoinductive in vivo —
i.e., it stimulated the differentiation of stem cells from the
bone tissue cells (35). This result is consistent with several
other studies that demonstrated the osteogenic potential of
SIM (25, 36-38) and its ability to recruit autologous stem cells
(39, 40). Based on this result and the in vitro proliferation as-
say, we suggest that the biological analysis of biomaterials in
vitro should not be regarded as decisive.

In animals implanted with PLGA/MSC, no significant
bone growth was observed. However, in the histological
findings, increased osteoblastic cells were observed in new-
ly formed bone as compared with control (empty defect),
pure PLGA and PLGA/SIM/MSC, which did not present os-
teoblastic cells. This could be an indication that the MSCs
could have a role in new bone formation, whether differen-
tiating into osteoblastic cells or inducing other cells to dif-
ferentiate into bone cells (14). In this study, it was expected
that the combination of MSCs with SIM would promote a
synergistic effect in bone tissue regeneration. However, this
was not observed. Even with the presence of few cells in
the PLGA/SIM/MSC scaffold, it was expected that these cells
could grow in vivo. We believe that the interference in the
regeneration process was due to the presence of dead cells
in the scaffold. This result could probably be improved by
maintenance of viable cells, which could be achieved by co-
incubation with mevalonate or by pretreatment with inhibi-
tor of nuclear factor kappa-B kinase subunit beta (Ikk-B), as
proposed by Li et al (30).

In conclusion, it was shown that the presence of SIM in
PLGA scaffolds promoted the death of MSCs in vitro, and
interfered with the in vivo results for PLGA/SIM/MSC. How-
ever, the use of MSCs in combination with a PLGA/SIM scaf-
fold is still a promising possibility, since it was demonstrated
that the presence of MSCs or SIM on a PLGA scaffold con-
tributed to bone regeneration. This result can probably be
improved by maintaining the viability of MSCs in a PLGA/
SIM/MSC scaffold.
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