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Abstract: Background: The events of bone formation and osteoblast/titanium (Ti) interactions may
be affected by Hedgehog and Notch signalling pathways. Herein, we investigated the effects of
modulation of these signalling pathways on osteoblast differentiation caused by the nanostructured
Ti (Ti-Nano) generated by H2SO4/H2O2. Methods: Osteoblasts from newborn rat calvariae were
cultured on Ti-Control and Ti-Nano in the presence of the Hedgehog agonist purmorphamine or antag-
onist cyclopamine and of the Notch antagonist N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester (DAPT) or agonist bexarotene. Osteoblast differentiation was evaluated by alkaline
phosphatase activity and mineralization, and the expression of Hedgehog and Notch receptors was
also evaluated. Results: In general, purmorphamine and DAPT increased while cyclopamine and
bexarotene decreased osteoblast differentiation and regulated the receptor expression on both Ti
surfaces, with more prominent effects on Ti-Nano. The purmorphamine and DAPT combination
exhibited synergistic effects on osteoblast differentiation that was more intense on Ti-Nano. Conclu-
sion: Our results indicated that the Hedgehog and Notch signalling pathways drive osteoblast/Ti
interactions more intensely on nanotopography. We also demonstrated that combining Hedgehog
activation with Notch inhibition exhibits synergistic effects on osteoblast differentiation, especially
on Ti-Nano. The uncovering of these cellular mechanisms contributes to create strategies to control
the process of osseointegration based on the development of nanostructured surfaces.
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1. Introduction

Regenerative dentistry is based on developing strategies for inducting and maintaining
cellular functions to promote oral tissue’s structural and functional reestablishment [1–3].
In this context, osteogenesis is characterized by the sequential steps of cell adhesion,
proliferation, differentiation, extracellular matrix apposition, and mineralization dependent
on cellular signalling pathways [4]. Among these pathways, the Hedgehog and Notch act
in several cellular processes, including osteoblast differentiation [5,6].

The Hedgehog signalling pathway acts on cell proliferation during embryonic devel-
opment, stem cell maintenance, tissue repair, and regeneration [7–10]. When the Hedgehog
precursor protein binds to the patched-1 (PTCH1) receptor, the smoothened (SMO) protein
becomes constitutively active. It induces the signalling cascade, stabilizing the family zinc
finger 2 transcription factor (GLI2) [11]. GLI2 is translocated to the nucleus and induces
transcription of target genes, such as Ptch1, Gli1, and Gli2, and bone morphogenetic proteins
(BMPs) [12]. In the absence of Hedgehog-PTCH1 binding, the SMO protein remains inac-
tive, and the suppressor of fused protein is activated, which downregulates the pathway
and leads to the production of Gli3 [13]. Purmorphamine, an agonist of the Hedgehog
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pathway, increases the expression of the runt-related transcription factor 2 (Runx2) in osteo-
progenitor cells, favours the differentiation of osteoblasts and the formation of mineralized
extracellular matrix [14–17]. The effects of purmorphamine are induced by the stimulation
of the signalling cascade and an increase in the expression of the genes Gli1, Gli2, Ptch1,
and Ptch2 [18,19]. Cyclopamine, an antagonist of the Hedgehog pathway, binds to the SMO
protein and inhibits its activity by changing the protein conformation, inhibiting GLI1 and
GLI2 [20,21]. Cyclopamine reduces the expression of Ptch1 and alters the pattern of the
BMP-2 expression in osteoblasts [22,23].

The Notch signalling pathway is involved in cellular proliferation and differentiation
processes, mainly during embryonic development [24,25]. The interaction of the ligand
with the receptor releases the intracellular domain of the Notch receptor (NICD), which
is translocated from the membrane to the nucleus, acting as a transcriptional coactivator.
This domain heterodimerizes with a protein complex containing the DNA-binding protein,
called recombination signal sequence-binding protein Jk. This interaction results in the
removal of corepressors, recruitment of co-activators, and, consequently, in the transcription
of target genes from the hairy/enhancer of split (Hes) and hairy-related transcription factor
(Hey) families [26]. While the HES1 subtype favours, the HEY1 and HEY2 subtypes strongly
inhibit RUNX2 activity [27–31]. Bexarotene is a Notch agonist that exerts its biological action
by binding to the gamma-secretase protein complex, inducing activation of the pathway,
which inhibits cell growth and differentiation [32]. In contrast, the Notch antagonist N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), an inhibitor of the
gamma-secretase protein complex, promotes osteogenesis [33,34].

The modulation of these cellular mechanisms using agonists and antagonists can
affect the bone tissue and titanium (Ti) implants interaction, which also depends on surface
characteristics. The mechanisms of favouring or inducing osteoblast differentiation by
topographical and chemical characteristics of Ti surfaces have been widely discussed in the
literature [35–38]. The investigation of the behaviour of cells cultured on Ti with nanoto-
pography (Ti-Nano) obtained through chemical conditioning with H2SO4/H2O2 showed
that nanotopography induces osteoblast differentiation in osteogenic and non-osteogenic
environments [39–41]. To date, we have shown the participation of integrin, BMP, and
Wnt signalling pathways in the osteogenic potential of this nanotopography [39,42–46].
As Hedgehog and Notch regulate osteogenesis and their possible involvement with the
osteogenic potential of Ti-Nano has not been investigated yet, we hypothesized that Hedge-
hog and Notch signalling pathways participate in the nanotopography-induced osteoblast
differentiation. Thus, this study aimed to investigate the effects of agonists and antagonists
of these signalling pathways on the osteoblast differentiation of cells grown on Ti-Nano.

2. Materials and Methods
2.1. Ti Surface Modification and Characterization

All reagents were laboratory grade. There were two commercially pure grade Ti
discs (13 × 2 mm, Realum, São Paulo, SP, Brazil) conditioned with a 10 N H2SO4 (Merck
Millipore, Darmstadt, Hesse, Germany) and 30% H2O2 (Merck Millipore) solution for 4 h
to create nanotopography (Ti-Nano), as previously described [40]. The control samples
were non-treated Ti discs (Ti-Control). To characterize the surface topography, the Ti discs
were examined under field emission scanning electron microscopy (SEM) operated at 5 kV
(Inspect S50, FEI Company, Hillsboro, OR, USA).

2.2. Selection of the Concentrations of the Hedgehog and Notch Agonists and Antagonists
2.2.1. Preparation of the Hedgehog and Notch Agonists and Antagonists

The Hedgehog agonist purmorphamine [2-(1-Naphthoxy)-6-(4-morpholinoanilino)-9-
cyclohexylpurin] (Sigma-Aldrich, Saint Louis, MO, USA) was prepared at different con-
centrations of 0.5, 1, and 2 µM. The antagonist cyclopamine-KAAD [3-keto-N-aminoethyl-
N’-aminocaproyldihydrocinnamoyl cyclopamine] (Calbiochem, Gibbstown, NJ, USA)
was prepared at different concentrations of 10, 100, and 1000 nM. The Notch antago-
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nist DAPT [GSI-IX, LY-374973, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine
t-butyl ester] (Sigma-Aldrich) was prepared at different concentrations of 10, 15, and
20 µM, and the antagonist bexarotene [4-[1-(5,6,7,8-Tetrahydro-3,5,5,8,8-pentamethyl-2-
naphthalenyl)ethenyl)benzoic acid] (Santa Cruz Biotechnology, Dallas, TX, USA) was
prepared at different concentrations of 0.1, 0.5, and 1 µM. All agonists and antagonists were
dissolved in the vehicle dimethylsulfoxide (DMSO, Sigma-Aldrich) and diluted in a culture
medium, and the concentrations were selected based on the literature [18,19,32,34].

2.2.2. Isolation and Culture of Osteoblasts

After approval of the Ethics Committee on the Use of Animals of the School of Den-
tistry of Ribeirão Preto, University of São Paulo (Protocol # 2019.5.309.58.0), the osteoblasts
were isolated from calvariae of newborn male Sprague-Dawley rats aged 2–4 days, as pre-
viously described [47,48]. Osteoblasts (2 × 104 cells per well) were cultured in a minimum
essential medium, alpha modification (α-MEM, (Gibco-Life Technologies, Waltham, MA,
USA)) supplemented with 10% foetal bovine serum (Gibco-Life Technologies), 5 µg/mL
ascorbic acid (Gibco-Life Technologies), 7 mM β-glycerophosphate (Sigma-Aldrich), and
50 µg/mL gentamicin in 24-well polystyrene culture plates (Corning Life Sciences, Corning,
NY, USA). The cultures were kept for up to 17 days at 37 ◦C in a humidified atmosphere (5%
CO2 and 95% atmospheric air) in the presence of either the vehicle (DMSO), the Hedgehog,
or Notch agonists and antagonists.

2.2.3. Analysis of Gene Expression by Real-Time Polymerase Chain Reaction (RT-qPCR)

The osteoblastic marker osteopontin (Opn) gene expression was evaluated on day
10 by RT-qPCR. The total RNA was extracted using the SV Total RNA Isolation System
kit (Promega, Fitchburg, WI, USA) and reverse transcription reaction was carried out to
synthesize the complementary DNA (cDNA) using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). For RT-qPCR, the SYBR
Green system, and primers (Table 1) were used in the QuantStudio™ 7 Flex System device
(Applied Biosystems, Waltham, MA, USA). The reactions were done (n = 4) and the data
analysed using the cycle threshold value (Ct). The expression of the constitutive gene
eukaryotic translation initiation factor 2B, subunit 1 alpha (Eif2b1) was evaluated, and the
2-ddCt method was used to compare the gene expression of the experimental groups [49,50].

Table 1. Primer sequences for RT-qPCR.

Gene Forward Reverse

Opn GAAGCCTGACCCATCTCAGAA GTTGCTTGGAAGAGTTTCTTGCTT
Runx2 CGTATTTCAGATGATGACACTGCC AAATGCCTGGGAACTGCCTG

Alp TACTGCTGATCACTCCCACG ACCGTCCACCACCTTGTAAC
Gli1 ACCTGCAAACCGTAATCCGT TCCTAAAGAAGGGCTCATGGTG
Gli2 CCAACCAGAATAAGCAGAACAGC TGAGATCAGCCAGTTGCTCC
Gli3 AGTCAGCCCTGCGGAATACT GGGAAATCTGGTGCTGTCCAT
Hes1 ACGACACCGGACAAACCAAA CGGGAGCTATCTTTCTTAAGTGCAT
Hey1 GCCGACGAGACCGAATCAAT ATAGTCCATAGCCAGGGCGT
Hey2 CGTGGGGAGCGAGAACAATTA ATTTATTCGATCCCGACGCCT
Eif2β ACCTCCCTGGAATACTCTGACT TCGCCCCGTCTTTGATGAAT

2.2.4. Analysis of the ALP Activity by Fast Red Staining

The ALP activity was evaluated on day 7 using Fast red staining, as previously
described [51]. The cultures were incubated with 1 mL of a solution containing 1.8 mM
Fast Red-TR Salt (Sigma-Aldrich), 0.9 mM Naphthol AS-MX phosphate (Sigma-Aldrich),
and 4 mg/mL dimethylformamide (Sigma-Aldrich) for 30 min. The wells were dried and
macroscopic images of the whole wells with the stained cultures were obtained with a
high-resolution camera (Canon EOS Digital Rebel Camera, Canon, Lake Success, NY, USA).
The stained areas of the whole wells were quantified by counting the pixels using the
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ImageJ 1.52 software (National Institute of Mental Health, Bethesda, MD, USA). The data
(n = 5) were expressed as a percentage of area.

2.2.5. Analysis of the Extracellular MATRIX Mineralization by Alizarin Red Staining

The formation of a mineralized extracellular matrix was evaluated on day 17 by
Alizarin red staining. The cultures were fixed with 10% formalin at 4 ◦C for 24 h, dehy-
drated with alcohol, dried, and stained with 2% Alizarin red (Sigma-Aldrich), and the
quantification was performed according to what was previously described [52]. The ab-
sorbance was measured in a spectrophotometer (BioTek Instruments Inc., Winooski, VT,
USA) using a wavelength of 405 nm, and the data (n = 5) were expressed as absorbance.

2.3. Effects of the Hedgehog Signalling Modulation on Osteoblast Differentiation and Expression of
Hedgehog Receptors in Cells Grown on Ti-Control and Ti-Nano

The osteoblasts were cultured on Ti-Control and Ti-Nano discs in 24-well polystyrene
culture plates (Corning Life Sciences) at a density of 2 × 104 cells per disc in the presence of
either vehicle, the agonist purmorphamine (Sigma-Aldrich) or the antagonist cyclopamine
(Calbiochem) at the previously selected concentrations. The analyses of the gene expression
of Runx2, Opn, Alp, Gli1, Gli2, and Gli3 using the primers presented in Table 1, ALP activity,
and extracellular matrix mineralization were performed as already detailed here, at the
same time points. Additionally, the expression of RUNX2 and GLI1 proteins was evaluated
by western blot on day 10.

Analysis of the Protein Expression by Western Blot

Western blot detected the expression of RUNX2 and GLI1 proteins on day 10 as
previously described [40]. The cells were lysed and 25 µg of the total protein was denatured,
separated in SDS polyacrylamide electrophoresis gel, and transferred to a PVDF membrane
(Bio-Rad Laboratories, Hercules, CA, USA). The antibodies used were primary antibody
either anti-RUNX2 (8486, 1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-
GLI1 (ab273018-1:1000; Abcam, Cambridge, UK) or anti-GAPDH (sc-25778, 1:1000; Santa
Cruz Biotechnology, Dallas, TX, USA), and secondary antibody goat anti-rabbit IgG (7074,
1:3000, Cell Signaling Technology). The proteins were revealed with ClarityTM Western
ECL Substrate (PerkinElmer Life Sciences, Waltham, MA, USA), and the images were
obtained in a G: BOX device (Syngene, Cambridge, UK). The RUNX2 and GLI1 expressions
were quantified (n = 3) using ImageJ Software (NIH, Bethesda, MD, USA) and normalized
to GAPDH.

2.4. Effects of the Notch Signalling Modulation on Osteoblast Differentiation and the Expression of
Notch Receptors in Cells Grown on Ti-Control and Ti-Nano

Osteoblasts were cultured on Ti-Control and Ti-Nano discs in 24-well polystyrene
culture plates (Corning Life Sciences) at a density of 2 × 104 cells per disc in the presence
of either vehicle, the antagonist DAPT (Sigma-Aldrich) or the agonist bexarotene (Santa
Cruz Biotechnology) at the previously selected concentrations. The analyses of the gene
expression of Runx2, Opn, Alp, Hes1, Hey2, and Hey3 using the primers presented in Table 1,
the protein expression of RUNX2 and HES1, ALP activity, and extracellular matrix mineral-
ization were done as already detailed here, at the same time points. The antibody used to
detect HES1 by western blot was anti-HES1 (11,988, 1:1000; Cell Signalling Technology), and
the secondary antibody was goat anti-rabbit IgG (7074, 1:3000, Cell Signaling Technology).

2.5. Effects of the Combination of the Hedgehog and Notch Signalling Modulation on the Gene
Expression of Bone Markers in Cells Grown on Ti-Control and Ti-Nano

To evaluate the effects of combining the modulation of both Hedgehog and Notch
signalling, osteoblasts were cultured on Ti-Control and Ti-Nano discs in 24-well polystyrene
culture plates (Corning Life Sciences) at a density of 2 × 104 cells per disc in the presence
of either vehicle, the association of the Hedgehog agonist purmorphamine (Sigma-Aldrich)
with the Notch antagonist DAPT (Sigma-Aldrich) or the association of the Hedgehog
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antagonist cyclopamine (Calbiochem) with the Notch agonist bexarotene (Santa Cruz
Biotechnology) at the previously selected concentrations. The analyses of the gene expres-
sion of Runx2, Opn, and Alp using the primers presented in Table 1 were done, as already
detailed here, at the same time.

2.6. Statistical Analysis

The software SigmaPlot free trial version 15.0 (Systat Software Inc., San Jose, CA, USA)
was used to analyse the data. The data of concentrations’ selection of the Hedgehog and
Notch agonists and antagonists were analysed by one-way ANOVA, followed by Tukey’s
post-test. The data of the effects of the Hedgehog and Notch signalling modulation on
osteoblast differentiation and the expression of Hedgehog and Notch receptors in the cells
grown on Ti-Control and Ti-Nano were analysed using two-way ANOVA, followed by the
Tukey’s post-test. The results were expressed as the mean ± standard deviation (SD), and
the significance level was established at p ≤ 0.05.

3. Results
3.1. Ti-Control and Ti-Nano Surfaces

The SEM demonstrated that Ti-Control presents a polished surface (Figure 1A), and
the Ti-Nano produced by H2SO4/H2O2 treatment exhibited nanopores over the entire
surface (Figure 1B).
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3.2. Selection of the Concentration of the Hedgehog and Notch Agonists and Antagonists

The selection of the concentration of the Hedgehog and Notch agonists and antago-
nists was based on the Opn gene expression, ALP activity, and extracellular matrix min-
eralization of cells grown on polystyrene. Higher osteoblast differentiation induced by
purmorphamine was observed at a concentration of 2 M (Figure 2A–C). The Opn gene
expression was higher at a concentration of 2 µM compared with 1 µM (p < 0.001), which
was higher than 0.5 µM (p < 0.001) and vehicle (p < 0.001), and there was no statistically
significant difference between 0.5 µM and vehicle (p = 0.992, Figure 2A). The ALP ac-
tivity was higher at the concentration of 2 µM compared with 1 µM (p < 0.001), 0.5 µM
(p < 0.001), and vehicle (p < 0.001), which was lower in vehicle compared with 0.5 µM
(p < 0.001) and 1 µM (p < 0.001), without statistically significant difference between them
(p = 0.520, Figure 2B). The extracellular matrix mineralization was greater at the concentra-
tion of 2 µM compared with 1 µM (p < 0.001), which was higher than 0.5 µM (p < 0.001)
and vehicle (p < 0.001), and there was no statistically significant difference between the
vehicle and 0.5 µM (p = 1.000, Figure 2C). The best effect of cyclopamine in decreasing
osteoblast differentiation was observed at the concentration of 1000 nM (Figure 2D–F);
however, as cyclopamine 1000 nM exhibited some cytotoxic effect, we selected 10 nM for
further experiments. The Opn gene expression was lower at the concentration of 1000 nM
compared with 10 nM (p < 0.001), which was lower than 100 nM (p < 0.001) and vehicle
(p < 0.001), and there was no statistically significant difference between them (p = 0.549,
Figure 2D). The ALP activity was lower at the concentration of 1000 nM compared with
10 nM (p = 0.001), which was lower than 100 nM (p < 0.001) that was lower than the
vehicle (p < 0.001, Figure 2E). The extracellular matrix mineralization was lower at the
concentrations of 1000 nM and 10 nM compared with 100 nM (p = 0.002 and p = 0.009)
and vehicle (p = 0.001 and p = 0.004), without statistically significant differences between
1000 nm and 10 nM (p = 0.553), and 100 nM and vehicle (p = 0.937, Figure 2F). The best
effect of DAPT in increasing osteoblast differentiation was observed at the concentration
of 20 µM (Figure 2G–I). The Opn gene expression was higher at the concentration of
20 µM compared with 15 µM (p = 0.028), 10 µM (p = 0.005), and vehicle (p = 0.002),
and there were no statistically significant differences among vehicle, 10 µM and 15 µM
((p = 0.384, p = 0.775, and p = 0.894, Figure 2G). The ALP activity was higher at the con-
centrations of 20 µM and 15 µM compared with 10 µM (p < 0.001 and p < 0.001) and
vehicle (p < 0.001 and p < 0.001), without statistically significant differences between
20 µM and 15 µM (p = 0.831), and 10 µM and vehicle (p = 0.871, Figure 2H). The extra-
cellular matrix mineralization was higher at the concentration of 20 µM compared with
15 µM (p = 0.041), 10 µM (p = 0.027), and vehicle (p = 0.014), and there were no statisti-
cally significant differences among vehicle, 10 µM and 15 µM (p = 0.866, p = 0.990, and
p = 0.964, Figure 2I). The best effect of bexarotene in decreasing osteoblast differentiation
was observed at the concentration of 0.1 µM (Figure 2J–L). The Opn gene expression was
lower at 0.1 µM compared with 0.5 µM (p = 0.013) and 1 µM (p = 0.003), which were lower
than vehicle (p < 0.001 and p < 0.001), and there was no statistically significant difference
between 0.5 µM and 1 µM (p = 0.809, Figure 2J). The ALP activity was lower at the con-
centrations of 0.1 µM and 0.5 µM compared with 1 µM (p < 0.001, p < 0.001), which was
lower than vehicle (p = 0.007), and there was no statistically significant difference between
0.1 µM and 0.5 µM (p = 0.918, Figure 2K). The extracellular matrix mineralization was lower
at the concentrations of 0.1 µM and 1 µM compared with 0.5 µM (p = 0.024 and p = 0.034)
and vehicle (p = 0.012 and p = 0.016), without statistically significant differences between
0.1 µM and 1 µM (p = 0.994), and 0.5 µM and vehicle (p = 0.948, Figure 2L). Based on these
results, we selected the following concentrations for the further experiments of this study:
purmorphamine 2 µM, cyclopamine 10 nM, DAPT 20 µM, and bexarotene 0.1 µM.
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Figure 2. Selection of the concentrations of the Hedgehog and Notch agonists and antagonists
based on their effects on osteoblast differentiation. Osteopontin (Opn) gene expression on day
10 (A), alkaline phosphatase (ALP) activity on day 7 (B), and extracellular matrix mineralization
on day 17 (C) in osteoblasts cultured on polystyrene with either vehicle or the Hedgehog agonist
Purmorphamine (PUR) at the concentrations of 0.5, 1, and 2 µM of (PUR). Opn gene expression on
day 10 (D), alkaline phosphatase (ALP) activity on day 7 (E), and extracellular matrix mineralization
on day 17 (F) in osteoblasts cultured on polystyrene with either vehicle or with cyclopamine (CLP) at
the concentrations of 10, 100, and 1000 nM. Opn gene expression on day 10 (G), alkaline phosphatase
(ALP) activity on day 7 (H), and extracellular matrix mineralization on day 17 (I) in osteoblasts
cultured on polystyrene with either vehicle or with DAPT at the concentrations of 10, 15, and 20 µM.
Opn gene expression on day 10 (J), alkaline phosphatase (ALP) activity on day 7 (K), and extracellular
matrix mineralization on day 17 (L) in osteoblasts cultured on polystyrene with either vehicle or with
bexarotene (BEXA) at the concentrations of 0.1, 0.5, and 1 µM. The original diameter of the bottom
of the polystyrene wells presented in (B,C,E,F,H,I,K,L) is 15.62 mm. The data are presented as the
mean ± SD, and the asterisks (*) indicate a statistically significant difference (p ≤ 0.05).
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3.3. Effects of the Hedgehog Signalling Modulation on Osteoblast Differentiation and the
Expression of Hedgehog Receptors in Cells Grown on Ti-Control and Ti-Nano

The interaction between Ti surfaces and purmorphamine treatment affected the gene
expression of Runx2 (p ≤ 0.001), Alp (p ≤ 0.001), and Opn (p = 0.043, Figure 3A). Pur-
morphamine upregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp
(p = 0.001 and p = 0.004), and Opn (p < 0.001and p < 0.001) in cells grown on both Ti-
Control and Ti-Nano (Figure 3A). In the presence of vehicle, the gene expression of Runx2
(p < 0.001) was lower, while Alp (p < 0.001) and Opn (p = 0.008) was higher in cells
grown on Ti-Nano than on Ti-Control (Figure 3A). In the presence of purmorphamine,
the gene expression of Runx2 (p < 0.001), Alp (p < 0.001), and Opn (p < 0.001) was higher
in cells grown on Ti-Nano than on Ti-Control (Figure 3A). The interaction between Ti
surfaces and purmorphamine treatment also affected the RUNX2 protein expression
(p ≤ 0.001), Figure 3B). Purmorphamine increased the RUNX2 protein expression (p = 0.003
and p = 0.016) in the cells grown on both Ti-Control and Ti-Nano (Figure 3B). In the
presence of vehicle or purmorphamine, the RUNX2 protein expression (p < 0.001 and
p < 0.001) was higher in cells grown on Ti-Nano than on Ti-Control (Figure 3B). The interac-
tion between Ti surfaces and purmorphamine treatment did not affect the expression of ALP
activity (p = 0.270, Figure 3C). Purmorphamine increased the ALP activity (p < 0.001 and
p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 3C). In the presence
of vehicle, the ALP activity (p = 0.431) was not affected by Ti surfaces (Figure 3C). In
the presence of purmorphamine, the ALP activity (0.028) was higher on Ti-Nano than
Ti-Control (Figure 3C). The interaction between Ti surfaces and purmorphamine treatment
did not affect the extracellular matrix mineralization (p = 0.111, Figure 3D). Purmorphamine
increased the extracellular matrix mineralization (p < 0.001 and p < 0.001) in the cells grown
on both Ti-Control and Ti-Nano (Figure 3D). In the presence of vehicle or purmorphamine,
the extracellular matrix mineralization (p = 0.284 and p = 0.221) was not affected by Ti
surfaces (Figure 3D). The interaction between Ti surfaces and purmorphamine treatment
affected the expression of Gli1 (p ≤ 0.001), Gli2 (p ≤ 0.001), and Gli3 (p ≤ 0.001, Figure 3E).
Purmorphamine upregulated the gene expression of Gli1 (p < 0.001 and p < 0.001), Gli2
(p < 0.001 and p < 0.001), and downregulated Gli3 (p < 0.001and p < 0.001) in cells grown on
both Ti-Control and Ti-Nano (Figure 3E). In the presence of vehicle, the gene expression of
Gli1 (p = 0.018) was higher, while Gli2 (p < 0.001) and Gli3 (p < 0.001) were lower in cells
grown on Ti-Nano than on Ti-Control (Figure 3E). In the presence of purmorphamine, the
gene expression of Gli1 (p = 0.001) and Gli2 (p < 0.001) was higher, while Gli3 (p < 0.001)
was lower in cells grown on Ti-Nano than on Ti-Control (Figure 3E). The interaction be-
tween Ti surfaces and purmorphamine treatment also affected the GLI1 protein expression
(p < 0.001, Figure 3F). Purmorphamine increased the GLI1 protein expression (p = 0.003 and
p = 0.016) in cells grown on Ti-Control and Ti-Nano (Figure 3F). In the presence of vehicle
or purmorphamine, the GLI1 protein expression (p < 0.001 and p < 0.001) was higher in
cells grown on Ti-Nano than on Ti-Control (Figure 3F).

The interaction between Ti surfaces and cyclopamine treatment affected the gene ex-
pression of Runx2 (p ≤ 0.001), Alp (p = 0.001), and Opn (p ≤ 0.001, Figure 4A). Cyclopamine
downregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp (p < 0.001 and
p < 0.001), and Opn (p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano
(Figure 3B). In the presence of vehicle, the gene expression of Runx2 (p < 0.001) was lower,
while Alp (p = 0.020) and Opn (p < 0.001) were higher in cells grown on Ti-Nano than
on Ti-Control (Figure 4A). In the presence of cyclopamine, the gene expression of Runx2
(p = 0.038), Alp (p = 0.009), and Opn (p < 0.001) was lower in cells grown on Ti-Nano than
on Ti-Control (Figure 4A). The interaction between Ti surfaces and cyclopamine treat-
ment also affected the RUNX2 protein expression ((p ≤ 0.001), Figure 4B). Cyclopamine
decreased the RUNX2 protein expression (p < 0.001 and p < 0.001) in cells grown on both Ti-
Control and Ti-Nano (Figure 4B). In the presence of vehicle, the RUNX2 protein expression
(p < 0.001 and p < 0.001) was higher, while in the presence of cyclopamine, it was lower
in cells grown on Ti-Nano than on Ti-Control (Figure 4B). The interaction between Ti
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surfaces and cyclopamine treatment did not affect the ALP activity (p = 0.647, Figure 4C)
and extracellular matrix mineralization (p = 0.653, Figure 4D). Cyclopamine decreased the
ALP activity (p < 0.001 and p < 0.001, Figure 4C) and extracellular matrix mineralization
(p < 0.001 and p < 0.001, Figure 4D) in cells grown on both Ti-Control and Ti-Nano. In the
presence of vehicle or cyclopamine, the ALP activity (p = 0.513 and p = 0.993, Figure 4C)
and extracellular matrix mineralization (p = 0.185 and p = 0.059, Figure 4D) were not
affected by Ti surfaces. The interaction between Ti surfaces and cyclopamine treatment
affected the expression of Gli1 (p ≤ 0.001), Gli2 (p ≤ 0.001), and Gli3 (p = 0.001, Figure 4E).
Cyclopamine downregulated the gene expression of Gli1 (p < 0.001 and p < 0.001) and Gli2
(p < 0.001 and p < 0.001) and upregulated Gli3 (p < 0.001 and p < 0.001) in cells grown on
both Ti-Control and Ti-Nano (Figure 4E). In the presence of vehicle, the gene expression
of Gli1 (p = 0.346) was not affected, while Gli2 (p < 0.001) was higher and Gli3 (p < 0.001)
was lower in cells grown on Ti-Nano than on Ti-Control (Figure 4E). In the presence of
cyclopamine, the gene expression of Gli1 (p = 0.006) and Gli2 (p < 0.001) was lower, while
Gli3 (p < 0.001) was higher in cells grown on Ti-Nano than on Ti-Control (Figure 4E). The
interaction between Ti surfaces and cyclopamine treatment also affected the GLI1 protein
expression (p ≤ 0.001, Figure 4F). Cyclopamine decreased the GLI1 protein expression
(p < 0.001, p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 4F). In the
presence of vehicle or cyclopamine, the GLI1 protein expression (p = 0.006 and p < 0.001)
was higher in cells grown on Ti-Nano than on Ti-Control (Figure 4F).

3.4. Effects of the Notch Signalling Modulation on Osteoblast Differentiation and the Expression of
Notch Receptors in the Cells Grown on Ti-Control and Ti-Nano

The interaction between Ti surfaces and DAPT treatment did not affect the gene ex-
pression of Runx2 (p = 0.757) but affected Alp (p = 0.043) and Opn (p = 0.026, Figure 5A).
DAPT upregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp (p < 0.001
and p = 0.008), and Opn (p < 0.001 and p < 0.001) in cells grown on both Ti-Control and
Ti-Nano (Figure 5A). In the presence of vehicle, the gene expression of Runx2 (p = 0.114), Alp
(p = 0.863), and Opn (p = 0.938) was not affected by Ti surfaces (Figure 5A). In the presence
of DAPT, the gene expression of Runx2 (p = 0.233) were not affected, while Alp (p = 0.011)
and Opn (p = 0.005) were higher in cells grown on Ti-Nano than on Ti-Control (Figure 5A).
The interaction between Ti surfaces and DAPT treatment also affected the RUNX2 pro-
tein expression (p ≤ 0.001, Figure 5B). DAPT increased the RUNX2 protein expression
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 5B). In the
presence of vehicle, the RUNX2 protein expression was not affected (p = 0.571), while in the
presence of DAPT, it was higher (p = 0.016) in cells grown on Ti-Nano than on Ti-Control
(Figure 5B). The interaction between Ti surfaces and DAPT treatment affected the ALP
activity (p ≤ 0.001, Figure 5C) and extracellular matrix mineralization (p = 0.014, Figure 5D).
DAPT increased the ALP activity (p < 0.001 and p < 0.001, Figure 5C) and extracellular
matrix mineralization (p < 0.001 and p < 0.001, Figure 5D) in cells grown on both Ti-Control
and Ti-Nano. In the presence of either vehicle or DAPT, the ALP activity (p = 0.007 and
p = 0.023) was greater in cells grown on Ti-Nano than on Ti-Control (Figure 5C). In the
presence of vehicle, the extracellular matrix mineralization was not affected (p = 0.527),
while in the presence of DAPT, it was greater (p = 0.005) in cells grown on Ti-Nano than on
Ti-Control (Figure 5D). The interaction between Ti surfaces and DAPT treatment affected
the gene expression of Hes1 (p = 0.002) but not of Hey1 (p = 0.869) and Hey2 (p = 0.681,
Figure 5E). DAPT upregulated the gene expression of Hes1 (p < 0.001 and p < 0.001) and
downregulated Hey1 (p < 0.001 and p < 0.001), and Hey2 (p < 0.001 and p < 0.001) in cells
grown on both Ti-Control and Ti-Nano (Figure 5E). In the presence of vehicle, the gene
expression of Hes1 (p = 0.202), Hey1 (p = 0.975), and Hey2 (p = 0.771) was not affected by
Ti surfaces (Figure 5E). In the presence of DAPT, the gene expression of Hes1 (p = 0.001)
was higher in cells grown on Ti-Nano than on Ti-Control, while Hey1 (p = 0.840) and Hey2
(p = 0.772) were not affected by Ti surfaces (Figure 3E). The interaction between Ti surfaces
and DAPT treatment also affected the HES1 protein expression (p ≤ 0.001, Figure 5F). DAPT
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increased the HES1 protein expression (p < 0.001 and p < 0.001) in cells grown on both
Ti-Control and Ti-Nano (Figure 5F). In the presence of vehicle, the HES1 protein expression
was not affected (p = 0.274), while in the presence of DAPT, it was higher (p = 0.003) in cells
grown on Ti-Nano than on Ti-Control (Figure 5F).
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Figure 3. Effects of the Hedgehog agonist purmorphamine (PUR) on osteoblast differentiation and
the expression of Hedgehog receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with
nanotopography (Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription
factor 2 (Runx2), osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2
protein expression on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on
day 17 (D), gene expression of the Hedgehog receptors zinc finger 1, 2 and 3 transcription factors
(Gli1, Gli2, and Gli3) on day 10 (E) and GLI1 protein expression on day 10 (F) in osteoblasts cultured
on Ti-Control and Ti-Nano with either vehicle or PUR 2 µM. The original diameter of the Ti discs
presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression (n = 3), ALP
activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as mean ± SD, and
* indicate statistically significant differences (p ≤ 0.05).
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Figure 4. Effects of the Hedgehog antagonist cyclopamine (CLP) on osteoblast differentiation and
the expression of Hedgehog receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with
nanotopography (Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription
factor 2 (Runx2), osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2
protein expression on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on
day 17 (D), gene expression of the Hedgehog receptors zinc finger 1, 2 and 3 transcription factors
(Gli1, Gli2, and Gli3) on day 10 (E) and GLI1 protein expression on day 10 (F) in osteoblasts cultured
on Ti-Control and Ti-Nano with either vehicle or CLP 10 nM. The original diameter of the Ti discs
presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression (n = 3), ALP
activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as the mean ± SD, and
* indicates statistically significant differences (p ≤ 0.05).
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Figure 5. Effects of the Notch antagonist DAPT on osteoblast differentiation and the expression
of Notch receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with nanotopography
(Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription factor 2 (Runx2),
osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2 protein expression
on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on day 17 (D), gene
expression of the Notch receptors hairy/enhancer of split 1 (Hes1) and hairy-related transcription
factors 1 and 2 (Hey1 and Hey2) on day 10 (E) and HES1 protein expression on day 10 (F) in osteoblasts
cultured on Ti-Control and Ti-Nano with either vehicle or DAPT 20 µM. The original diameter of
the Ti discs presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression
(n = 3), ALP activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as the
mean ± SD, and * indicates statistically significant differences (p ≤ 0.05).

The interaction between Ti surfaces and bexarotene treatment did not affect the gene
expression of Runx2 (p = 0.061) but affected Alp (p = 0.014) and Opn (p = 0.019, Figure 6A).
Bexarotene downregulated the gene expression of Runx2 (p < 0.001 and p < 0.001), Alp
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(p = 0.004 and p < 0.001), and Opn (p < 0.001 and p < 0.001) in cells grown on both Ti-
Control and Ti-Nano (Figure 6A). In the presence of vehicle, the gene expression of Runx2
(p = 0.024) and Opn (p < 0.001) was lower, while Alp (p = 0.007) and was higher in cells
grown on Ti-Nano than on Ti-Control (Figure 6A). In the presence of bexarotene, the
gene expression of Runx2 (p = 0.746) and Alp (p = 0.439) was not affected, while Opn
(p = 0.041) was lower in cells grown on Ti-Nano than on Ti-Control (Figure 6A). The in-
teraction between Ti surfaces and bexarotene treatment also affected the RUNX2 protein
expression (p ≤ 0.001, Figure 6B). Bexarotene decreased the RUNX2 protein expression
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 6B). In
the presence of vehicle, the RUNX2 protein expression was higher (p < 0.001) in cells
grown on Ti-Nano than on Ti-Control, while in the presence of bexarotene, it was not
affected (p = 0.731) by Ti surfaces (Figure 6B). The interaction between Ti surfaces and
bexarotene treatment affected the ALP activity (p ≤ 0.001, Figure 6C) and extracellu-
lar matrix mineralization (p ≤ 0.001, Figure 6D). Bexarotene decreased the ALP activity
(p < 0.001 and p < 0.001, Figure 6C) and extracellular matrix mineralization (p = 0.002 and
p = 0.001, Figure 6D) in cells grown on both Ti-Control and Ti-Nano. In the presence of
vehicle or bexarotene, the ALP activity (p = 0.001 and p = 0.011) was higher in cells grown
on Ti-Nano than on Ti-Control (Figure 6C). In the presence of vehicle or bexarotene, the
extracellular matrix mineralization (p < 0.001 and p < 0.001) was lower in cells grown on
Ti-Nano than on Ti-Control (Figure 6D). The interaction between Ti surfaces and bexarotene
treatment affected the gene expression of Hes1 (p ≤ 0.001), Hey1 (p = 0.004), and Hey2
(p = 0.003, Figure 6E). Bexarotene downregulated the gene expression of Hes1 (p < 0.001
and p < 0.001) and upregulated Hey1 (p < 0.001 and p < 0.001) and Hey2 (p < 0.001 and
p = 0.004) in cells grown on both Ti-Control and Ti-Nano (Figure 6E). In the presence of
vehicle, the gene expression Hey1 (p = 0.740) was not affected, while Hes1 (p = 0.004) and
Hey2 (p = 0.002) were higher in cells grown on Ti-Control than on Ti-Nano (Figure 6E). In
the presence of bexarotene, the gene expression of Hes1 (p < 0.001), Hey1 (p < 0.001), and
Hey2 (p < 0.001) was lower in cells grown on Ti-Nano than on Ti-Control (Figure 6E).
The interaction between Ti surfaces and bexarotene treatment also affected the HES1 pro-
tein expression (p = 0.001, Figure 6F). Bexarotene decreased the HES1 protein expression
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 4F). In
the presence of vehicle, the HES1 protein expression was higher (p = 0.021), while, in
the presence of bexarotene, it was lower (p = 0.005) in cells grown on Ti-Nano than on
Ti-Control (Figure 6F).

3.5. Effects of the Combination of the Hedgehog and Notch Signalling Modulation on the Gene
Expression of Bone Markers in the Cells Grown on Ti-Control and Ti-Nano

The interaction between Ti surfaces and the treatment with the combination of pur-
morphamine and DAPT affected the expression of Runx2 (p ≤ 0.001), Alp (p ≤ 0.001), and
Opn (p ≤ 0.001, Figure 7). The combination of purmorphamine and DAPT upregulated the
gene expression of Runx2 (p < 0.001 and p < 0.001), Alp (p < 0.001 and p < 0.001), and Opn
(p < 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 7A). In
the presence of vehicle, the gene expression of Runx2 (p = 0.707), Alp (p = 0.345), and Opn
(p = 0.969) was not affected by Ti surfaces (Figure 7A). In the presence of the combination of
purmorphamine and DAPT, the gene expression of Runx2 (p < 0.001), Alp (p < 0.001), and
Opn (p < 0.001) was higher in cells grown on Ti-Nano than on Ti-Control (Figure 7A). The
interaction between Ti surfaces and the treatment with the combination of cyclopamine
and bexarotene affected the expression of Runx2 (p ≤ 0.001), Alp (p = 0.010), and Opn
(p ≤ 0.001, Figure 7B). The combination of cyclopamine and bexarotene downregulated the
gene expression of Runx2 (p = 0.001 and p < 0.001), Alp (p = 0.001 and p < 0.001), and Opn
(p = 0.001 and p < 0.001) in cells grown on both Ti-Control and Ti-Nano (Figure 7B). In
the presence of vehicle, the gene expression of Runx2 (p = 0.248), Alp (p = 0.416), and Opn
(p = 0.874) were not affected by Ti surfaces (Figure 7B). In the presence of the combination
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of cyclopamine and bexarotene, the gene expression of Runx2 (p < 0.001), Alp (p = 0.005),
and Opn (p < 0.001) was lower in cells grown on Ti-Nano than on Ti-Control (Figure 7B).
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Figure 6. Effects of the Notch agonist bexarotene (BEXA) on osteoblast differentiation and the expres-
sion of Notch receptors in osteoblasts grown on polished Ti (Ti-Control) and Ti with nanotopography
(Ti-Nano). The gene expression of the osteoblastic markers runt-related transcription factor 2 (Runx2),
osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 (A), RUNX2 protein expression
on day 10 (B), ALP activity on day 7 (C), extracellular matrix mineralization on day 17 (D), gene
expression of the Notch receptors hairy/enhancer of split 1 (Hes1) and hairy-related transcription fac-
tors 1 and 2 (Hey1 and Hey2) on day 10 (E), and HES1 protein expression on day 10 (F), in osteoblasts
cultured on Ti-Control and Ti-Nano with either vehicle or BEXA 0.1 µM. The original diameter of the
Ti discs presented in C and D is 13 mm. The data of gene expression (n = 4), protein expression (n = 3),
ALP activity (n = 5), and extracellular matrix mineralization (n = 5) are presented as the mean ± SD,
and * indicates statistically significant differences (p ≤ 0.05).
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Figure 7. Effects of the combination of the Hedgehog agonist purmorphamine (PUR) with Notch
antagonist DAPT and Hedgehog antagonist cyclopamine (CLP) with Notch agonist bexarotene
(BEXA) on the gene expression of bone markers in osteoblasts grown on polished Ti (Ti-Control)
and Ti with nanotopography (Ti-Nano). The gene expression of runt-related transcription factor
2 (Runx2), osteopontin (Opn), and alkaline phosphatase activity (Alp) on day 10 in osteoblasts cultured
on Ti-Control and Ti-Nano with either vehicle or the combination of purmorphamine 2 µM with
DAPT 20 µM (PUR+DAPT, (A)) or with either vehicle or the combination of cyclopamine 10 nM with
bexarotene 0.1 µM (CLP+BEXA) (B). The data (n = 4) are presented as the mean ± SD, and * indicates
statistically significant differences (p ≤ 0.05).

4. Discussion

The modulation of the cell signalling involved in osteogenesis impacts the interaction
between osteoblasts and Ti surfaces [40,42,45,53,54]. This study showed that agonists and
antagonists of the Hedgehog and Notch signalling pathways affect osteoblast differentia-
tion. Using either the Hedgehog agonist purmorphamine or the Notch antagonist DAPT
increased while the Hedgehog antagonist cyclopamine or the Notch agonist bexarotene
decreased the osteoblast differentiation of cells cultured on Ti-Control and Ti-Nano. Addi-
tionally, the association between purmorphamine and DAPT seems to have a synergistic
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effect in increasing the osteoblast differentiation of cells grown on both Ti surfaces, espe-
cially on Ti-Nano.

To select the concentration of the Hedgehog and Notch agonists and antagonists, we
tested three doses of each, based on data from the literature, and evaluated three critical
parameters of osteoblast differentiation; Opn gene expression, ALP activity, and extra-
cellular matrix mineralization [18,19,32,34]. As observed in other studies, the Hedgehog
agonist purmorphamine was more efficient in inducing osteoblast differentiation at a
concentration of 2 µM [14,15,55]. The Hedgehog antagonist cyclopamine inhibited the
osteoblast differentiation and because the concentration of 1000 nM seems to induce some
toxicity specifically based on its effect on Opn gene expression and ALP activity, we selected
10 nM as it was more efficient than 100 nM in inhibiting osteoblast differentiation [56–58].
In agreement with previous studies, the Notch antagonist DAPT at the concentration of
20 µM was more osteogenic [33,59,60]. The Notch agonist bexarotene was more efficient
in reducing osteoblast differentiation at the concentration of 0.1 µM, which agrees with
previous studies [61–63].

Hedgehog agonist purmorphamine being used to enhance the osteoblast differenti-
ation of cells grown on Ti has already been investigated [15,64]. Herein, we showed that
the osteogenic effects of purmorphamine were more prominent on Ti-Nano, as evidenced
by an increase in gene expression of Runx2, Opn, and Alp, RUNX2 protein expression, and
ALP activity, which were more evident in the cells grown on Ti-Nano than on Ti-Control.
The Hedgehog antagonist cyclopamine inhibited the osteoblast differentiation in a more
pronounced way in cells grown on Ti-Nano compared with Ti-Control, as shown by the
gene expression of Runx2, Opn, and Alp, and RUNX2 protein expression. This higher
susceptibility to the Hedgehog agonist and antagonist of cells grown on Ti-Nano in os-
teoblast differentiation could be related to the modulation of the Hedgehog signalling
pathway being more intense in cells grown on this surface. Indeed, the gene expression
of the Hedgehog receptors Gli1, Gli2, and Gli3, and the GLI1 protein expression were
more modulated by purmorphamine and cyclopamine except for GLI1 protein expression,
with the expected opposite effects of the agonist and antagonist. Together, these results
suggest that the Hedgehog signalling pathway is more relevant to the osteogenic potential
of the Ti-Nano than of Ti-Control and that this nanotopography can regulate this cellular
mechanism by itself. Despite few information on this subject is available in the literature, it
was demonstrated that Ti with micro-/nanotextured topography, either with or without
TiO2 nanotubes, enhances osteoblast differentiation of MG63 cell lineage by activating
Hedgehog-Gli1 signalling, which is inhibited by cyclopamine [65].

The involvement of the Notch signalling pathway in the osteoblast-Ti interaction is un-
derexplored, despite its well-known participation in osteogenesis [31,66,67]. The Ti surface
hydrophilicity was observed to favour bone formation by acting on several signalling path-
ways involved in proliferation and osteoblast precursor differentiation, including Notch
signalling [68]. Additionally, the inhibition of the Notch signalling enhances the osteoblast
differentiation of mesenchymal stem cells cultured on Ti substrates [69]. In keeping with
this, we demonstrated that the Notch antagonist DAPT enhanced the osteoblast differen-
tiation of cells grown on both Ti-Control and Ti-Nano, with more pronounced effects on
Ti-Nano as noticed by the gene expression of Opn and Alp, RUNX2 protein expression,
and ALP activity. Corroborating these data, the Notch agonist bexarotene inhibited the
osteoblast differentiation more intensely in the cells grown on Ti-Nano than on Ti-Control,
by reducing the same parameters and the extracellular matrix mineralization. As for the
Hedgehog signalling, the higher responsiveness to the Notch antagonist and agonist of cells
grown on Ti-Nano regarding osteoblast differentiation could be attributed to the higher
intensity of the regulation of the Notch signalling in cells grown on this surface, specifically
through the regulation of the Notch receptor Hes1. Indeed, the gene and protein expression
of Hes1 was more modulated by DAPT and Bexarotene in cells grown on Ti-Nano than
on Ti-Control while the gene expression of Hey1 and Hey2 was not affected by surface
topography. Collectively, these data suggest that the Notch signalling pathway is more
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important to the osteogenic potential of the Ti-Nano than Ti-Control and that this nan-
otopography can regulate this signal. Although the participation of the Notch signalling
in the osteoblast differentiation of cells grown on Ti surfaces has already been described,
to the best of our knowledge, this is the first evidence that the distinct effects elicited by
different Ti surface topographies on osteoblast differentiation involve the regulation of this
signalling pathway [68,69].

As our results showed more prominent effects of the modulation of the Hedgehog
and Notch signalling in osteoblasts grown on Ti-Nano, we started an investigation on
the possible synergistic effect of the combination of the modulation of both signalling
pathways. Although the effect of this combination on osteoblast differentiation was not
previously evaluated, the only study presented in the literature is not related to bone tissue
and demonstrated that the concomitant regulation of the Hedgehog and Notch signalling
pathways potentiates the anti-leukemic effects of the Notch modulation alone [70]. Here,
the association of the Hedgehog agonist purmorphamine with the Notch antagonist DAPT
increased the upregulation of the Runx2, Opn, and Alp gene expression compared with
the use of either purmorphamine or DAPT alone in osteoblasts grown on both Ti surfaces
with more intense effects on Ti-Nano compared with Ti-Control. Although combining
the Hedgehog antagonist cyclopamine with the Notch agonist bexarotene downregulated
these gene expressions, the synergistic effect was not as evident as we observed when
purmorphamine and DAPT were combined. Thus, despite further studies are needed to
confirm the synergism, it is possible to suggest that the activation of Hedgehog along with
the inhibition of Notch signalling may favour the osteoblast differentiation of cells grown
on Ti, especially with nanostructured surfaces.

In conclusion, our results indicate that the Hedgehog and Notch signalling pathways
are involved in the responses of osteoblasts to Ti surfaces, with more relevant effects on
osteoblast differentiation of cells grown on the nanostructured surface, which may regulate
these signals by itself. We also demonstrated that the concomitant activation of Hedgehog
and inhibition of Notch might synergistically affect osteoblast differentiation, especially in
cells grown on nanotopography. These cellular mechanisms may explain, at least in part,
the higher osteogenic potential of this nanostructured Ti surface, which opens windows to
develop strategies to drive the process of osseointegration.
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