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In this study, we investigated the anti-inflammatory, odontogenic and pro-angiogenic effects of integrat-
ing simvastatin and nanofibrous poly(L-lactic acid) (NF-PLLA) scaffolds on dental pulp cells (DPCs). Highly
porous NF-PLLA scaffolds that mimic the nanofibrous architecture of extracellular matrix were first fab-
ricated, then seeded with human DPCs and cultured with 0.1 lM simvastatin and/or 10 lg/mL pro-
inflammatory stimulator lipopolysaccharide (LPS). The gene expression of pro-inflammatory mediators
(TNF-a, IL-1b and MMP-9 mRNA) and odontoblastic markers (ALP activity, calcium content, DSPP,
DMP-1 and BMP-2 mRNA) were quantified after long-term culture in vitro. In addition, we evaluated
the scaffold’s pro-angiogenic potential after 24 h of in vitro co-culture with endothelial cells. Finally,
we assessed the combined effects of simvastatin and NF-PLLA scaffolds in vivo using a subcutaneous
implantation mouse model. The in vitro studies demonstrated that, compared with the DPC/NF-PLLA scaf-
fold constructs cultured only with pro-inflammatory stimulator LPS, adding simvastatin significantly
repress the expression of pro-inflammatory mediators. Treating LPS+ DPC/NF-PLLA constructs with sim-
vastatin also reverted the negative effects of LPS on expression of odontoblastic markers in vitro and
in vivo. Western blot analysis demonstrated that these effects were related to a reduction in NFkBp65
phosphorylation and up-regulation of PPARc expression, as well as to increased phosphorylation of
pERK1/2 and pSmad1, mediated by simvastatin on LPS-stimulated DPCs. The DPC/NF-PLLA constructs
treated with LPS/simvastatin also led to an increase in vessel-like structures, correlated with increased
VEGF expression in both DPSCs and endothelial cells. Therefore, the combination of low dosage simvas-
tatin and NF-PLLA scaffolds appears to be a promising strategy for dentin regeneration with inflamed
dental pulp tissue, by minimizing the inflammatory reaction and increasing the regenerative potential
of resident stem cells.

Statement of Significance

The regeneration potential of stem cells is dependent on their microenvironment. In this study, we inves-
tigated the effect of the microenvironment of dental pulp stem cells (DPSCs), including 3D structure of a
macroporous and nanofibrous scaffold, the inflammatory stimulus lipopolysaccharide (LPS) and a biolog-
ical molecule simvastatin, on their regenerative potential of mineralized dentin tissue. The results
demonstrated that LPS upregulated inflammatory mediators and suppressed the odontogenic potential
of DPSCs. Known as a lipid-lowing agent, simvastatin was excitingly found to repress the expression of
pro-inflammatory mediators, up-regulate odontoblastic markers, and exert a pro-angiogenic effect on
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endothelial cells, resulting in enhanced vascularization and mineralized dentin tissue regeneration in a
biomimetic 3D tissue engineering scaffold. This novel finding is significant for the fields of stem cells,
inflammation and dental tissue regeneration.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Dentin tissue engineering relies on the development of
advanced scaffolds that facilitate the regeneration of the remaining
vital pulp tissue, effectively harnessing the innate capacity of den-
tal pulp for self-repair [1–3]. Inflammation resulting from infected
dental caries commonly causes a disruption to the dynamic equi-
librium of the dental pulp [4,5]. Sustained pulpal inflammation
not only damages the pulp tissue itself, but also prevents the repair
response by down-regulating the recruitment and differentiation
of mesenchymal progenitor cells [6]. Therefore, an ideal scaffold
for dentin tissue engineering should not only induce odontoblastic
differentiation of mesenchymal stem cells, but also play a role in
mitigating the inflammatory reaction.

A nanofibrous poly(L-lactic acid) (NF-PLLA) scaffold developed
by our group has generated promising results in mineralized tissue
regeneration [1,2,7–11]. The highly interconnected spherical
macroporous structure promotes the migration of mesenchymal
stem cells within the material, where they can adhere, spread
and proliferate [11–14]. This unique material features a nanofi-
brous pore wall architecture that structurally simulates type I col-
lagen fibers and directly modifies cell behaviors, including
adhesion, proliferation and differentiation [15,16]. It has recently
been shown that NF-PLLA scaffolds induce dental pulp stem cells
(DPSCs) to differentiate into highly secretive odontoblast-like cells
in vitro [1,17]. Moreover, the cells maintained their differentiated
phenotype and formed hard tissue after 8 weeks of subcutaneous
implantation in nude mice. However, the regenerative potential
of dental pulp cells/NF-PLLA constructs has not been investigated
in an intense inflammatory environment.

Simvastatin, a small molecule drug used to treat hyperlipi-
demia, has emerged as a co-adjuvant for dentin regeneration due
to its pleiotropic effects, including its ability to decrease inflamma-
tion, improve endothelial function and enhance mineralized tissue
deposition by osteoblasts/odontoblast precursors [18,19]. How-
ever, the positive effects of simvastatin seem to be concentration
dependent, since at high concentrations (10–50 lM), cell death,
inhibition of mesenchymal stem cells differentiation and angio-
genesis are observed [20–23]. Some investigators have demon-
strated that at low concentrations (0.01–1 lM), this molecule is
capable of inducing mineralized tissue deposition in vitro and
in vivo, via a mevalonate independent pathway [5,22–28]. Others
have demonstrated that systemic administration of this drug plays
a positive role in treating inflamed periodontal tissue, leading to
increased bone deposition [29,30]. However, negative effects on
bone regeneration mediated by simvastatin-loaded scaffolds have
been reported in the literature, which seems to be associated with
high dosages [31]. Nevertheless, the anti-inflammatory potential of
simvastatin has been widely demonstrated at high concentrations,
such as 10–50 lM, and the mechanism underlying simvastatin-
mediated suppression of pro-inflammatory cytokine and metallo-
proteinases has been associated with blocking of mevalonate and
NF-jB pathways [32–34]. However, there is evidence that even
at low-concentrations, simvastatin is capable to modulate NF-jB
[35]. In this study, we integrated low-dosage simvastatin and NF-
PLLA scaffolds to test our hypothesis of this combination to
enhance regenerative potential of dental pulp cells in an inflamma-
tory environment.
2. Material and methods

2.1. Establishment of dental pulp cells (DPCs)

Fresh pulp tissue from sound human third molars (<24 years
old; n = 4) was collected and subjected to enzymatic digestion in
collagenase type 1 (3 mg/mL; Sigma-Aldrich, St. Louis, MO, USA).
The resulting cells were re-suspended in complete a-MEM (Mini-
mum Essential Medium Eagle Alpha, supplemented with 10% fetal
bovine serum FBS, L-glutamine and 1% penicillin-streptomycin;
GIBCO, Thermo Fisher Scientific, Carlsbad, CA, USA), and incubated
for 3 h in culture plates at 37 �C and 5% CO2. The adherent cells
were then sub-cultured in complete a-MEM, and cells at passage
3 were assayed for the stem cell markers STRO-1, OCT3/4 and
CD-146 via immunofluorescence staining [36]. Briefly, cells were
seeded on 24-well plates (Corning Inc., Corning, NY, USA) at 80%
confluency. They were then fixed in 4% paraformaldehyde (PFA;
Sigma Aldrich), permeabilized in 0.1% Triton X (Sigma Aldrich),
blocked in 2% bovine serum albumin (BSA, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and incubated with primary antibodies
(Santa Cruz; 1:50 2% BSA) overnight at 4 �C. Then, the cells were
washed and incubated for 1 h at room temperature with phycoery-
thrin (PE)-conjugated secondary antibody (Santa Cruz; 1:100 2%
BSA) and covered with DAPI (Santa Cruz) for nuclear staining.
The percentage of positive staining for each stem cell marker was
calculated by means of Image J, in 4 pictures per sample (n = 3)
obtained on fluorescence microscopy (Fig. 1). Cells at passage # 3
to 6 were used in this study.

2.2. Determination lipopolysaccharide (LPS) concentration

The effect of LPS (Escherichia coli; Sigma-Aldrich) on the viabil-
ity and differentiation of DPCs was first evaluated. Cells were
seeded on 96 well plates (Corning) (5.000 cells/well) in complete
a-MEM and incubated for 3 h. Then, the medium was replaced
with osteogenic medium (containing 50 lg/mL ascorbic acid, 5
mM b-glycerophosphate, and 10 nM dexamethasone; Sigma-
Aldrich) with 0, 1 or 10 lg/mL LPS. Cell viability (n = 4) was
assessed after 1, 3 and 7 days with CellTiter 96� Aqueous One Solu-
tion (Promega, Madison, WI, USA), according to the manufacturer’s
instructions. The negative control group (0 lg/mL LPS) at day 1
was defined as having a cell viability of 100%, and the percentage
of cell viability for all groups at the different time-points was cal-
culated based on this parameter. The calcium deposition (n = 4)
was evaluated after 28 days in culture. The cells were incubated
in 1 N hydrochloric acid (HCl) at 4 �C overnight, and the quantifica-
tion of total calcium content was performed using the o-
cresolphthaleincomplexone method (Calcium LiquiColor, Stambio
Laboratory, Boerne, TX, USA). The values of calcium were calcu-
lated by a standard curve and then converted to a percentage based
on the negative control group (100% of calcium deposition).

2.3. Evaluation of the experimental design

To evaluate the capability of simvastatin (Sigma-Aldrich) for
countering inflammation, we used a protocol in which cells were
pre-treated with LPS for 7 days to simulate a pre-existing inflam-
matory condition; then, the drug was added and the cells were cul-



Fig. 1. Immunofluorescence staining for mesenchymal stem cells markers. Red fluorescence indicates positive staining for the stem cells markers CD-146, Oct3/4 and STRO-1,
and blue fluorescence indicates the nucleus.

Fig. 2. Experimental design. The cells were seeded at d-7 and cultivated in
complete a-MEM supplemented with or without 10 lg/mL LPS for 7 days (d-7 to
d0). Then, the cells were cultivated in osteogenic medium supplemented with 10
lg/mL LPS and/or 0.1 lM simvastatin for additional 14 days (d0 to d14) or 28 days
(d0 to d28).

Table 1
Experimental groups established according to the pre-treatment time with LPS and
post-treatment time with LPS and/or simvastatin (SIM).

Group Pre-treatment in LPS Post-treatment

SIM LPS

SIM�/LPS� � � �
SIM+/LPS� � + �
SIM+/LPS+ + + +
SIM�/LPS+ + � +
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tivated for up to 28 days (Fig. 2 and Table 1). A bioactive concentra-
tion of simvastatin capable of stimulating mineralized tissue depo-
sition on DPCs was chosen for this assay based on literature
[22,23,37]. The cells were seeded on cell culture plates at 80% con-
fluency. After three hours, the culture medium was replaced with
complete a-MEMwith or without 10 lg/mL LPS, and the cells were
incubated for 7 days at 37 �C and 5% CO2 (the culture medium sup-
plemented with LPS was changed every 48 h). Following the pre-
treatment time with LPS, cells were cultivated in osteogenic med-
ium with or without LPS and with or without simvastatin (Fig. 2).
The gene expression of TNF-a (n = 4) was evaluated after the 7-day
pre-treatment time (d0) and after 14 days in the presence of the
drug (d14). At each time-point, prior to RNA isolation, the cells
were incubated with the culture medium supplemented with or
without these molecules for 3 h, since this period represents the
peak of pro-inflammatory cytokine expression following LPS expo-
sure in DPCs [38]. Total RNA was isolated with Trizol reagent
(Applied Biosystems, Foster City, CA, USA) and 1 lg was reverse
transcribed into cDNA with TaqMan reverse transcription reagents
(Applied Biosystems). Real-time PCR quantitation of TNF-a was
performed in a 7500 Real-Time PCR System (Applied Biosystems)
with the TaqMan assay (Hs01113624_g1) and reagents (Applied
Biosystems). The endogenous gene GAPDH (Hs99999905_m1)
was used to normalize the CT values, and data was calculated by
using 2DDCT method. Alkaline phosphatase (ALP) activity (n = 4)
(SensoLyteTM pNpp Alkaline Phosphatase Assay Kit, AnaSpec, CA,
USA) and calcium content (n = 4) (Calcium LiquiColor) were evalu-
ated at d14 and d28, respectively, by following the manufacturer’s
instructions. Data was converted into percentages based on SIM-/
LPS- group (negative control = 100%).
2.4. Western blot analysis

The DPSCs were seeded on 6-well plates (3 � 105 cells) in com-
plete a-MEM and incubated for 24 h (n = 3). Thereafter, the cells
were exposed to LPS for 3 h, followed by treatment with simvas-
tatin and/or LPS for 30 min. The same experimental groups
described in Table 1 were established. After the experimental pro-
cedure, total protein was extracted with the EpiQuik Whole Cell
Extraction Kit (Epigentek, Farmingdale, NY, USA) supplemented
with PhosStop (1:10) (Sigma-Aldrich). A total of 20 lg protein
was run through 12% or 4–20% Immun-Blot SDS-polyacrylamide
gel electrophoresis (Bio-Rad, Hercules, CA, USA) and transferred
to a PVDF membrane (Bio-Rad). The blots were washed with 1x
TBS (Bio-Rad) and with 0.05% Tween 20 (Sigma-Aldrich), blocked
in 3% BSA (Santa Cruz) and incubated overnight at 4 �C with pri-
mary antibodies for pERK1/2, ERK 1/2, pSmad1, Smad1, Smad2/3,
pSmad2/3, pNFkBp65 and PPARc (1:200; Cell Signaling, Danvers,
MA, USA). b-Actin (1:5000; Cell Signaling) was used as endogenous
control. Next, the blots were washed in TBST and incubated for 1 h
with horseradish peroxidase-conjugated secondary antibodies
(1:5000; Santa Cruz) followed by treatment with chemilumines-
cence reagent (SuperSignal West Dura, Pierce). The intensity of
protein bands was analyzed with ImageJ software (National Insti-
tute of Health). The Western blot assay was performed three times
with different samples.
2.5. DPSC/NF-PLLA scaffold constructs

In order to observe the combined effects of simvastatin and
nanofibrous scaffolds on the odontogenic potential of LPS-
stimulated DPSCs, a macroporous nanofibrous poly(L-lactic acid)
(NF-PLLA) scaffold was fabricated following a published phase-
separation method [39]. The material was obtained by casting a
solution of PLLA in tetrahydrofuran (10% wt/v) into an intercon-
nected sugar sphere template (250–420 lm diameter) under mild
vacuum. In order to create a nanofibrous surface topography sim-
ilar to collagen type I, the polymer-sugar composite was phase sep-
arated at �80 �C overnight. The solvent and sugar spheres were
leached out using cyclohexane and water, respectively, followed
by freeze-drying. The scaffold macro and micro topographies were
assessed by scanning electron microscopy (SEM) analysis (Philips
XL30 FEG, Eindhoven, Netherlands). The scaffolds were cut into cir-
cular disks (5 mm diameter and 1 mm thickness) and sterilized in
70% ethanol for 30 min, while the air bubbles were removed under
vacuum. The scaffolds were then placed at the bottom of 48-well
plates, washed in PBS (phosphate-buffered saline) three times for
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thirty minutes each, followed by incubation in complete a-MEM
overnight at 37 �C and 5% CO2. A total of 5x 105 cells were seeded
onto each scaffold followed by incubation for 3 h in 500 lL of com-
plete a-MEM. The same experimental design and experimental
groups as shown in Fig. 2 and Table 1 were established. Briefly,
cells were cultured for 7 days in medium with or without LPS
(10 lg/mL), followed by further cultivation in osteogenic medium
with or without simvastatin (0.1 lM) and with or without LPS up
to 28 days.

2.5.1. Cell adhesion, spread and proliferation on NF-PLLA scaffolds
The adhesion and spreading of the cells on NF-PLLA scaffolds

were analyzed by F-actin staining at d-7, d0, d14 and d28 (n = 2).
At each time-point, the cell/scaffold construct was washed in
PBS, fixed in 4% PFA (15 min), embedded in an O.C.T compound
(Tissue-Tek, Sakura Finetek, Torrance, CA, USA) and frozen at
�80 �C. Samples were cut into 5 lm sections, and the slides were
permeabilized in 0.1% Triton X (Thermo Fisher Scientific, Waltham,
MA, USA) and incubated for 30 min with Alexa Fluor 488 Phalloidin
(1:40; Thermo Fisher Scientific, Carlsbad, CA, USA). Mounting med-
ium with DAPI (ProLong, Thermo Fisher Scientific) was used to
stain the nuclei, and representative images at each time point were
obtained with fluorescence microscopy. The cell proliferation (n =
4) was assessed by DNA quantification (DNA quantitation kit,
Sigma-Aldrich) at d-7, d0, d14 and d28. Briefly, the scaffolds were
disrupted with 1x DNA assay lysis buffer and supernatant was col-
lected for DNA content determination using a fluorescence assay
with Hoechst 33258 dye.

2.5.2. ALP activity and calcium deposition
ALP activity (n = 6) was determined at d14 by using a SensoLy-

teTM Alkaline Phosphatase Assay Kit (AnaSpec). The samples were
manually disrupted and incubated with lysis buffer (TrionX-100)
for 10 min at 4 �C. The supernatant was collected by centrifugation
(10,000g at 4 �C for 15 min), and ALP activity was measured per the
manufacturer’s instructions. Total protein quantification was per-
formed with a micro BCA kit (Thermo Fisher ScientificThermo
Fisher Scientific, San Francisco, CA, USA) and the data for ALP activ-
ity was obtained after normalization with the total protein
amount. The calcium content (n = 6) of cell-scaffold constructs
was determined at d28 using the calcium assay kit (Calcium Liqui-
Color, StamBio), after disruption and incubation of samples over-
night at 4 �C with 1 N HCl. Von Kossa staining was performed on
frozen slides (n = 2) by using a standard kit (American MasterTech,
Lodi, CA, USA). Quantitative data for ALP activity and calcium con-
tent were described as percentages based on the negative control
group (SIM-/LPS-).

2.5.3. Real-time PCR
The cell-scaffold constructs (n = 4)were incubated in 1 mL of Tri-

zol reagent (Thermo Fisher Scientific) for 10 min at room tempera-
ture and then manually disrupted and homogenized by pipetting.
Thereafter, the samples were centrifuged (12,000 rcf for 10 min at
4 �C), and the supernatant was used for total RNA isolation. One
microgram of total RNA was reverse transcribed into cDNA with
TaqMan reverse transcription reagents and amplification reactions
were performed with TaqMan reagents (7500 Real-Time PCR
System). The following TaqMan primers (Thermo Fisher Scientific)
were used: DSPP (Hs00171962_m1); DMP-1 (Hs01009391_g1);
BMP-2 (Hs00154192_m1); TNF-a (Hs01113624_g1); IL-1b
(Hs01555410_m1); MMP-9 (Hs00234579_m1); GAPDH
(Hs99999905_m1). For BMP-2, analysis was performed at d14 and
d28. For the other genes, the analysis was performed only at d28.
Data was calculated by using the 2DDCT method. GAPDH was used
as endogenous control for each gene.
2.5.4. Immunofluorescence staining
The expression of DSP and DMP-1 (n = 2) was evaluated at d28

on 0.5 lm frozen slides. The samples were permeabilized in 0.1%
Triton X, blocked in 2% BSA and incubated with the primary anti-
bodies (1:50 2% BSA; Santa Cruz) overnight at 4 �C. Then, the slides
were washed and incubated for 1 h at room temperature with phy-
coerythrin (PE)-conjugated secondary antibody (1:100 2% BSA;
Santa Cruz), covered with DAPI mounting medium (Thermo Fisher
Scientific) and imaged using a confocal fluorescence microscope
(Nikon Eclipse C1 Plus).

2.6. Angiogenesis assays

In order to evaluate the angiogenic potential of the DPSCs
seeded onto NF-PLLA scaffolds in combination with simvastatin,
co-culture assays with human umbilical vein endothelial cells
(HUVEC; Thermo Fisher Scientific) were performed (n = 4). The
HUVECs (1x105 cells) were seeded on growth factor reduced Matri-
gel (Corning) pre-treated 24-well plates, in 500 lL of 2% FBS
endothelial medium (Lonza, Walkersville, MD, USA) with no
endothelial growth factor supplementation. Immediately there-
after, the DPSC/NF-PLLA scaffold construct was placed on a perme-
able polycarbonate membrane transwell support with a 0.4 lm
pore size (Corning), and 300 lL of osteogenic medium supple-
mented with or without LPS with or without simvastatin was
added, as described in Table 1. The transwell was placed onto the
HUVECs and the co-culture was incubated at 37 �C and 5% CO2

for 24 h. After that, the HUVECs were stained with 2 lg/mL Calcein
AM (Thermo Fisher Scientific) and the vessel-like structures were
observed under confocal fluorescence microscopy. A total of 4
images per sample were obtained, and the tube length and number
of connections were calculated using ImageJ. In order to observe
the angiogenic potential of HUVECs on NF-PLLA scaffolds, 5 � 106

HUVECs were seeded onto the scaffolds (5 mm diameter, 1 mm
thickness) and placed on the bottom of 24-well plates in endothe-
lial medium containing 2% FBS. The resulting indirect co-culture of
HUVECs and DPSC/FN-PLLA scaffolds were incubated together for
24 h. Finally, the HUVEC/NF-PLLA scaffold constructs (n = 2) were
fixed in 4% paraformaldehyde (PFA) and embedded in an O.C.T
compound. 0.5 lm thick frozen slides were then cut and stained
with F-actin, as previously described. In addition, for both DPSCs
and HUVECs, the gene expression (n = 4) of VEGF (TaqMan assay
# Hs00900055_m1) was evaluated using real-time PCR, as previ-
ously described. For both assays, HUVECs cultured in endothelial
medium with or without VEGF (100 ng/mL; Lonza) were used as
negative and positive control groups, respectively.

2.7. Subcutaneous implantation

The cell/scaffold constructs were prepared as previously
described. The constructs were incubated with or without LPS
(10 lg/mL) for 1 week, and then incubated with simvastatin for
2 weeks in vitro, following the established experimental design.
At d14, the scaffolds were implanted into subcutaneous pockets
surgically created in nude (nu/nu) mice (age 6–8 weeks). The ani-
mal surgical procedure was approved by the University Committee
of Use and Care of Animals (UCUCA) at the University of Michigan.
Surgery was performed under general inhalation anesthesia with
isofluorane. Four subcutaneous pockets were created using blunt
dissection, and one cell-scaffold construct for each group (Table 1)
was implanted into each pocket (n = 4). After implantation, the
incisions were closed with staples. Animals were euthanized and
samples were retrieved after 8 weeks. Harvested specimens were
immediately fixed with 10% formalin (n = 2) or 4% PFA (n = 2) for
24 h at 4 �C. Formalin-fixed samples were processed in paraffin
and then subjected to hematoxylin-eosin (H&E), Masson’s tri-
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chrome and von Kossa staining. Frozen slides (PFA-fixed samples)
was used to perform immunohistochemistry for DSP. The anti-
mouse Cell and Tissue Staining Kit (HRP-AEC System, R&D Systems,
Minneapolis, MN, USA) was used to stain the slides incubated with
primary mouse anti-human DSP antibody (1:100 2% BSA, Santa
Cruz Biotechnology). All procedures were performed according to
the manufacturer’s instruction.

2.8. Statistical analysis

The experiments were performed twice to ensure reproducibil-
ity. Data was analyzed by two-way ANOVA complemented by
Tukey’s test to determine the significant differences between the
study groups. A value of p < .05 was considered to be statistically
significant.

3. Results

3.1. Dental pulp cells

Fig. 1 shows representative images of stem cell markers posi-
tively stained in the dental pulp cell (DPC) culture at passage #
3. This culture featured 22.8% (±6.6), 94.1% (±1.2), and 70.3%
(±7.5) of positive cells for CD-146, OCT3/4 and STRO-1, respec-
tively. According to Aiyama et al. [40] and Gronthos et al. [36], pri-
mary culture of pulp tissue with a population of cells positive for
these markers is capable of multilineage (adipogenic, chondrogenic
and osteogenic) differentiation in vitro and after subcutaneous
implantation in vivo.

3.2. Establishment of experimental design

To demonstrate the protective role of simvastatin on DPSCs in
the presence of an inflammatory stimulus, we selected a LPS con-
centration sufficient for interfering negatively with the capability
of these cells to deposit mineralized matrix. As observed in
Fig. 3a, the treatment of DPSCs with 1 and 10 lg/mL LPS caused
a reduction in calcium deposition in a concentration dependent
fashion, with no negative effects on cell viability/proliferation
(Fig. 3b). Next, the DPSCs were pre-treated with 10 lg/mL LPS for
7 days in order to simulate an inflammatory condition in vitro. As
indicated in Fig. 2, the cells were seeded at d-7, followed by further
cultivation in culture medium supplemented with or without LPS
for 7 days. From this time (d0), the cells were cultivated in osteo-
Fig. 3. (a) Calcium deposition varying with LPS concentration. * demonstrates significant
viable cell percentage varying with LPS concentration and cultivation time. � indicates s
separately; * indicates significant difference in cell viability from that at 3 days, for each
viability was observed among the different LPS concentrations at each time-point (ANO
genic medium supplemented with or without LPS and/or simvas-
tatin, and cells were analyzed at 14 or 28 days after d0 (d14 or
d28).

3.2.1. Anti-inflammatory potential
The LPS treatment resulted in TNF-a overexpression at d0

(Fig. 4a). Nevertheless, the co-treatment of LPS-induced cells with
simvastatin led to a reduction in TNF-a gene expression at d14.

3.2.2. Odontogenic potential
The expression of odontoblastic markers also demonstrates the

positive effect that simvastatin exerted on LPS-induced DPSCs.
Cells pre-treated and cultivated in LPS resulted in an intense reduc-
tion in ALP activity (Fig. 4b) and Ca deposition (Fig. 4c). However,
concomitant treatment with simvastatin following the pre-
treatment time with LPS minimized this effect: the LPS+/SIM+
group showed significantly higher expression of these markers
than the LPS+/SIM� group. On the other hand, an absence of any
significant difference between SIM+/LPS+ and the negative control
was observed for Ca deposition, indicating that the positive effect
of simvastatin balanced the negative effect of LPS under the
selected conditions. Understandably, the ALP activity and Ca depo-
sition in the positive simvastatin only group (LPS�/SIM+ group)
were significantly higher than those observed for the group with
both positive and negative stimuli (LPS+/SIM+ group).

3.3. Anti-inflammatory signaling pathways for simvastatin mediated
cytoprotection of LPS-induced DPSCs

Cells cultivated with LPS showed significantly higher expression
of pNFkBp65 relative to the negative control (LPS�/SIM�) and
simvastatin-treated (LPS�/SIM+) groups (Fig. 5a and c). On the
other hand, the concomitant treatment of DPSCs with LPS and sim-
vastatin (LPS+/SIM+) significantly reduced the expression of this
protein in comparison to cells treated only with LPS. Treatment
of cells with LPS also downregulated the expression of PPRAc;
however, simvastatin was able to revert this effect (Fig. 5b and c).

3.4. Signaling pathways for simvastatin mediated odontogenic
differentiation of DPSCs

To investigate the signaling pathways for odontoblastic differ-
entiation, we detected that LPS downregulated phosphorylation
of ERK1/2 and Smad1 (Fig. 6a&b); nevertheless, treatment with
difference between groups indicated by (Tukey’s test; p < .05). (b) Bar graph of
ignificant difference in cell viability from that at 1 day, for each LPS concentration
LPS concentration separately (Tukey’s test; p < .05). No significant difference in cell
VA; p > .05).



Fig. 4. (a) mRNA expression of TNF-a at d0 and d14. No expression was detected on LPS�/SIM� and LPS�/SIM+ groups at both time-points. � indicates significant difference
between the time-points for each experimental group (Sidak’s test; p < .05). * indicates significant difference between the experimental groups at each time-point (Tukey’s
test; p < .05). (b) Percentage of ALP activity at d14. * indicates significant difference. demonstrates the comparison among groups from the start to end points under the
line; demonstrates the comparison between groups. (Tukey’s test; p < .05). (c) Ca deposition at d28. * indicates significant difference between the groups; indicates
the comparison between groups (Tukey’s test; p < .05).

Fig. 5. Western blot results for pNFjBp65 (a) and PPARc (b). The graphs show the quantification of protein expression by pixel intensity and is presented as fold increases
compared to LPS-/SIM- group (negative control). The results are representative of 3 independent experiments. demonstrates the comparison among groups from the
start to end points under the line; demonstrates the comparison between groups. * indicates significant difference among/between the groups (Tukey’s test; p < .05). (c)
Representative bands obtained by western blot assay.
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simvastatin rescued the phenotype, as the LPS+/SIM+ group
showed significantly higher phosphorylation of these proteins vs.
the LPS+/SIM� group and no significant difference with the nega-
tive control LPS�/SIM� group (Fig. 6c&d). No differences in
pSmad2/3 expression were detected among these groups
(Fig. 6e&f).

3.5. Effect of simvastatin and LPS on DPSCs seeded onto NF-scaffolds.

3.5.1. Cell attachment and proliferation
NF-PLLA scaffolds with a well-defined macroporous structure

and nanofibrous architecture (50–500 nm fiber diameter) were
fabricated (Fig. 7a). Differences in cell adhesion and spreading on
NF-PLLA scaffolds under different experimental conditions were
qualitatively assessed by fluorescence confocal microscopy after
cytoskeleton structure staining (Fig. 7b). Immediately after seeding
(d-7), DPSCs were located inside the interconnected macropore
structures. Following the pre-treatment period (d0), it was clear
that cells cultured with LPS exhibited morphological differences
in cytoskeleton organization in comparison with cells cultured in
medium without LPS supplementation. A similar pattern was
observed at d14 and d28, with cells cultured with LPS exhibiting
lower spreading on the NF-PLLA scaffold when compared to the
LPS-free control; however, cells cultured with simvastatin had
the capability to spread over larger areas on NF-PLLA scaffolds.
The DNA assay revealed that the pre-treatment with LPS had no
effect on cell proliferation groups at d0 (Fig. 7c). Nevertheless, sup-
plementation with simvastatin seems to have diminished the pro-
liferative potential of DPSCs at later periods. The DNA
concentration was significantly lower in the LPS�/SIM+ group at



Fig. 6. Western blot results for pERK1/2 (a), ERK1/2 (b), pSmad1 (c), Smad1 (d), pSmad 2/3 (e) and Smad 2/3 (f). The graphs show the quantification of protein expression by
pixel intensity and is presented as fold increase compared to LPS�/SIM� group (negative control). The results are representative of 3 independent experiments.
demonstrates the comparison among groups from the start to end points under the line; demonstrates the comparison between groups. * indicates significant difference
among/between the groups (Tukey’s test; p < .05). (g) Representative bands obtained by Western blot assay.

Fig. 7. (a) SEM images of NF-PLLA scaffold demonstrating the interconnected spherical macropore (microtopography) and the nanofibrous surface of the pore wall
(nanotopography). (b) F-actin staining (red) at d-7, d0, d14 and d28. Note that the cells on LPS�/SIM+ and LPS+/SIM+ groups at d28 featured more intense F-actin stain.
Nucleus is stained in blue. (c) DNA quantification (ng/mL) of DPSC/NF-PLLA scaffold constructs at each time-point, representative of cell proliferation. * indicates significant
difference between LPS�/SIM+ and the other groups at d14; � indicates significant difference between LPS�/SIM+ and LPS+/SIM+ group with the other experimental groups at
d28 (Tukey’s test; p < .05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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d14 and d28 than in the other experimental groups. This effect was
also observed for the LPS+/SIM+ group at d28.
3.5.2. Inflammatory markers overexpression
Treatment of DPSCs/NF-PLLA scaffold constructs with LPS (LPS

+/SIM� group) resulted in intense overexpression of TNF-a, IL-1b
and MMP-9 mRNA at d28 in comparison with a negative control
group (LPS�/SIM�) (Fig. 8). The concomitant treatment of cells
with LPS and simvastatin following the pre-treatment time mini-
mized the overexpression of these pro-inflammatory mediators.
3.5.3. In vitro differentiation
As expected, LPS down-regulated odontoblastic markers

expression at d14 and d28. The ALP activity (Fig. 9a) and Ca depo-
sition (Fig. 9b) values measured for the LPS+/SIM� group were sig-
nificantly lower than those measured in the other experimental
groups. Simvastatin alone significantly enhanced both ALP activity
and Ca deposition in comparison with the negative control. When
LPS and simvastatin were added together to the cells (LPS+/SIM+),
ALP activity and Ca concentration rebounded significantly com-
pared to the LPS+/SIM� group, with the Ca concentration recover-
ing to about the same as the negative control group. The results of
von Kossa staining corroborate these data (Fig. 9f). A small amount



Fig. 8. mRNA gene expression (2DDCT) of TNF-a (a), IL-1b (b) and MMP-9 (c) of DPSC/NF-PLLA scaffold constructs. demonstrates the comparison among groups from the
start to end points under the line; demonstrates the comparison between groups. * indicates significant difference among/between groups (Tukey’s test; p < .05).

Fig. 9. Bar graph of ALP activity (a), Ca deposition (b), DMP-1 mRNA (c), DSPP mRNA (d) and BMP-2 mRNA (e) of DPSC/NF-PLLA scaffold constructs. demonstrates the
comparison among groups from the start to end points under the line; demonstrates the comparison between groups. * indicates significant difference among/between
groups (Tukey’s test; p < .05). � indicates significant difference between the time-points for each experimental group for BMP-2 (Sidak’s test; p < .05). (f) Representative
images from histological staining for samples of each group at d28. Arrows point to positive staining for DMP-1 and DSP.
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of calcium was detected for the LPS only group, whereas
simvastatin-treated cells demonstrated intense mineral deposi-
tion. A similar intensity in calcium staining was detected for the
negative control and LPS+/SIM+ group, demonstrating that simvas-
tatin played a positive role in mineralized matrix deposition by
DPSCs seeded onto NF-PLLA scaffolds under in vitro inflammation
conditions (LPS+). The gene expression profiles of DSPP (Fig. 9c)
and DMP-1 (Fig. 9d) at d28 revealed a similar pattern, with simvas-
tatin leading to intense overexpression of these genes in compar-
ison to a negative control, and LPS resulting in significant down-
regulation. Concomitant treatment of DPSCs with LPS and simvas-
tatin (LPS+/SIM+) resulted in higher DSPP mRNA expression in
comparison with those cells exposed to LPS only (LPS+/SIM�). Also,
no significant difference between the negative control group and
the LPS+/SIM+ group was observed for either DMP-1 or DSPP
mRNA expression. Immunofluorescence staining intensity mea-
surement revealed that the protein expression level of DSPP was
clearly higher in the LPS+/SIM+ group than in the LPS+/SIM�
group. However, only slight increase in DMP-1 protein expression
was observed in the LPS+/SIM+ group than in the LPS+/SIM� group.
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Finally, we also measured the gene expression of BMP-2
(Fig. 9e) in order to determine what role simvastatin plays in mod-
ulating the BMP-2 pathway. At day 14, only cells in the LPS+/SIM�
group displayed a significant reduction in BMP-2 gene expression
in comparison to the negative control. No significant difference
was observed when the LPS�/SIM�, LPS�/SIM+ and LPS+/SIM+
groups were compared at this time-point. Importantly, a substan-
tial increase in BMP-2 gene expression was observed in the LPS�/
SIM+ group over a longer period of time (from day 14 to day 28),
but such increase in BMP-2 gene expression was not observed in
the LPS�/SIM� control group over the same period of time. At
day 28, a significantly higher BMP-2 gene expression level was
observed in the LPS�/SIM+ group than in the negative control
group, suggesting the cells entering an odontogenic phase with
the longer time of simvastatin treatment. Although a higher level
of BMP-2 gene expression was also observed in the LPS+/SIM+
group than in the LPS+/SIM� group at day 28, the difference was
not statistically significant. Similarly, BMP-2 expression was also
higher in the LPS+/SIM+ group than in the LPS�/SIM+ at d28, but
there was no statistically significant difference between these
two groups.

3.6. Angiogenesis assay

To determine the angiogenic potential of DPSC/NF-PLLA scaffold
constructs in the presence of simvastatin and/or LPS, we performed
co-culture assays with HUVECs in vitro. All tested experimental
conditions increased the tube length of HUVECs seeded on Matri-
gel, in comparison to the negative control (Fig. 10a). The number
of junctions was also higher when the DPSCs were cultivated in
the presence of LPS and/or simvastatin (Fig. 10b). More intercon-
nected angiogenic structures of HUVECs were observed in the
LPS�/SIM+, LPS+/SIM+ and LPS+/SIM� groups, which were similar
to a positive control group (VEGF) (Fig. 10c). VEGF gene expression
was significantly increased in DPSC/NF-PLLA scaffold constructs
when cultured with simvastatin (whether or not LPS was also pre-
sent). Therefore, we hypothesize that endogenously expressed
VEGF by DPSCs played a fundamental role in promoting the angio-
genic potential of HUVECs under this in vitro set up. In order to
Fig. 10. Angiogenesis assay. Tube length (a) and number of junctions (b) of vessel-lik
Matrigel. Gene expression of VEGF of DPSC/NF-PLLA (d) and HUVEC/NF-PLLA (e) constru
under the line; demonstrates the comparison between groups. * indicates significant
F-actin staining of HUVECs on NF-PLLA scaffolds. Dotted arrows highlight HUVECs adhe
determine the capability of endothelial cells to form vessel-like
structures inside the scaffold, we performed the same assay with
the HUVECs seeded onto the NF-PLLA scaffolds. The HUVEC/NF-
PLLA scaffolds construct showed significantly higher VEGF gene
expression when the DPSC/NF-PLLA construct was maintained in
the presence of LPS and/or simvastatin (Fig. 10e). Additionally,
the HUVECs were able to form vessel-like structures inside the
NF-PLLA scaffolds, which were more frequent when the DPSCs
were incubated with LPS and/or simvastatin (Fig. 10f).
3.7. In vivo analysis

The H&E staining sections showed that cells were present in the
scaffold macropores for all groups. Vascular structures were
observed inside the scaffolds, which were more frequently found
when the cells were cultivated in the presence of LPS and/or sim-
vastatin. We also observed a large amount of extracellular matrix
surrounding the cells inside the scaffold macropores, especially
for the LPS�/SIM� and LPS�/SIM+ groups (Fig. 11a). Masson’s tri-
chrome staining revealed a collagen-rich matrix surrounded by
cells in the scaffold’s macropores. The presence of this collagenous
matrix was reduced in the LPS+/SIM+ group and almost absent in
the LPS+/SIM� group (Fig. 11b). Immunohistochemical analysis
of DSP clearly revealed the presence of positive cells among the
LPS�/SIM�, LPS�/SIM+ and LPS+/SIM+ groups. Within these condi-
tions, the LPS�/SIM+ group featured the most intense DSP staining,
while the staining was minimal on the LPS+/SIM� group (Fig. 11c).
Finally, von Kossa staining uncovered large mineral structures
were found inside the scaffold macropores in those groups in
which the cells were not exposed to LPS. Smaller mineralized
structures were found in the LPS+/SIM+ group. Scarce and weakly
stained structures were present in the LPS+/SIM� group (Fig. 11d).
4. Discussion

While advanced biomimetic scaffolds can play a substantial role
in facilitating tissue regeneration [8,10], scaffolds alone are often of
limited capacity in regulating precursor cell differentiation, where
e structures. (c) representative images of the angiogenic structures of HUVEC on
cts. demonstrates the comparison among groups from the start to end points
difference among/between the groups (Tukey’s test; p < .05). (f) Confocal images of
red to the pore wall. Solid arrows point to the vessel-like structures.



Fig. 11. Histological panel of H&E (a), Masson’s trichrome (b), DSP immunohistochemistry (c) and von Kossa (d) staining of samples subjected to subcutaneous implantation
in nude mice. Arrows indicate the blood vessels on H&E staining, collagen rich matrix (blue) on Masson’s trichrome staining, DSP positive cells on immunohistochemistry
staining, and mineralized tissue on von Kossa staining. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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biological factors are required [41,42]. Simvastatin has been shown
to facilitate the differentiation of dental pulp cells into highly
secretive odontoblast-like cells [22,23,37]. Interestingly, in addi-
tion to the well-known functions in lipid-level regulation and
odontogenic differentiation, statins have been reported to have
many other effects, including improving endothelial function,
decreasing inflammation, inhibiting thrombogenic response and
so forth, dependent on the statin dose and the way of application
[18,19]. We hypothesized that the presentation of simvastatin in
conjunction with using a NF-PLLA scaffold may provide a favorable
odontogenic and anti-inflammatory environment for LPS-induced
inflammatory DPCs to achieve effective dentin regeneration. To
this end, we created an in vitro simulation of pre-existent degener-
ative inflammation by applying an experimentally selected dose of
LPS (10 lg/mL) that is capable of diminishing the ability of DPCs to
deposit mineralized matrix (>80% of Ca reduction). Then, cultured
cells were pre-treated with LPS for 7 days followed by incubation
in osteogenic medium supplemented with or without LPS and/or
simvastatin, allowing us to assess the regenerative potential of
DPCs under persistent inflammation. A very low concentration of
simvastatin (0.1 lM) was selected as previous studies demon-
strated that mineralized matrix deposition by DPCs was signifi-
cantly enhanced by low-dosage simvastatin [22,23,37].
Subsequently, we discovered that pretreatment with LPS led to a
threefold increase in TNF-a mRNA expression. Nevertheless, culti-
vating DPCs in osteogenic medium supplemented with LPS low-
ered both ALP activity and Ca deposition. Under this
experimental set up, culturing DPCs with simvastatin and LPS
resulted in a reduction of TNF-a gene expression. Additionally,
simvastatin partially rescued ALP activity and Ca deposition in
LPS-induced cells. Thus, we used this experimental set-up to test
the simvastatin effect on dentin regeneration in our DPC/NF-PLLA
scaffold 3D constructs.

We first confirmed that DPCs were capable of migrating and
proliferating inside the macropores of NF-PLLA scaffolds as previ-
ously reported [1,17]. A reduced cell proliferation at late periods
(d14 and d28) was observed in SIM-treated groups. Okamoto
et al. [23] also observed late cell proliferation reduction when DPCs
were cultivated with low-dosage simvastatin. This effect was cor-
related with a decrease of the peak of the cells in the G2/M phase;
however, no accumulation of the cells in the apoptotic sub-G1
phase was observed in the simvastatin-treated cells. The authors
also detected similar percentage of dead cells as in negative con-
trol, demonstrating that the reduced cell proliferation mediated
by simvastatin was not correlated with a cytotoxic effect. Simvas-
tatin elicited an odontoblastic phenotype, with cells showing sig-
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nificantly higher ALP activity and upregulation of DSPP, DMP-1 and
BMP-2, along with an increase in Ca deposition. In addition, confo-
cal imaging clearly revealed an increased actin fibril density after
simvastatin treatment. Actin cytoskeletal organization is crucial
in regulating stem cell differentiation. It was already demonstrated
that stem cells cultured on stiff matrix underwent osteogenic dif-
ferentiation whereas those on a soft matrix underwent adipogenic
differentiation [43–45]. Tai et al. [28] also demonstrated that sim-
vastatin improves actin cytoskeleton organization, focal adhesion
and cellular tension in bone marrow stem cells, all of which have
a direct relationship with osteogenic differentiation in vitro. There-
fore, we rationalize that the cell rigidity imposed by simvastatin
[28,46] on DPCs may have played a role in the increased odonto-
blastic differentiation potential.

Based on the Western blot data, the odontoblastic phenotype
observed in the DPC/NF-PLLA constructs exposed to 0.1 lM sim-
vastatin can be correlated with the activation of both the ERK
and Smad 1 pathways, but not Smad 2/3, as this drug led to signif-
icant increases in the expression of pERK1/2 and pSmad1. The lipid
lowering effect of simvastatin is related to a decrease in the pro-
duction of mevalonate derivatives – in particular farnesyl
pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP)
[18,19]. These isoprenoids are responsible for prenylating small G
proteins, such as Ras and Rho, as required for their translocation
to the cell membrane and activation of the MEK/ERK signaling
complex [47,48]. Interestingly, accumulated evidence has demon-
strated that 0.01–1 lM simvastatin can stimulate osteoblastic/
odontoblastic differentiation via the activation of ERK1/2 pathway
by a mechanism that seems to be independent of mevalonate path-
way [25–28]. Tai et al. [28] demonstrated that 1 lM simvastatin
induced the differentiation of bone marrow stem cells into osteo-
blasts by inducing an active form of RhoA and RUNX-2/BMP-2
over-expression. Gosh-Choudhury et al. [26] also observed that a
lipophilic statin stimulated Ras activation in osteoblast precursor
2T3 cells, leading to phosphorylation of ERK1/2, increased BMP-2
expression and osteoblast differentiation. In addition, Chen et al.
[25] demonstrated that 1 lM simvastatin mediated osteoblastic
differentiation by phosphorylation of ERK1/2 and Smad1, and the
results were correlated with activation of cytosolic Ras. The
authors also observed that Smad1 phosphorylation occurred at
later periods than ERK1/2, suggesting that autocrine or paracrine
BMP-2 stimulation plays an important role in osteoblastic pheno-
type stimulation [25]. We also detected higher BMP-2 mRNA
expression on the cell/scaffold constructs incubated with simvas-
tatin at late periods. Whereas the negative control group expressed
higher level of BMP-2 at 14 days, followed by declined expression
at 28 days. In contrast, cells cultured with simvastatin showed
increased BMP-2 expression at 28 days.

Conflicting data on this point was provided a few years ago by
Yamashita et al. [49]. The authors reported that 10 lM simvastatin
blocked membrane translocation of Ras/RhoA mediated by TNF-a,
which inhibited phosphorylation of ERK1/2. This effect was
reverted in the presence of FPP and GGPP, demonstrating that it
was due to blocking the mevalonate pathway. On the other hand,
Yamashita et al. [49] also showed that simvastatin was capable
of exerting a positive effect on TNF-a induced cells via BMP-2 sig-
naling pathway, leading to increased expression of BMP-2 and
osteoblastic differentiation. Falcone et al. [50] observed a dose-
dependent effect of statins on Ras activation in lung cells. A signif-
icant reduction in Ras expression was only observed for 15–30 lM
simvastatin and 5–30 lM rosuvastatin, which negatively affected
cell viability. The anti-proliferative, proapoptotic, anti-angiogenic
and anti-invasive properties of statins at high concentrations have
been widely studied for inhibiting cancer cell proliferation/viabil-
ity, and this effect has a direct relationship with the inhibition of
mevalonate pathway [20,50]. In view of these findings, simvastatin
seems to exert differential effects on molecular pathways depend-
ing on its concentration. Whereas low concentrations (0.01–1 lM)
directly affect Ras/Rho proteins resulting in activation of the MEK/
ERK pathway, high concentrations of simvastatin (10–100 lM) can
block the translocation of these small G proteins to the membrane,
in a process dependent on FPP and GGPP downstream [20,49,50].
Nevertheless, at concentrations up to 10 lM, simvastatin is also
capable of activating the Smad1 pathway, leading to autocrine
BMP-2 signaling [49]. Based on our results, simvastatin had no sig-
nificant effect on Smad 2/3 pathway, which plays an important role
in DPCs differentiation into odontoblasts via TGFb1 [51]. This result
corroborates Mun et al. [52], who also demonstrated that simvas-
tatin at low concentration (1–5 lM) has no effect on Smad2/3
phosphorylation or collagen synthesis by fibroblasts, whereas at
high concentrations (10–50 lM) it had a dose-dependent suppres-
sive effect, inhibiting fibroblastic regenerative potential. Therefore,
it seems that BMP-2 and ERK1/2 signaling pathways play a pivotal
role in the odontoblastic differentiation of DPCs in the presence of
low-dosage simvastatin. Therefore, future investigations are
needed for elucidating the underlying mechanisms by which sta-
tins elicit the osteoblast/odontoblast differentiation at different
concentrations.

Based on our data, we conclude that LPS induced intense down-
regulation of odontoblastic markers in DPSC/NF-PLLA scaffold con-
structs, resulting in interference of the cells’ Ca deposition capabil-
ity both in vitro and in vivo. LPS-induced cell/scaffold constructs
showed impaired collagenous matrix deposition (as demonstrated
via Masson’s Trichrome after 8 weeks of subcutaneous implanta-
tion in nude mice). Weak positive DSP staining was observed in a
few cells from the LPS-treated group in both in vitro and in vivo
studies. On the other hand, treatment with simvastatin partially
blocked this effect, and rescued the phenotype, as treated cells
had similar levels of DSPP/DMP-1 gene expression and Ca deposi-
tion as the negative control group in vitro. Simvastatin’s positive
effect on LPS-treated constructs was also detected in vivo: a denser
collagenous matrix, DSP positive cells and mineralized tissue were
observed in the LPS+/SIM+ group in comparison to the LPS+/SIM�
group. The negative effects of LPS on odontoblastic marker expres-
sion was correlated with the down-regulation of pERK1/2 and
pSmad1, as detected by Western blotting. However, odontoblastic
marker expression of LPS pre-treated cells was enhanced by sim-
vastatin, demonstrating that simvastatin could revert the molecu-
lar downstream effect of LPS on vital signaling pathways related to
odontoblastic differentiation.

Regarding the effect of LPS on pERK1/2 down-regulation, con-
flicting data are present in literature. According to several studies,
LPS is an inflammatory stimulus to DPCs and leads to the over-
expression of pro-inflammatory cytokines and odontoblastic mark-
ers, which have been correlated with up-regulation of pERK1/2.
However, it is important to note that in these studies, low-
dosage and short-term exposure to LPS was used [53–57]. Only a
few studies evaluated the effect of high-dosage LPS on the osteo/
odontogenic differentiation of mesenchymal stem cells. A dose-
dependent effect of LPS on dental pulp cells was observed by Wang
et al. [58], showing low-dosage LPS increasing ALP, BSP and DSPP
expressions, whereas high-dosage LPS, such as 10 lg/mL, showing
an inhibitory effect. Liu et al. [38] also observed that continuous
exposure of DPCs to 1 lg/mL LPS reduced ALP activity (7 days)
and mineralized nodule deposition (21 days). Yamagishi et al.
[59] demonstrated that 5, 10, and 20 lg/mL LPS resulted in a
dose-dependent decrease in DSPP and OCN expression of DPCs.
Nomiyama et al. [60] also observed that 10, and 20 lg/mL LPS
had a suppressive effect on the ALP activity, DSPP expression and
mineralized nodule deposition by DPCs, in dose- and time-
dependent fashion. However, these authors did not investigate
the role of MAPK/ERK pathway in the suppressive effect of LPS



D.G. Soares et al. / Acta Biomaterialia 68 (2018) 190–203 201
on cell differentiation [38,58–60]. On the other hand, Wang et al.
[61] observed differential effects of LPS on ERK1/2 phosphorylation
in pre-osteoblasts, with low-dosage up-regulating pERK1/2 and
high-dosage down-regulating pERK1/2. However, these authors
did not investigate the effect of high-dosage LPS on the expression
of osteoblastic markers. Therefore, it seems that at high concentra-
tions, LPS is capable to dysregulate MAP/ERK signaling pathway,
which in turn reduces the odontogenic potential of dental pulp
cells. However, future experiments should be performed for a bet-
ter understanding of the underlying mechanism.

The cell/scaffold constructs cultivated in the presence of LPS
showed high mRNA expression of IL-1b, TNF-a and MMP-9. IL-1b
and TNF-a represent archetypal pro-inflammatory cytokines that
are rapidly released in infected or injured tissues [62]. Several
researchers have demonstrated that high concentrations of these
cytokines can suppress the regenerative capability of DPSCs since
they promote an unbalanced odontoblastic phenotype, leading to
reduced or even impaired mineralized matrix deposition [63–66].
MMP-9 was also found to be up-regulated in inflamed pulp tissues
and periapical lesions in vivo and is thought to play crucial roles in
pulpal inflammation due to its ability to degrade collagen, laminin,
elastin, fibronectin and basement membrane zone-associated col-
lagen [67]. In the present investigation, the up-regulation of these
pro-inflammatory mediators was associated with the down-
regulation of DSPP, DMP-1, BMP-2, ALP and Ca deposition on
cell/scaffolds constructs in vitro. Previous studies demonstrated
that long-time treatment of DPSCs with LPS induces overexpres-
sion of pro-inflammatory cytokines associated with down-
regulation of odontoblastic/osteoblastic markers, in a process
involving the activation of NF-jB and down-regulation of PPRAc
transcription factors [43]. The treatment of DPSCs with substances
capable of inactivating the NF-jB pathway and increasing PPRAc
expression effectively inhibited the expression of pro-
inflammatory genes, such as IL-1b, TNF-a, IL-6, IL-8 and COX-2,
and enhanced the regenerative potential of LPS-induced cells [38].

In the present investigation, we found that simvastatin led to
significant down-regulation of p65 phosphorylation in LPS-
stimulated cells. Phosphorylation of p65 plays a key role in regulat-
ing NF-jB activation and nuclear translocation [62]. The ability of
statins at high concentrations to inhibit the NF-jB transcriptional
cascade activation in LPS-induced cells has been demonstrated in
previous work. Chang et al. [35] observed that 50 lM simvastatin
down-regulated the expression of IL-1b, IL-6, MMP-1 and MMP-
13 on LPS-stimulated articular chondrocytes, and this effect was
correlated with a significant reduction in NF-jB translocation to
the nucleus. Ahn et al. [32] showed that 50 lM simvastatin was
capable of blocking NF-jB activation on monocytes, as this drug
abolished IKK activity, suppressing progression of the inflamma-
tory cascade that modulates pro-inflammatory cytokine produc-
tion. Furthermore, other researchers observed that 10–30 lM
simvastatin suppressed MMP-9 expression in human leukemia
and lung cancer cells, which itself was mediated by repressing
p65 activity [32,33,50]. In the present study, we observed that a
very low concentration of simvastatin (0.1 lM) also played a role
in minimizing the LPS-evoked inflammatory response in DPSCs,
partially by inhibiting the NF-jB pathway. We also observed an
up-regulation of the PPARc transcription factor in simvastatin-
treated LPS-induced cells. This transcription factor has gained
attention lately since the molecule seems to have a direct relation-
ship with DPSC survival and differentiation under inflammation
[38,68]. It was previously demonstrated that LPS down-regulates
PPARc gene expression of DPSCs, and the up-regulation of PPARc
gene has a direct relationship with the odontogenic differentiation
of LPS-stimulated DPSCs [38]. Based on our data, one possible
mechanism explaining the down-regulation of pro-inflammatory
mediators and the increased expression of odontoblastic markers
by simvastatin might be related to an up-regulation of PPARc. In
view of this, our future studies will investigate the underlying
mechanisms involved in the activation of this transcription factor
mediated by simvastatin on LPS-induced cells.

One limitation of this study is that a monoculture of DPCs
exposed to LPS was used to simulate an inflammatory situation
in vitro. The inflammatory environment involves complex interac-
tions of resident and immune system cells from both the innate
and adaptive immune responses. LPS induces the synthesis and
secretion of a plethora of inflammatory cytokines via activation
of Toll-like receptor-4 (TLR4) on resident and immune cells [69].
Therefore, in our in vitro study, LPS should have stimulated the
inflammatory effect mediated by TLR4 activation on DPCs, without
its effect on immune cells and its feedback on DPCs. Feng et al. [70]
reported that repeated application of LPS to DPCs promotes cellular
senescence, which might have played a role in the negative effect
of LPS on DPCs in the present investigation. Additionally, previous
reports have shown that mesenchymal stem cells (MSCs) from
pulp tissue play a role in the immunosuppression and innate
inflammatory process, by regulating pro- and anti-inflammatory
cytokine expressions by innate and adaptive immune cells
[69,71,72]. Yazid et al. [72] demonstrated that MSCs from inflamed
pulp tissue lose the immunosuppressive potential on T-cells.
Whereas MSCs from healthy pulp reduced TNFa and IL-2 expres-
sions as well as increased IL-10 expression of LPS-activated T-
cells, MSCs from inflamed pulp had a minimal effect on these cyto-
kines. Conversely, Lee et al. [71] demonstrated that MSCs from
inflamed pulps retained the immunomodulatory potential on
LPS-activated macrophages in vitro. Therefore, the role of simvas-
tatin on the immunomodulation of inflammation in pulp tissue
should be carefully evaluated in vivo in the future.

In the present investigation, we also evaluated the angiogenic
potential of DPC/NF-PLLA constructs in the presence of simvastatin
and/or LPS. Angiogenesis from the surrounding tissue mediated by
scaffolds is desirable since the presence of vascular structures
around and inside the scaffolds can positively promote neo-
tissue genesis [17]. The presence of blood-vessels inside the scaf-
folds might improve nutrient/oxygen supply and metabolic waste
removal, contributing to a better extracellular environment for
DPSC growth and ECM production [1,17]. We observed that
endothelial cells in co-culture with simvastatin- and LPS-treated
DPC/NF-PLLA scaffolds were capable of forming highly connected
vascular-like structures on a Matrigel basement membrane,
accompanied by increased VEGF gene expression. However, no
synergistic effect between LPS and simvastatin was observed. Sig-
nificant higher VEGF gene expression in DPC/NF-PLLA construct
was detected only for the LPS+/SIM+ compared with LPS+/SIM�
groups. Increased expression of VEGF is clearly evident in inflamed
compared to healthy pulp tissue [73]. Others have detected that
0.1 lM simvastatin increases VEGF expression in DPSCs [22]. Co-
culture of pulp and endothelial cells also showed a positive effect
on angiogenesis with increased VEGF expression in both cells
[74]. Moreover, Shin et al. [75] demonstrated that treatment of
DPSCs with LPS (1 lg/mL) and TNF-a (10 ng/mL) for 24 h induced
the expression of VEGF. In this same experiment, conditioned med-
ium obtained from DPSCs induced tubular network formation on
HUVECs seeded on Matrigel. Interestingly, Zhu et al. [21] demon-
strated that low-dosage simvastatin (0.1 and 1 lM) had no syner-
gistic effect on the angiogenesis mediated by TNF-a (1 ng/mL) in
HUVECs, but increased angiogenesis under hypoxia at the same
concentration. The angiogenic quality of the statins is believed to
depend on the stimulus, mechanisms, and microenvironmental
conditions. In the present study, we evaluated the angiogenic
potential of simvastatin in a co-culture model with DPCs seeded
onto NF-PLLA scaffolds, more than one variable may be responsible
for the disparate effects of LPS and simvastatin on HUVECs. There-
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fore, the role of simvastatin on angiogenesis under inflammatory
stimulation in pulp tissue should be further evaluated to under-
stand the mechanisms underlying the cell events. Importantly,
we observed that the DPC/NF-PLLA scaffold constructs cultivated
with simvastatin and/or LPS induced the development of vessel-
like structures mediated by endothelial cells seeded on NF-PLLA
scaffolds. Furthermore, H&E staining sections obtained from the
subcutaneous implantation experiment exhibited the presence of
blood vessels inside scaffolds closely associated with DPSCs. These
structures were more prevalent in the constructs cultivated in con-
tact with LPS and/or simvastatin, confirming the data from co-
culture assay and demonstrating that these constructs had the
ability to induce angiogenesis.

Therefore, the use of low-concentration simvastatin with NF-
PLLA scaffolds appears to be a new way to induce the regenerative
potential of DPSCs under an inflammatory environment. Some pre-
vious studies showed that scaffolds capable of releasing 0.02–1 lM
simvastatin within 24 h lead to increased ALP activity and calcium
deposition in vitro, and enhanced initial callus formation, neovas-
cularization, and cell ingrowth in the grafted bone in vivo [76,77].
However, a recent investigation showed that a PLGA/HA/b-TCP
scaffold containing high dosage simvastatin (4 mg/mL = 0.01 M)
did not lead to bone regeneration in molar extraction sockets
[31]. These conflicting reports could result from the interplay
between angiogenesis and osteo/odontogenesis, since high-
dosage simvastatin (10 lM) has been shown to inhibit endothelial
cell migration and angiogenesis under inflammatory conditions
[21]. Therefore, in future studies, it may be interesting to develop
a biocompatible NF-PLLA scaffold that can release low-dosage of
simvastatin in a sustained fashion to enhance dentin regeneration
and modulate inflammatory reaction.
5. Conclusion

Simvastatin at low concentration has a protective effect on LPS-
induced DPSC/NF-PLLA scaffold constructs. This lipid lowering
molecule decreases the expression of pro-inflammatory mediators,
is associated with up-regulation of odontoblastic markers, and
exerts a pro-angiogenic effect on endothelial cells in vitro and
in vivo.
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