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ARTICLE INFO ABSTRACT
Key-words: Regenerating mineralized tissues under degenerative inflammatory stimuli is challenging, as elevated pro-
Chitosan scaffold inflammatory mediators impair the reparative capacity of resident cells. This study developed a chitosan-

Calcium hydroxide
Simvastatin
Inflammation modulation
Bone regeneration

based scaffold functionalized with calcium hydroxide and simvastatin to modulate inflammation and enhance
bone regeneration in inflammatory conditions. Scaffolds were fabricated from 2% chitosan, with or without Ca
(OH)2, and incubated in 1 pM simvastatin, generating four formulations: CH, CH-Ca, CH-SV, and CH-Ca-SV. In
vitro, SAOS-2 cells were preconditioned in serum-free medium with or without TNF-a (100 ng/mL) for three days
to simulate a degenerative inflammatory microenvironment. Cell metabolic activity, expression of inflammatory
genes, alkaline phosphatase activity, mineralized matrix deposition, and osteogenic gene expression were
assessed. In vivo, critical-size calvarial defects were created in Wistar rats, with or without TNF-a-induced
osteolytic lesions, and filled with blood clot (control), CH-Ca, or CH-Ca-SV. After 14 and 30 days, samples were
analyzed by micro-computed tomography, histology, and immunohistochemistry (IL-1p, TNF-a). In vitro, CH-SV
and CH-Ca-SV extracts significantly increased cell metabolic activity, enhanced osteogenic differentiation, and
downregulated TNF-a, MMP9, and IL-1f under inflammatory challenge. In vivo, CH-Ca-SV scaffolds promoted
greater bone formation, reduced inflammatory infiltrate, and improved scaffold integrity compared to CH-Ca.
Immunohistochemistry confirmed higher cytokine expression in control defects. Overall, simvastatin-loaded
chitosan—calcium scaffolds effectively modulate inflammation and enhance bone regeneration even in a pro-
inflammatory environment, supporting their potential for treating inflammatory bone defects.

1. Introduction important to highlight that most of these studies are conducted under
conditions of cell and tissue homeostasis, which is not representative of

The advances in regenerative approaches to regenerate mineralized the clinical conditions where regeneration is required. Often, tissue loss
tissues have been largely driven by the development of biomaterials is triggered by a persistent local inflammatory reaction, and its severity
capable of biostimulation of the patient's resident cells. However, it is can negatively affect the repair process [1]. Thus, it can be easily
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implied that tissue engineering therapies developed for these applica-
tions should include strategies that mitigate the deleterious potential of
the inflammatory reaction and facilitate the performance of resident
precursor cells [1,2].

One of these strategies is the improvement of biomaterials through
the incorporation of agents with known biological activity. Therefore,
tissue regeneration can be enhanced through modifications in the
mechanisms of chemotaxis, angiogenesis, cell differentiation and in-
flammatory reaction. In this context, statins, a class of drugs used to
control cholesterol synthesis through competitive inhibition of the
mevalonate pathway, have aroused great interest as adjuvants in bone
and dentin regeneration [3-5]. This interest is due to the pleiotropic
effect of the drug, where its ability to induce osteoblastic and odonto-
blastic phenotype in progenitor cells from bone marrow and pulp tissue
is observed [6-11].

Several studies have shown that statins can also modulate inflam-
mation in different tissues and stimulate mineralized tissue deposition in
vitro and in vivo [11-19]. These effects are dose-dependent, with con-
centrations between 0.01 and 1 pM/L being able to induce osteo-/
odontogenic differentiation of progenitor cells and favor mineralization
through stimulation of the ERK1/2 and Smad1/2/3 signaling pathways,
associated with increased BMP-2 expression, in a mechanism indepen-
dent of the mevalonate pathway. In contrast, the anti-inflammatory ef-
fect of statins is more evident at higher doses (10 to 50 pM/L) and is
mediated by several mechanisms, such as inhibition of the NF-kB
pathway and increased expression of the transcription factor PPARy.

In addition to bioactive drugs, calcium has a fundamental impact on
bone regeneration and the formation of mineralized tissue. Calcium ions
are essential regulators of osteoblast proliferation, differentiation, and
extracellular matrix mineralization [20]. They act as both structural
components of hydroxyapatite and signaling molecules that modulate
cellular behavior. Studies have shown that calcium-enriched bio-
materials enhance osteogenic differentiation, increase alkaline phos-
phatase activity, and promote the nucleation and growth of mineralized
matrices [20,21]. Furthermore, calcium-containing scaffolds can
modulate the local microenvironment by influencing ionic exchange and
the cellular signaling pathways involved in bone remodeling [22]. This
improves regenerative outcomes, especially under compromised or in-
flammatory conditions.

Due to the exposed properties, the scientific literature supports that
the incorporation of statins in scaffolds enhances bone tissue regenera-
tion in vitro and in vivo [17,22-32]. Similarly, they are able to modulate
tertiary dentin deposition in cases of direct pulpal capping in vivo
[33,34]. However, few studies have evaluated these pleiotropic effects
of statins incorporated into scaffolds maintained in a microenvironment
under degenerative inflammatory stimuli. As such, the objective of this
study was to establish a therapeutic option for tissue engineering of
mineralized tissues in degenerative inflammatory conditions using
different chitosan scaffolds formulations that can release specific doses
of statins, capable of minimizing the initial inflammatory reaction, and
subsequently controlling the release of low concentrations of this drug.
For this, an in vitro and in vivo degenerative inflammation model was
established with the potential to negatively affect osteoblast activity
through prior exposure to TNF-a, a pro-inflammatory mediator highly
expressed in the main pathogen-mediated inflammatory lesions
observed in the oral cavity.

2. Materials and methods
2.1. Invitro inflammatory model establishment

The osteoblastic SAOS-2 cell line was used in all experiments. Cells
were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supple-
mented with 1-glutamine, 1% penicillin-streptomycin (GIBCO®, Invi-
trogen, USA), and 15% fetal bovine serum (FBS) under standard
conditions (37 °C, 5% COz). The inflammatory microenvironment model
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was adapted from Soares et al. [35] to reproduce an in vitro degenera-
tive stimulus capable of reducing calcium-rich matrix expression
without negatively affecting cell viability. Briefly, 2000 SAOS-2 cells
were seeded into 96-well plates (Corning®, New York, NY, USA) and
incubated for 24 h. The culture medium was then replaced with DMEM
supplemented with 100 ng/mL of TNF-a (TNF+), and the cells were
maintained for 3 days. In the negative control (NC) group, cells were
cultured in complete medium without TNF-a for the same period
(TNF-). Subsequently, the culture medium was replaced with either
regular or osteogenic medium (supplemented with 50 pg/mL ascorbic
acid and 5 mM p-glycerophosphate, Sigma-Aldrich, St. Louis, MO, USA),
and cells were cultured for up to 14 days (Fig. 1A). Cell viability (MTT
assay) and mineralized matrix deposition (o-Cresolphthalein Complex-
one; OCC assay) were assessed immediately after TNF-a exposure (TO)
and after 7 (T7) and 14 (T14) days of culture in osteogenic medium. For
the MTT assay (n = 6), cells were incubated for 4 h with MTT solution (5
mg/mL; Sigma-Aldrich) diluted 1:10 in culture medium. Formazan
crystals were dissolved in acidified isopropanol, and absorbance was
measured at 570 nm (Synergy H1, Biotek, Winooski, VT, USA). For
calcium quantification (n = 6), cells were incubated overnight at 4 °C
with 50 pL of 1 N HCI, followed by the addition of 100 pL of OCC
working reagent (Calcio Liquicolor, Centerkit, Campinas, SP, Brazil).
Samples were incubated at room temperature for 10 min, and absor-
bance was recorded at 570 nm (Synergy H1, Biotek, Winooski, VT, USA).
Calcium concentrations were determined using a standard curve. The
NC group was considered as the 100% reference for each parameter and
time point.

2.2. Selecting simvastatin dosage

After seeding SAOS-2 cells into 96-well plates, and following 24 h of
incubation, cells were treated with simvastatin (SV; >97% HPLC, Sigma-
Aldrich, St. Louis, MO, USA) at concentrations of 10, 5, 1, 0.1, and 0.01
pM for 1 or 3 days. Cell viability was evaluated using the MTT assay. To
assess the anti-inflammatory potential of simvastatin, cells were
cultured for 24 h and subsequently exposed to TNF-a (100 ng/mL) and/
or SV (1 pM) for 3 days. Untreated cells served as negative controls (NC
group). Expression levels of TNF-a, IL-1p, and MMP-9 were quantified by
real-time PCR (n = 6). For evaluation of the osteogenic response under
inflammatory conditions, SAOS-2 cells were pre-treated with TNF-«
(100 ng/mL) for 3 days to induce an in vitro inflammatory state, and
then cultured for 14 days in medium supplemented with 1 pM SV
(Fig. 3A). The SV-supplemented medium was replaced every 48 h. At the
end of the experimental period, cell viability (MTT assay; n = 6), alka-
line phosphatase (ALP) activity (thymolphthalein monophosphate
method; n = 6), and calcium deposition (OCC assay; n = 6) were
determined. Gene expression of BMP-2, OCN, and OPN was analyzed by
real-time PCR. (n = 6).

ALP activity was determined using the Alkaline Phosphatase Kit —
End Point Assay (Labtest Diagnostico S.A., Lagoa Santa, Minas Gerais,
Brazil), as previously described by Soares et al. [36]. For real-time PCR,
total RNA was extracted using the RNaqueous™ Micro Kit (Applied
Biosystems, Foster City, CA, USA). An aliquot of 1 pg total RNA was used
for cDNA synthesis with the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Relative quantification of gene expression was
performed using the StepOnePlus™ Real-Time PCR System (Applied
Biosystems) and TagMan® assays, following the manufacturer's proto-
col. GAPDH served as the housekeeping gene. A total of 1 pL of cDNA
was used per reaction in a 20 pL final PCR volume. The cycling condi-
tions were as follows: 50 °C for 2 min, 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min.

2.3. Invitro evaluation of simvastatin-loaded scaffolds under
inflammatory conditions

The scaffolds were prepared according to the protocol previously
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Fig. 1. Establishment of the inflammatory model. (A) Schematic representation of the experimental design. (B) Bar graph showing mean =+ standard deviation of cell
viability immediately after treatment (TO) and after 7 (T7) and 14 days (T14). (C) Calcium deposition assessed at 0 (T0), 7 (T7), and 14 days (T14). Data represent
mean values, and [indicates statistically significant differences (**p < 0.01). Statistical analysis was performed using Student's t-test (n = 6).

described by our group [37,38]. Briefly, 2% chitosan (CH) solution was
prepared by dissolving chitosan powder (310,000-375,000 Da; 75%—
85% deacetylated, pH 3.5, Sigma-Aldrich) in 2% aqueous solution of
acetic acid (Sigma-Aldrich) for 24 h. For CH-Ca (chitosan-calcium
scaffolds) formulations, an aqueous suspension of Ca(OH), at 1% w/v
(pH 12.0, Sigma-Aldrich) was added to the chitosan solution (1:2) drop
by drop under 1000 rpm stirring for 5 min. The CH and CH-Ca solutions
were poured into Teflon molds and subjected to gradual freezing
(—20°C/—80°C/—198 °C) and freeze-drying (Liotop L101, Liobras, Sao
Carlos, Sao Paulo, Brazil) at —56 °C overnight. Using a biopsy punch
(Kolplast ci LTDA.; Itupeva), scaffolds with 2 mm thickness and 6 mm in
diameter were prepared. Then, the scaffolds were cross-linked in 25%
glutaraldehyde (Sigma-Aldrich) vapor during 6 h. SV incorporation was
performed by immersing CH and CH-Ca scaffolds for drug adsorption in
sterile 1 M simvastatin solution (1.5 pL/mm? for 72 h) prepared in PBS
(phosphatebuffered saline; pH 7.4; GIBCO, Invitrogen, Carlsbad, CA,
USA). The scaffolds were then incubated at 37 °C for 72 h and washed in
PBS to eliminate non-adsorbed drug. Four experimental groups were
stablished: chitosan (CH; control), chitosan—calcium (CH-Ca), chito-
san-simvastatin (CH-SV), and chitosan-calcium-simvastatin (CH-Ca-
SV). These scaffolds were previously characterized by Soares et al. [38].

For biological evaluations, scaffolds were disinfected in 70% ethanol
under vacuum and rinsed three times in PBS. To obtain scaffold-
conditioned media, samples were incubated in 500 pL complete
DMEM at 37 °C and 5% CO: for up to 14 days [39]. SAOS-2 cells (2 x 10*
cells/well) were seeded in 96-well plates and pre-stimulated with TNF-«
(100 ng/mL) or control medium (serum-free) for 3 days. Cells were then
cultured with scaffold extracts (200 pL), renewed every 24 h, for up to
14 days. The experimental design is demonstrated on Fig. 4A. Gene
expression of TNF-a, MMP9 and IL-1p was assessed by real-time PCR (n
= 6), 3 days after exposure to extracts. Cell viability (Alamar Blue assay;
n = 6) was assessed at 1, 3, 7, and 14 days, to indirectly measure cell
proliferation. The cells were incubated for 3 h at 37 °C and 5% CO5 with
Alamar Blue reagent (Life-Technologies, USA) diluted in serum-free
DMEM (1:10) at each analysis period. After incubation, the superna-
tant was transferred to 96-well plates and analyzed in a fluorescence
plate reader (540 nm excitation - 590 nm emission; Synergy Mx, BioTek,
Winooski, USA). The data were normalized in comparison to the CH
TNF- group, which was considered as 100% viability in each period.
Osteogenic differentiation was evaluated through ALP activity (day 7;
thymolphthalein monophosphate method; n = 6), mineralized matrix
formation (day 14; Alizarin Red staining; n = 6), and gene expression of

osteogenic markers BMP-2, OCN and OPN (day 14; real-time PCR; n =
6). For alizarin red, the wells were fixed in 70% ethanol and incubated in
Alizarin Red solution (40 mM, pH 4.2; Sigma-Aldrich). Excess dye was
removed with deionized water and 10% cetylpyridinium chloride so-
lution was added to dissolve the mineral deposition. Absorbance was
measured at 570 nm (Synergy Mx, BioTek, Winooski, USA). The data
were normalized relative to the CH TNF- group, considered as having
100% mineralized matrix deposition.

2.4. In vivo analysis in calvaria defects with osteolytic lesion

The in vivo experiment was conducted using three-month-old male
Rattus norvegicus albinus (Wistar strain) weighing 350-400 g. All pro-
cedures were approved by the Institutional Animal Care and Use Com-
mittee of the Aracatuba School of Dentistry, UNESP (FOA Process No.
0397-2020) and complied with the ARRIVE guidelines. A total of 60
animals (n = 10 per group per time point) were allocated based on
previous studies using similar models, ensuring adequate statistical
power (B > 0.80) to detect differences in bone formation. All animals
were included in the analyses, with no exclusions or missing data. Based
on the results of in vitro assays, only the scaffold formulations con-
taining calcium and simvastatin at this bioactive dose (CH-Ca and CH-
Ca-SV) were selected for in vivo evaluation. This strategy allowed us
to focus on the most biologically relevant and translationally promising
condition, while avoiding unnecessary animal use, in accordance with
the principles of the 3Rs (Replacement, Reduction, and Refinement) and
the guidelines of the Institutional Animal Care and Use Committee.

An inflammatory osteolytic model was established by local admin-
istration of TNF-u into the calvarial region, following an adaptation of
the protocol by Kholy et al. [40]. Animals received three daily injections
of 50 pL of TNF-a solution (0.02 ng/mL). After completion of the in-
duction protocol, the animals underwent surgery to create the critical-
size defect (Fig. 5A). General anesthesia was achieved with xylazine
(6 mg/kg; Rompun®, Bayer, Sao Paulo, Brazil) and ketamine (70 mg/kg;
Dopalen®, Agribands do Brasil Ltda., Paulinia, Brazil). Following tri-
chotomy and antisepsis of the frontal region, a semilunar incision was
made to expose the parietal bone. A 5-mm circular defect was created
using a trephine bur (Neodent®, Curitiba, Brazil) mounted on an electric
handpiece (Driller BLM 600 Plus®, Carapicuiba, Brazil), under contin-
uous sterile saline irrigation. The dura mater was carefully preserved
during osteotomy. Defects were then filled according to the experi-
mental groups: blood clot (COAG group), CH-Ca scaffolds, or CH-Ca-SV
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scaffolds. Only animals that developed the osteolytic lesion after TNF-«
induction were used in the study. Soft tissues were repositioned and
sutured to achieve primary closure (4-0 silk, Ethicon, Sao Paulo, Brazil).
Postoperative care included a single intramuscular dose of penicillin G-
benzathine (24,000 IU; Fort Dodge Animal Health Ltd., Campinas,
Brazil).

Each experimental group was subdivided according to euthanasia
time (7 and 30 days). Animals were euthanized via a lethal dose of so-
dium thiopental (150 mg/kg; Cristalia Ltd., Itapira, Brazil). Calvarial
samples were harvested immediately and fixed in 4% buffered formal-
dehyde for 48 h. Subsequently, samples were scanned by micro-
computed tomography (SkyScan 1174; Bruker-microCT, Kontich,
Belgium) using an X-ray source set at 50 kV. After micro-CT analysis,
specimens were demineralized in 10% EDTA. Upon complete decalci-
fication, tissues were processed and embedded in paraffin. Serial lon-
gitudinal sections (6 pm) were obtained and stained with
hematoxylin-eosin (H&E) and Masson's Trichrome for histological
evaluation.

Immunohistochemistry for TNF-a, IL-1p, OCN (osteocalcin) and OPN
(osteopontin) was performed at both time-points. After deparaffiniza-
tion in xylene and rehydration through a graded ethanol series
(100°-100°-100°-90°-70° GL), antigen retrieval was performed by
immersing the sections in Diva Decloaker® buffer (Biocare Medical, CA,
USA) inside a pressurized Decloaking Chamber® at 95 °C for 10 min. All
immunohistochemical steps included washes in 0.1 M PBS (pH 7.4).
Endogenous peroxidase and nonspecific binding were blocked with 3%
hydrogen peroxide for 1 h and 1% bovine serum albumin for 12 h,
respectively. Sections were then incubated for 24 h with primary anti-
bodies (Biorbyt Ltd., Cambridge, UK), diluted in Dako Antibody
Diluent® (Dako Laboratories, CA, USA). The Universal Dako Labeled
HRP Streptavidin-Biotin Kit® was used for detection, consisting of 2 h
incubation with the biotinylated secondary antibody followed by 1 h
incubation with HRP-conjugated streptavidin. Signal development was
achieved using the DAB chromogen kit (Dako Laboratories). Sections
were counterstained with hematoxylin, dehydrated in ascending alco-
hols, cleared in xylene, and mounted with coverslips. Negative controls
were processed identically but without primary antibodies. A semi-
quantitative analysis was performed using the following expanded
criteria [41]: 0 — no immunolabeling (total absence of immunoreactive
cells); 1 — low immunolabeling (1/4 of cells per area); 2 — moderate
immunolabeling (1/2 of cells per area); 3 — high immunolabeling (3/4 of
cells per area).

2.5. Statistical analysis

Two independent experiments were performed for all assays. Data
were initially assessed for normality using the Shapiro-Wilk test and for
homogeneity of variances using Levene's test. When parametric as-
sumptions were met, comparisons between two groups were performed
using Student's t-test, and comparisons among multiple groups were
conducted using one- or two-way analysis of variance (ANOVA), as
appropriate. Post hoc multiple comparisons were carried out using
Tukey's test.

For semiquantitative immunohistochemical analyses based on
ordinal scoring data, group comparisons were performed using the
Newman-Keuls multiple comparisons test. A significance level of 5%
was adopted for all analyses (p < 0.05).

3. Results
3.1. Invitro inflammatory model and SV-dosage selection

The results of the inflammatory model selection are presented in
Fig. 1. No significant reduction in cell viability was observed at any time

point following TNF-a exposure (Fig. 1B). However, calcium deposition
decreased significantly by approximately 42.6% and 45.8% at 7 and 14
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days, respectively (Fig. 1C). Regarding the dose-response effect of SV on
SAOS-2 viability (Fig. 2), the concentrations of 10 and 5 pM simvastatin
markedly reduced cell viability (Fig. 2A). Therefore, 1 pM SV was
selected for the assessment of anti-inflammatory potential. Cells treated
with 1 uM SV in the presence of TNF-a showed a significant reduction in
TNF-a, IL-1f, and MMP9 gene expression compared with the TNF-a-only
group, demonstrating an anti-inflammatory effect. However, TNF-a and
MMP9 levels remained significantly higher than those of the negative
control (Fig. 2B). Regarding the bioactive potential of the selected SV
concentration (Fig. 3), 1 uM SV significantly increased ALP activity
(Fig. 3A) and calcium deposition (Fig. 3B), whereas TNF-a markedly
reduced these markers compared with the negative control. Cells treated
with both TNF-a and SV exhibited a protective effect, with significantly
higher ALP activity and calcium deposition than the TNF-a-only group.
Furthermore, SV treatment significantly upregulated the expression of
BMP-2, OCN, and OPN (Fig. 3C). However, no significant differences
were observed between the TNF-a and SV_TNF groups compared with
the negative control.

3.2. In vitro analyses of SV-loaded scaffolds

Alamar Blue assay data (Fig. 4B) showed significant no significant
differences in cell viability among all groups at all time-points, regard-
less on the treatment with TNF-o. Gene expression analysis of inflam-
matory mediators (Fig. 4C) revealed that TNF-« treatment significantly
increased TNF-o, MMP9 and IL-1p expression across all experimental
groups. However, this increase was significantly lower in the CH TNF+
group compared to the CH-SV TNF+ and CH-Ca-SV TNF+ groups,
indicating the anti-inflammatory effect of SV. Bioactivity analysis
showed that ALP activity (Fig. 4D) was significantly enhanced only in
the CH-Ca-SV group, in the absence of TNF, and in both the CH-SV and
CH-Ca-SV groups in the presence of TNF, compared to CH. Alizarin Red
staining (Fig. 4E) revealed a significant increase in mineralization for
the CH-Ca-SV group pre-treated with TNF compared to CH TNF-.
Mineralization nodules were larger and more well-defined in the CH-SV
and CH-Ca groups compared to CH, both in the presence and absence of
TNF. The CH-Ca-SV group exhibited more scattered nodules, with a
slightly more pronounced pattern in cells pre-treated with TNF (Fig. 4F).
Also, the CH-Ca-SV treatment showed the strongest promotion of oste-
ogenic differentiation (Fig. 4G), significantly increasing BMP-2, OCN,
and OPN expression, even under inflammatory conditions (TNF+). CH-
Ca-SV demonstrated consistent superiority over other groups, suggest-
ing potential for enhancing osteogenesis and addressing TNF-induced
inhibition.

3.3. In vivo analysis of CH-Ca-SV scaffold in osteolytic bone lesions

Micro-computed tomography (micro-CT) analysis revealed clear
differences in bone regeneration patterns among the experimental
groups over time (Fig. 5B). At 7 days, all groups exhibited limited bone
formation, predominantly restricted to the margins of the defect, with
no significant differences in bone volume fraction. At 30 days, however,
the CH-Ca-SV group demonstrated a marked increase in newly formed
bone, characterized by more extensive bridging from the defect borders
toward the central region. Quantitative micro-CT analysis confirmed
that the CH-Ca-SV group presented a significantly higher bone volume
fraction compared with both the COAG and CH-Ca groups at this later
time point (Fig. 5C), indicating an accelerated and more effective
regenerative response.

Histomorphometric analysis using Masson's trichrome staining
further corroborated the micro-CT findings (Fig. 5D). At 7 days, all
groups showed predominance of connective tissue within the defect
area, with minimal bone formation limited to the peripheral regions. By
30 days, the CH-Ca-SV group exhibited a pronounced increase in bone
tissue area concomitant with a significant reduction in connective tissue,
resulting in the highest bone-to-connective tissue ratio among the
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Fig. 2. (A) MTT assay evaluating the cytocompatibility of simvastatin (SV) at different concentrations. Bar graphs represent mean + standard deviation of cell
viability after 1 and 3 days of exposure. (B) Anti-inflammatory effects of SV under TNF-a stimulation. Relative gene expression levels of inflammatory markers were

quantified by real-time PCR using TagMan assays. Data represent mean values, and [indicates statistically significant differences (*p < 0.05; **p < 0.01). Data were

analyzed using One-Way ANOVA followed by Tukey's test (n = 6).

groups (Fig. 5E). In contrast, the COAG group remained largely occupied
by connective tissue at both time points, while the CH-Ca group dis-
played intermediate behavior, with partial bone formation and persis-
tence of scaffold remnants within the defect.

Qualitative histological evaluation using H&E staining provided
additional insight into the spatial organization and maturation of the
newly formed tissue (Figs. 6 and 7). At 7 days, the COAG and CH-Ca
groups exhibited bone neoformation confined to the defect margins,
associated with a dense connective tissue matrix and evident inflam-
matory infiltrate. In the CH-Ca-SV group, although early bone formation
was also primarily peripheral, the newly formed bone appeared more
continuous and better organized, accompanied by a visibly reduced
inflammatory infiltrate. At 30 days, bone formation in the COAG group
remained limited, with the defect area still predominantly filled by
connective tissue. The CH-Ca group showed discrete mineralization foci
extending toward the central region; however, scaffold remnants were
still evident, suggesting slower degradation and delayed tissue
replacement. In contrast, the CH-Ca-SV group exhibited more extensive
and continuous bone formation progressing from the margins toward
the center of the defect, with greater central mineralization and
improved tissue integration. Notably, the scaffold structure in this group
remained identifiable but showed better integration with the newly
formed bone, indicating a balance between scaffold stability and tissue
remodeling.

Immunohistochemical analysis supported the histological observa-
tions regarding the inflammatory status of the defect area (Fig. 8). At 7
days, all groups displayed detectable TNF-a and IL-1p immunolabeling,
consistent with the inflammatory nature of the osteolytic model. At 30
days, however, both the CH-Ca and CH-Ca-SV groups exhibited signifi-
cantly reduced TNF-« and IL-1f immunostaining scores compared with
the COAG group (Fig. 8A and C). Representative images (Fig. 8B and D)

confirmed weaker and more localized immunolabeling in the scaffold-
treated groups, particularly in the CH-Ca-SV group, indicating attenu-
ation of the inflammatory response in parallel with enhanced bone
regeneration.

To further characterize the regenerative profile of the scaffolds,
immunohistochemical staining for the osteogenic markers osteocalcin
(OCN) and osteopontin (OPN) was performed (Fig. 9). At 7 days, OCN
and OPN immunolabeling was discrete and predominantly localized to
the defect margins in all groups, consistent with early stages of bone
healing. At 30 days, however, the CH-Ca-SV group exhibited signifi-
cantly higher OCN and OPN immunostaining compared with the COAG
and CH-Ca groups, with more intense and widespread labeling
throughout the newly formed bone tissue. In contrast, the COAG group
showed weak and sparse immunoreactivity, while the CH-Ca group
presented intermediate levels of staining, mainly restricted to peripheral
areas. These findings indicate enhanced osteogenic activity and matrix
maturation in defects treated with the CH-Ca-SV scaffold, reinforcing its
role in promoting bone regeneration under inflammatory conditions.

4. Discussion

The chitosan biomaterials incorporated with bioactive dosages of
simvastatin (SV) have been proposed on the literature with exciting
results for bone tissue engineering [42-45]. More recently, efforts have
been made to develop SV delivery systems that could release smart SV
dosages capable to modulate bone regeneration under inflammatory
microenvironments. Mostly, the studies focus on the development of
very sophisticated drug delivery systems [46-49]. In our previously
work, we described the development of a low expensive chitosan-cal-
cium-simvastatin (CH-Ca + SV) scaffold prepared with a very simple
rout, capable to increase the bone regeneration in vitro and in vivo
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[22,38]. In the present investigation, we tested this scaffold as a
multifunctional platform for bone regeneration, exploring bioactive and
anti-inflammatory potentials of SV.

The CH-Ca scaffold originally developed by Soares et al. [37]
exhibited a highly organized and interconnected macroporous archi-
tecture, with rounded pores, high overall porosity (86.9%), and a mean
pore diameter of approximately 202 pm. These structural features were
attributed to the combined effects of a controlled multi-step freezing
regimen and a COz>-mediated pore formation mechanism arising from
the interaction between calcium hydroxide and acetic acid in the chi-
tosan solution, called as bubbling-effect. Vapor-phase glutaraldehyde
cross-linking effectively stabilized the chitosan matrix while preserving
porosity and biocompatibility, resulting in enhanced structural integ-
rity, controlled degradation, and sustained calcium release, key attri-
butes for tissue-engineering applications. Building on this platform,
simvastatin (SV) was incorporated into the pre-established CH-Ca
scaffold by Soares et al. [38], to explore its potential as a cell-homing
strategy, based on its previously reported pro-mineralization and
chemotactic effects [36]. FTIR analysis indicated calcium complexation
within the chitosan matrix, whereas SV interacted predominantly
through weak hydrogen-bonding interactions, which directly influenced
its release behavior. While calcium release remained controlled, SV
exhibited a pronounced burst release within the first hours, reaching a
peak at approximately 2 h.

The positive effect simvastatin-functionalized chitosan—calcium
scaffold on SAOS-2 cells was also previously demonstrated by Gallinari
et al. [22]. This study demonstrated superior biological performance
compared with pure chitosan scaffolds, particularly with respect to

porosity, cell viability, and osteogenic potential in SAOS-2 cells. The
highly organized and interconnected macroporous architecture sup-
ported enhanced cell infiltration and increased cellular density in when
cells were cultured onto scaffolds. Beyond its structural advantages,
CH-Ca-SV exhibited the most pronounced bioestimulatory effect in
both direct and indirect culture conditions, irrespective of osteogenic
medium supplementation, indicating a synergistic interaction between
the chitosan-calcium matrix and low-dose simvastatin. This synergy
translated into enhanced osteoblastic differentiation, as evidenced by
increased ALP activity and significantly greater mineralized matrix
deposition. Notably, exposure to CH-Ca-SV extracts resulted in a
marked increase in mineralized nodule formation at both early and later
time points, reinforcing its capacity to actively promote osteogenesis.
Collectively, these findings indicate that simvastatin functionalization
substantially augments the bioactivity of the CH-Ca scaffold, supporting
its potential as a promising platform for mineralized tissue regeneration.

Based on these properties, we hypothesized that simvastatin delivery
in combination with a CH-Ca scaffold could establish a microenviron-
ment favorable to osteogenic differentiation while attenuating inflam-
mation in TNF-o—challenged SAOS-2 cells, thereby supporting bone
regeneration. To simulate a pre-existing inflammatory condition in
vitro, SAOS-2 cells were exposed to TNF-a (100 ng/mL) for 3 days, a
protocol that markedly impaired mineralized matrix deposition without
compromising cell viability. Cells were then preconditioned with TNF-a
and subsequently cultured in scaffold-derived extracts, in the absence of
continued TNF-a exposure, allowing evaluation of the ability of scaffold-
released components to restore the regenerative potential of SAOS-2
cells following an inflammatory insult. In accordance with the
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Fig. 6. H&E staining of in vivo samples collected after 7 days, showing the histological features of the tissues within the critical-sized defects. Photomicrographs of
the COAG (A-A.3), CH-Ca (B—B.3), and CH-Ca + SV (C—B.3) groups. CH-Ca, chitosan-calcium hydroxide; ctp, connective tissue proper; nb, new bone; sf, scaffold;
SV, simvastatin; *, inflammatory infiltrate.

literature emphasizing the potential of statins to modulate essential a-mediated pro-inflammatory environments, but also promoted tissue

processes such as osteogenic differentiation and inflammation regeneration at multiple scales.
[11,13,14,22,50,51], the data obtained showed that the incorporation of Regarding the higher concentrations of SV (10 and 5 pM), a signifi-
SV into scaffolds not only preserved cellular functionality in TNF- cant reduction in cell viability was observed, confirming previous
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Fig. 7. H&E staining of in vivo samples collected after 30 days, showing the histological features of the tissues within the critical-sized defects. Photomicrographs of
the COAG (A-A.3), CH-Ca (B—B.3), and CH-Ca + SV (C—B.3) groups. CH-Ca, chitosan-calcium hydroxide; ctp, connective tissue proper; nb, new bone; sf, scaffold;

SV, simvastatin; *, inflammatory infiltrate.

studies reporting cytotoxic effects at higher doses [6,8,13,51,52]. In
contrast, the concentration of 1 pM proved to be effective and not
cytotoxic [22,36,38], preserving the viability of SAOS-2 cells and
significantly reducing the expression of the pro-inflammatory genes

10

TNF-a, IL-1f, and MMP9 in the presence of TNF-a. Although these levels
remained higher than those of the negative control, the results suggest
an anti-inflammatory effect. The pleiotropic effects of simvastatin on
bone cells under TNF-a-mediated pro-inflammatory conditions have
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point, and * indicate statistically significant differences between time points within each group (p < 0.05). Data were analyzed using the Newman-Keuls multiple

comparisons test (n = 10).

been previously described in a classical study [53]. TNF-a suppresses
BMP-2-induced osteogenic markers, including Runx2 and ALP activity,
and simvastatin effectively reverses these inhibitory effects. Mechanis-
tically, simvastatin restores BMP-Smad signaling by reversing TNF-
a-mediated inhibition of Smadl/5/8 phosphorylation, while simulta-
neously suppressing TNF-o—induced activation of the Ras/Rho-MAPK
pathway, including ERK1/2 and SAPK/JNK, through inhibition of Ras
and RhoA membrane localization. The involvement of mevalonate in-
termediates was confirmed, as farnesyl pyrophosphate (FPP) and ger-
anylgeranyl pyrophosphate (GGPP) abrogated simvastatin's effects,
indicating dependence on Ras and RhoA prenylation. Simvastatin also
reduced TNFR1 and TNFR2 mRNA levels, further decreasing cellular
sensitivity to TNF-a.

In terms of osteogenesis, the 1 pM concentration of SV was sufficient
to induce alkaline phosphatase (ALP) activity, stimulate calcium depo-
sition and up-regulate the expression of the osteoblast markers BMP-2,
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OCN and OPN, also in conditions of inflammatory stress. These effects
indicate a protective role of SV on the osteoblastic phenotype [10,11].
Accumulating evidence indicates that simvastatin, at concentrations
ranging from 0.01 to 1 pM, promotes osteoblastic differentiation pri-
marily through activation of the ERK1/2 signaling pathway, via mech-
anisms that appear largely independent of the mevalonate pathway
[10,54-56]. Experimental studies have shown that simvastatin activates
small GTPases such as Ras and RhoA, leading to ERK1/2 phosphoryla-
tion and subsequent upregulation of key osteogenic transcriptional
regulators, including RUNX2 and BMP-2. This signaling cascade ulti-
mately drives the commitment of mesenchymal progenitors toward an
osteogenic phenotype. In addition, ERK1/2 activation has been reported
to precede Smadl phosphorylation, supporting a model in which
simvastatin-induced BMP-2 expression acts in an autocrine or paracrine
manner to sustain and amplify osteogenic signaling. Collectively, these
findings delineate a coordinated Ras/RhoA-ERK1/2-BMP-2-Smad axis
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as a central mechanism underlying the pro-osteogenic effects of simva-
statin. In the present study, 1 pM simvastatin similarly upregulated
BMP-2 gene expression in both TNF-o-stimulated and unstimulated
cells, including when adsorbed onto CH-Ca scaffolds. This upregulation
was accompanied by increased expression of osteocalcin (OCP) and
osteopontin (OPN), which likely contributed to the observed enhance-
ment of ALP activity and mineralized matrix deposition. Collectively,
these findings indicate that simvastatin promotes BMP-induced osteo-
blastic differentiation under inflammatory conditions by simultaneously
antagonizing TNF-o—Ras/Rho/MAPK signaling and enhancing BMP-
Smad pathways, highlighting its therapeutic potential in mitigating
inflammation-associated bone damage.

The bioactivity of SV under inflammatory conditions was preserved
when incorporated into chitosan-based scaffolds, either in the pure
formulation or in combination with calcium (CH-Ca). Incorporating
chitosan into the carrier material provides additional anti-inflammatory
and osteoinductive benefits [57]. Moreover, CH-Ca-SV scaffolds were
effective in reducing the expression of pro-inflammatory genes and
enhancing cell viability, suggesting that the controlled release of SV
plays a key role in counteracting the deleterious effects of TNF-a. These
effects are consistent with the reported ability of chitosan to modulate
inflammatory mediators and support osteogenic commitment [57]. At
the same time, these formulations also promoted osteoblastic differen-
tiation, with the CH-Ca-SV group showing the most pronounced effects,
including increased ALP activity, greater deposition of mineralized
matrix and morphological evidence of differentiation. The superior
performance of CH-Ca-SV scaffolds likely arises from the synergistic
action of calcium, which favors mineral nucleation, and simvastatin,
which activates osteogenic pathways, within a bioactive chitosan matrix
[25].

Corroborating the in vitro results, the in vivo experiments confirmed
that the CH-Ca-SV scaffold significantly enhanced bone regeneration in
a critical-sized defect model under inflammatory conditions. Micro-CT
and histological analyses showed a significant increase in new bone
formation associated with organized collagen fiber deposition and
absence of necrotic areas, indicating a favorable regenerative microen-
vironment. Detailed histopathological evaluation revealed that although
the COAG and CH-Ca groups exhibited bone neoformation predomi-
nantly confined to the defect margins, the CH-Ca-SV group promoted
more extensive and continuous bone formation progressing to the defect
center, showing more pronounced mineralization. Furthermore, a pro-
nounced reduction in inflammatory infiltrate was observed in the CH-
Ca-SV group, especially at early time points, suggesting an immuno-
modulatory effect probably mediated by the reported anti-inflammatory
properties of simvastatin [58,59]. This anti-inflammatory profile was
accompanied by a significant increase in the expression of osteogenic
markers, as demonstrated by the higher immunohistochemical labeling
of OCN and OPN in the CH-Ca-SV group at 30 days, indicating enhanced
osteoblastic activity, extracellular matrix maturation, and bone remod-
eling. Quantitative analysis using Masson's trichrome staining confirmed
these findings, showing a significantly higher percentage of bone tissue
and a concomitant reduction in connective tissue in the CH-Ca-SV group
at both 7 and 30 days. These findings demonstrate that the combination
of chitosan, calcium, and simvastatin creates a biomimetic environment
that not only promotes osteogenesis [22,36], but also attenuates the
inflammatory response, thereby accelerating and improving bone
repair.

Recent clinical evidence further supports the anti-inflammatory and
pro-osteogenic potential of simvastatin-based strategies, corroborating
the biological effects observed in our in vitro and in vivo models. In cases
of delayed tooth reimplantation, the adjunctive use of simvastatin in
combination with platelet-rich fibrin and hydroxyapatite was associated
with effective control of post-traumatic inflammation, prevention of
inflammatory root and bone resorption, and promotion of periradicular
bone formation [60]. Similarly, in a controlled clinical study involving
immediate implant placement, simvastatin-treated patients exhibited
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significantly greater reductions in probing depth and bleeding on
probing, along with superior preservation of crestal bone levels,
compared with control subjects [61]. Collectively, these clinical out-
comes are consistent with simvastatin's ability to modulate inflamma-
tory responses while simultaneously enhancing osteogenic activity,
reinforcing the translational relevance of its pleiotropic effects and
demonstrating that the biological mechanisms identified in experi-
mental models are also operative in human clinical settings.

In conclusion, the results of this study indicate that chitosan-based
scaffolds with calcium and simvastatin represent a promising thera-
peutic approach for tissue engineering applications involving mineral-
ized tissues under inflammatory conditions. The ability to modulate
inflammation, promote osteogenesis, and preserve endothelial integrity
suggests that this formulation could be valuable, specifically for the
treatment of chronic lesions in regions such as the oral cavity. Despite
these promising findings, the present study is limited by the absence of
protein-level analyses, including ELISA-based quantification of inflam-
matory cytokines and direct assessment of osteogenic marker expres-
sion, which would further strengthen the mechanistic interpretation of
the results. Future investigations should focus on elucidating the release
kinetics of simvastatin and testing our results in more clinic relevant
models, in order to support the translational potential of these
biomaterials.
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