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A B S T R A C T

Titanium is widely used for biomedical applications, but little information is being delivered regarding the
cellular/molecular mechanisms explaining their efficacy, mainly considering the effects of the Ti-released trace
elements on pre-osteoblasts. We addressed this issue by investigating decisive intracellular signal transduction
able to modulate cytoskeleton rearrangement, proliferative phenotype and extracellular matrix (ECM) re-
modeling. We considered titanium grades IV and V, submitted or not to dual acid-etching (w/DAE or wo/DAE,
respectively). Our results showed there is no cytotoxicity, preserving AKT involvement. Additionally, Ti-en-
riched medium promoted a diminution of the downstream signaling upon integrin activation (phosphorylating
Rac1 and cofilin), guaranteeing a dynamic cytoskeleton rearrangement. Moreover, the low profile of ECM re-
modeling obtained in response to trace molecules released by Ti-based devices seems contributing to the os-
teoblast performance in mediating extracellular support to cell anchorage. This hypothesis was validated by the
up-expression of ß1-integrin, src and Focal adhesion kinase (fak) genes, mainly in response to titanium grade V.
Proliferative phenotype showed an unbalance between cyclin-dependent kinases (CDKs) and p15INK4b/p21Cip1.
In conjunction, we showed for the first time that trace elements from Ti-based biomedical devices provoke
important modulation of the osteoblast biology, driving cell anchoring, viability, and proliferative phenotype.
Certainly, these biological outcomes compromise implant osseointegration.

1. Introduction

In decades, metallic materials have been used in dentistry and
medicine as implants devices [1,2]. Titanium alloys are widely used in
biomedical practice reaching high success rates, mainly due to its
characteristics of high corrosion resistance, low toxicity, very low al-
lergenic potential and biocompatibility. Although titanium being con-
sidered an inert implantable material, we have reported its capacity in
dynamically modulate surrounding tissue by modifying the metabolism
of pre-osteoblast and interfering on crucial intracellular signal trans-
duction pathways [3]. However, little progress about the trace elements
from titanium-based devices has been achieved. In addition, bone re-
pair surrounding the implants requires a well-defined biological se-
quence considering the interaction of pre-osteoblasts with the surface of
implanted materials, guaranteeing the expected osseointegration [4].
To note, it is clear that osseointegration process requires cell adhesion,
proliferation and differentiation and these cellular mechanisms are

strictly guided by intracellular signal transduction mechanisms [5],
which respond to diverse stimuli, such as the chemical properties of
material surfaces as well as to immediately adsorbed serum’s protein
onto the surface’s implant [6].

Thus, dental implants-related topography is fundamental for the
initial stages of the osteoblast adaptation, affecting cell adhesion and
further differentiation as well as in long-term bone remodeling [7,8].
Surface modification of implants is a traditional strategy to improve
titanium surface properties, mainly considering their consequence on
cell behavior and late tissue regeneration surrounding them. This dy-
namic effect on the surrounding tissue must be even more concerned if
bring to light that bone remodeling continues lifelong [9]. It is growing
the interest in proposing novel technologies on implant surfaces in
order to optimize osteoblast performance. A well-accepted micro-scaled
surface is the result of a subsequent acid-etching (DAE) by using HCl/
H2SO4 [10], resulting in an bioactive surface presenting Sa parameter
around 1.3 μm and significantly interfering cell adhesion and
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consequently guiding osseointegration process [11]. In distance, bone-
healing process requires osteoblasts migration leading to the bone
neoformation at an appositional manner towards the implant [7]. In
this scenario, we reported elsewhere the capacity of trace elements
released from dental implants in governing osteoblast metabolism [12].
Although some progress has been made on this scenario to understand
osteoblast behavior in response to titanium biomaterials, titanium al-
loys is presented in different compositions and there is interest to
comprehend eventual biological responses to them.

Based on the above-mentioned, the general objective of this study
was to revisit the classical double-acid etching (DAE) obtained by using
both titanium grades IV and V, comparing to machined titanium surface
(control), by exploring a specific molecular machinery in osteoblast
behavior and report about their biocompability. Summarizing, our re-
sults showed there is a rigorous hierarchical intracellular mechanism
resulting in cytoskeleton rearrangement-based cell adhesion involving
Rac-1/cofilin pathway. Additionally, survival Akt protein remained
active, cell cycle progression was positively modulated, and low profile
of the extracellular matrix (ECM) remodeling was observed. Partially,
the results might explain the dynamic effect of trace elements-released
from dental implants in the surrounding cells, proposing a set of bio-
logical event to be considered during the development of smart bio-
material’s surfaces.

2. Material and methods

2.1. Materials

Implants - titanium grades IV and V, with dual acid-etching (W/
DAE) and without dual acid-etching (Wo/DAE), were donated by SIN
Implant System company (SIN), São Paulo-Brazil. Antibodies - the fol-
lowing antibodies were purchased from Cell Signaling (Danvers, MA,
USA): Rac1/cdc42 Antibody (#4651, 21 kDa), Phospho-Rac1/cdc42
(Ser71) Antibody (#2461, 28 kDa), GAPDH Rabbit (#5174, 37 kDa)
and from Abcam (Cambridge, MA, USA): anti-Cofilin antibody
(ab42824), anti-Cofilin (phospho S3) (#3311). The primers used in this
study were purchased from Exxtend Solutions in OLIGOS (Campinas,
São Paulo, Brazil) and the experimental conditions of the qPCR are
described in Table 1.

2.2. Cell culture

MC3T3-E1 cells, pre-osteoblasts, subclone 4, were used in this
study. During all experiments, the cells were maintained in αMEM
containing antibiotics (100U/ml penicillin, 100mg/ml streptomycin)
and Ribonucleosides and Deoxyribonucleosides. The medium was also
supplemented with 10% Fetal Bovine Serum (Nutricell, Campinas, SP,
Brazil). Routinely, pre-osteoblasts were maintained at 37 °C and at 5%
CO2 and 95% humidity, and the medium was freshly changed every
each 3 days.

2.3. Experimental design

Different titanium discs were individually incubated for 24 h in FBS-
free cell culture medium (0.01 mg/mL, which the diameter is 0.6 cm),
as established by ISO 10993-5:2016. After conditioning, the medium
was named as Ti-enriched medium, since containing trace molecules
from the titanium discs. This Ti-enriched medium was used to treat
semiconfluent pre-osteoblasts cultures in order to investigate specific
molecular aspects involved in this acute response (Fig. 1).

2.4. Cell viability assay

Semiconfluent cultures were subjected to Ti-enriched medium up to
24 h. Thereafter, the medium was replaced by cell medium-containing a
vital dye MTT (1mg/mL) and they were maintained by additional 3 h in

cell culture incubator. Thereafter, the MTT medium was aspired out
and the blue precipitate dye diluted in 100 μL/well of DMSO, when the
cell viability was estimated by measuring the absorbance in a micro-
plate reader (SYNERGY-HTX multi-mode reader, Biotek, USA) at
570 nm wavelength.

2.5. Sample preparation and immunoblotting

Semiconfluent cultures of pre-osteoblasts were subjected to Ti-en-
riched medium up to 24 h, when the pre-osteoblasts were lysed [50mM
Tris-HCl, pH 7.4, 1% Tween 20, 0.25% Sodium deoxycholate, 150mM
NaCl, 1 mM EGTA, 1mM O-Vanadate, 1 mM NaF, and protease in-
hibitors (1 μg/ml aprotinin, 10 μg/ml leupeptin and 1mM aminoethyl
fluorosilicon 4-fluoride hydrochloride)]. Thereafter, the samples were
sonicated (1 pulse per second; SONICS Vibra-Cell) and the protein ex-
tracts centrifuged. To note, the protein concentration was determined
by the Lowry method [13]. Thereafter, to cell extracts were added an
equal volume of Laemmli buffer [2X sodium dodecyl sulfate (SDS),
100mM Tris-HCl (pH 6.8), 200mM dithiothreitol (DTT), 4% SDS, 0.1%
bromophenol blue and 20% glycerol]. Lastly, the samples were boiled
at 95° up to 5min. Protein extracts were resolved by SDS–PAGE (10%
or 12%) and transferred to PVDF membranes (Millipore). Membranes
were blocked with either 1% fat-free dried milk or bovine serum al-
bumin (2.5%) in Tris-buffered saline (TBS)–Tween-20 (0.05%) and in-
cubated overnight at 48C with appropriate primary antibody at 1:1.000
dilutions. After washing in TBS–Tween-20 (0.05%), membranes were
incubated with horseradish peroxidase- conjugated anti-rabbit, anti-
goat, or anti-mouse IgGs antibodies, at 1:2.000 dilutions (in all im-
munoblotting assays), in blocking buffer for 1 h. Detection was per-
formed by using enhanced chemiluminescence (ECL). For all Western

Table 1
Expression primers sequences and PCR cycle conditions.

Gene Primer 5ʹ-3ʹ Sequence Reactions
Condition

mmp2 Forward AACTTTGAGAAGGATGGCAAGT 95 °C - 3 s; 55 °C -
8 s; 72 °C - 20sReverse TGCCACCCATGGTAAACAA

mmp9 Forward TGTGCCCTGGAACTCACACGAC 95 °C - 3 s; 55 °C -
8 s; 72 °C - 20sReverse ACGTCGTCCACCTGGTTCACCT

timp1 Forward ATCCTCTTGTTGCTATCACTG 95 °C - 5 s; 56 °C -
10 s; 72 °C - 15 sReverse GGTCTCGTTGATTTCTGGG

timp2 Forward GCAACAGGCGTTTTGCAATG 95 °C - 3 s; 55 °C -
8 s; 72 °C - 20sReverse CGGAATCCACCTCCTTCTCG

β1-integrin Forward CTGATTGGCTGGAGGAATGT 95 °C - 3 s; 60 °C -
8 s; 72 °C - 20sReverse TGAGCAATTGAAGGATAATCATAG

src Forward TCGTGAGGGAGAGTGAGAC 95 °C - 3 s; 60 °C -
8 s; 72 °C - 20sReverse GCGGGAGGTGATGTAGAAAC

fak Forward TCCACCAAAGAAACCACCTC 95 °C - 3 s; 60 °C -
8 s; 72 °C - 20sReverse ACGGCTTGACACCCTCATT

cdk2 Forward TACCCAGTACTGCCATCCGA 95 °C - 3 s; 60 °C -
8 s; 72 °C - 20s

Reverse CGGGTCACCATTTCAGCAAA
cdk4 Forward TCGATATGAACCCGTGGCTG 95 °C - 3 s; 60 °C -

8 s; 72 °C - 20s
Reverse TTCTCACTCTGCGTCGCTTT

cdk6 Forward CGCCGATCAGCAGTATGAGT 95 °C - 3 s; 60 °C -
8 s; 72 °C - 20s

Reverse GCCGGGCTCTGGAACTTTAT
p15 Forward GGGCAAGTGGAGACGGTG 95 °C - 3 s; 60 °C -

8 s; 72 °C - 20sReverse ACCCCCGCTACCTGGATT
p21 Forward CGCCGATCAGCAGTATGAGT 95 °C - 3 s; 60 °C -

8 s; 72 °C - 20sReverse GCCGGGCTCTGGAACTTTAT
cofilin Forward CAGACAAGGACTGCCGCTAT 95 °C - 3 s; 60 °C -

8 s; 72 °C - 20sReverse TTGCTCTTGAGGGGTGCATT
β-actin Forward TCTTGGGTATGGAATCCTGTG 95 °C - 3 s; 60 °C -

8 s; 72 °C - 20sReverse AGGTCTTTACGGATGTCAACG
18 s Forward CGCTATCTGACTCGCTG 95 °C - 3 s; 60 °C -

8 s; 72 °C - 20sReverse GGAAGGTTCTAGTCAGG
gapdh Forward AGGCCGGTGCTGAGTATGTC 95 °C - 3 s; 60 °C -

8 s; 72 °C - 20sReverse TGCCTGCTTC ACCACCTTCT
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blots –β-actin was used as an (additional) internal control.

2.6. RT-qPCR

By considering the same experimental protocol, the cells were
harvested in TriZOL, exactly as recommended by the manufacturer.
Total mRNA samples were quantitated using microplate reader
(SYNERGY-HTX multi-mode reader, Biotek, Tigan St, Winooski, USA).
The cDNA synthesis was performed using the High-Capacity cDNA
Reverse Transcription Kits kit (Applied Biosystems, Foster City, CA,
USA). For each gene evaluated here, we have used 3 reference genes to
normalize the transcripts profile, as follows: gapdh, β-actin and 18 s.
Thereafter, the pool of cDNA was used to evaluate specific gene’s ex-
pression (Table 1).

2.7. Matrix metalloproteinase activities

Thereafter, we decided to investigate whether the MMP’s activities
were modified in response to Ti-enriched medium by exploring zymo-
graphy approach. The pre-osteoblast cultures were treated as detailed
previously up to 24 h when the conditioned medium (cell supernatants)

was collected to determine MMP2 activity. The gelatinolytic activities
of the samples were evaluated by resolving the samples in SDS-PAGE
(10% polyacrylamide) containing 0.1% gelatin. Previously, the samples
were mixed with loading buffer (2% SDS and 0.1% bromophenol blue)
and electrophoresed under non-reducing condition. After electrophor-
esis, gels were washed in 2% Triton X-100 and immersed in buffer
containing 50mM Tris-HCl (pH 7.6), 200mM NaCl, 10mM CaCl2 for
18 h at 37 °C. The gels were stained with 0.5% Coomassie Blue G-250 in
acetic acid/methanol/water (1:4:5 vol/vol/vol) and destained in acetic
acid/methanol/water (1:2:7 vol/vol/vol).

2.8. Confocal microscopy

For confocal microscopy analysis, the cells were grown on glass
coverslips. Adherent cells subjected to Ti-enriched medium were wa-
shed with PBS, fixed in phosphate-buffered paraformaldehyde (4% v/v)
for 1 h, permeabilized in phosphate buffer containing 0.2% Triton-X
100 and 1% BSA at 37 °C for 1 h. For actin cytoskeletal rearrangement
analyzes, the cells were incubated for 40min in Alexa Fluor 488-labeled
phalloidin (10 μg/ml, Invitrogen/Molecular Probes, USA). The cover-
slips containing probed cells were washed and mounted on glass slides

Fig. 1. Schematization of the experimental procedures proposed in this study. Firstly, the titanium discs were incubated in FBS-free cell culture medium up to
24 h (a). By now, the medium containing titanium trace elements was named Ti-enriched medium, which was used to treat semiconfluent cultures up to additional
24 h (b), when challenged pre-osteoblasts (c) were properly processed to obtaining samples to different biochemical methodologies (d).
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using Fluorosield with DAPI (Sigma-Aldrich Corporation St Louis, MO,
EUA) and then viewed on an inverted laser scanning confocal micro-
scope (Leica TCS SP5, Allendale, USA).

2.9. Statistical analysis

Densitometry analysis of the immunoblots bands were done and the
arbitrary values were represented as mean ± standard deviation (SD).
They were verified using student’s t-test (2-tailed) with p < 0.05
considered statistically significant and p < 0.001 considered highly
significant. In experiment where there were> 2 groups, we used one
way ANOVA (non parametric) with post-test of Bonferroni, in order to
compare all pairs of groups. In this case, the significance level was
considered when α=0.05 (95% confidence interval). The software
used was GraphPad Prism 6.

3. Results

Our biological model predicts understanding the molecular differ-
ences in osteoblast behavior when they are subjected to different tita-
nium grades (IV and V)-enriched medium, both presenting or not sur-
face modification by DAE.

3.1. Titanium grades IV and V differentially affect cytoskeleton
rearrangement and adhesion

Firstly, we considered evaluating the effect of TI-enriched medium
on pre-osteoblast adhesion machinery, by testing crucial genes related
in this process. Thus, we showed there are significant differences on ß1-
integrin transcripts profile comparing both titanium grades. In this case
Ti grade V promoted higher expression of ß1-integrin, it is being even
more significant in response to surface with DAE (Fig. 2a). A very si-
milar profile was obtained considering fak (Fig. 2b) and src (Fig. 2c)
genes.

In addition, cofilin gene was up-regulated by Ti grade V (Fig. 2d)
and as cofilin activity is regulated by phosphorylation at Ser03, we
decided to evaluate the profile of cofilin phosphorylation by using
immunoblotting technology and our results showed significant decrease
of cofilin phosphorylation in response to Ti-enriched medium
(Fig. 2e,f), concomitant to the phosphorylation of Rac1 (Fig. 2g,h), a
upstream protein involved upon integrin activation. All of these pro-
teins are related with actin-based cytoskeleton rearrangement and it
has been validated by subjecting those cells to phalloidin staining. Our
images showed there is a dynamic cytoskeleton rearrangement in re-
sponse to Ti-enriched medium and significant differences might be
observed among the groups (Fig. 2i).

Fig. 2. Cytoskeleton rearrangement is modulated by Ti-enriched medium. Pre-osteoblasts were treated with different Ti-enriched medium, as detailed before.
Transcripts profile of ß1-integrin (a), fak (b), src (c); and cofilin (d) were evaluated. In addition, phosphorylations of Cofilin (e,f) and Rac1 (g,h) were evaluated by
immunoblotting; immunofluorescence was performed by using confocal microscope to evaluate actin distribution (i). For immunoblots, the same amount of protein
from the cell lysates was loaded in each lane, and the relevance of the phosphorylation was estimated by the phosphorylated protein/total protein ratio (graphs f and
h). For PCR analysis, we considered gapdh, β-actin and 18 s as housekeeping genes. Statistical differences were considered when compared to the control
group:*p < 0.04; ***p < 0.0006; ****p < 0.0001. Statistical differences between V W/DAE and V Wo/DAE: *p < 0.05. Statistical differences between V W/DAE
and V Wo/DAE: *p < 0.04; **p < 0.0019; ***p < 0.0006; ****p < 0.0001.
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3.2. Variable composition of titanium alloys guarantees pre-osteoblast
survival culminating on cell cycle progression

It is well-established that regenerative mechanism involved with
bone growth peri-implant requires pre-osteoblast adhesion, prolifera-
tion and differentiation. Here, we evaluated the influence of Ti-en-
riched medium on pre-osteoblast machinery to guarantee survival and
proliferative phenotype. Firstly, cell viability was determined by MTT
approach and any cytotoxic effect was found (Fig. 3a), and this profile
might be supported by the expression of Akt (Fig. 3b,c). Thereafter, cell
cycle-related genes were addressed – p21 gene was differentially af-
fected by the experimental condition proposed here (Fig. 3d), while p15
gene presented down-modulation profile (Fig. 3e). Important, con-
sidering cdks genes, we showed a differential behavior of cdks-2, -4, and
-6. Cdk-2 gene was up-expressed in response to Ti grade IV (without
DAE) and Ti grade V (with DAE) (Fig. 3f), while cdk-4 was up-expressed
only in response to Ti grade V without DAE (Fig. 3g). Cdk-6 presented a
very similar profile to cdk-2 (Fig. 3h).

3.3. ECM remodeling is dynamically modulated by variable titanium alloys
compositions

As ECM remodeling is a very important step for the adequate os-
teoblast adaptation on biomaterial’s surface, we decided evaluate ECM-
related genes by qPCR and gelatinolytic activities by zymography
technology. Our data showed there is a significant ECM-related genes
reprogramming, when mmp2 gene was up-expressed in response to ti-
tanium grade IV alloys (Fig. 4a), it being even higher with DAE treat-
ment, while mmp9 (Fig. 4b) and timp1 (Fig. 4c) genes remained

unchanged and timp2 transcripts was significantly up-expressed
(Fig. 4d). Importantly on this scenario, titanium grade V promoted an
up-modulation of both timp1 (Fig. 4c) and timp2 (Fig. 4d) genes, sug-
gesting a diminution of ECM remodeling, which was validated by the
zymogram analysis (Fig. 4e–h). Although MMPs pro-enzyme is higher
in response to titanium grade V than others, this activity is decreased
when the active form of MMP enzyme is evaluated (Fig. 4h).

Summarizing, the Fig. 5 brings a draw of the main findings proposed
in this study, where it is possible to observe a Ti-released trace elements
affect pre-osteoblast metabolism governing ECM remodeling and con-
sequently cytoskeleton rearrangement. Indeed, theses parameters might
be correlated with the beginning of proliferative phenotype of pre-os-
teoblast.

4. Discussion

The knowledge about the cellular and molecular behavior in re-
sponse to titanium devices is urgent once their properties interfere on
bone remodeling and health. Over the last few years, we have devoted
efforts to purpose in vitro strategies to elucidate intracellular mechan-
isms triggered by trace elements from different biomaterials, such as
hydroxyapatite [14–18], cobalt-chromium [19] and titanium
[6,12,20,21]. Regarding the titanium alloys, we have shown their ca-
pacity in modulating distant cells by releasing molecules, which pro-
foundly affect osteoblast performance, mainly compromising cytoske-
leton-related cell adhesion [12]. As titanium alloys are presented in
different compositions, we addressed in this study the capacity of ti-
tanium-enriched medium obtained from titanium grades IV and V,
submitted or not to dual acid-etching (DAE), in modulating osteoblast

Fig. 3. Ti-enriched medium modulates pre-osteoblast viability and proliferative phenotype. Pre-osteoblasts (MC3T3-E1 cells) were treated with Ti-enriched
medium up to 24 h, when the cell viability was measured by MTT approach (a), and the AKT protein profile was estimated (b,c). qPCR methodology was used to
estimate the transcriptional profile of p21 (d), p15 (e), cdk2 (f), cdk4 (g), cdk6 (h) genes. For PCR analysis, we considered gapdh, β-actin and 18 s as housekeeping
genes. Statistical difference when compared to the control group: *p < 0.04; **p < 0.0019; ****p < 0.0001. Statistical differences between V W/DAE and V Wo/
DAE: ***p < 0.0006; ****p < 0.0001. Statistical differences between V W/DAE and V Wo/DAE: ****p < 0.0001.
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performance by evaluating pre-osteoblast viability, proliferation and
ECM remodeling. To note, DAE-based surface modification is over-
spread used in dental implants, resulting a well-known micro-scaled
roughness [22], able to increase of the contact surface with the en-
vironment. In sum, our data showed important differences on osteoblast
performance, responding differentially to variations of titanium alloy
compositions.

Titanium-enriched medium promoted up-expression of cyclin-de-
pendent kinases (CDKs), preparing the cells to a proliferative pheno-
type. CDKs are important modulators in controlling cell division and
modulating transcription in response to several extra- and intracellular
signals [23]. Despite p21 up-expression, p15 gene was down-modu-
lated, it being even more significant in response to DAE presented in
both titanium grades considered in this study, once INK4 proteins
contains p16INK4a, p15INK4b, p18INK4c and p19INK4d interact with
the monomeric CDKs, distorting the cyclin interface and the ATP-
binding pocket [24]. In addition, members of the Cip/Kip family of
inhibitors (p21Cip1, p27Kip1 and p57Kip2) inhibit CDK-cyclin het-
erodimers [25]. At this point, the proliferative phenotype resulting in
response to titanium-enriched medium guarantees a higher number of
osteogenic cells, positively modulating further the bone de novo de-
position at the end steps of the osseointegration-related biological se-
quence.

Firstly, cytoskeleton was dynamically rearranged by down-

modulating the Rac/Cofilin pathway. These findings might be an im-
portant link between cell adhesion and the beginning of proliferation
stage. We have proposed cytoskeleton rearrangement as a good para-
meter to be considered, once we showed a multitude of intracellular
signaling able to govern cytoskeleton rearrangement during the first
steps of the osteoblast adhesion [26–28]. Additionally, it seems to be a
decisive mechanism driving osteoblast performance, once bone de novo
deposition requires a dynamic cell adhesion and this performance
compromises osseointegration mechanism.

On this sense, the cell anchoring to the substrate is both decisive and
important aspect to be considered regarding the biomaterial-related
cellular behavior. Thus, the mechanism related with the extracellular
matrix (ECM) remodeling in response to biomaterials needs to be ad-
dressed. Briefly, ECM components are synthetized and secreted by ac-
tive osteoblast in order to modify their microenvironment [29,30],
providing a better cell anchoring. This mechanism is improved by the
presence of the RGD peptides in the ECM-related proteins, which must
be recognized by the integrins [31]. Here, we showed titanium-en-
riched medium down-modulates MMP2 activities, while their tissue
inhibitors, timp1 and timp2 genes were up-expressed, suggesting a
considerable diminution of the ECM remodeling in response to Ti-en-
riched medium. These results corroborates with previously published
data, where we showed TIMP-2 is involved in the control of ECM re-
modeling in distinct phases of osteoblast differentiation [32], as well as

Fig. 4. Ti-enriched medium drives ECM remodeling. In order to evaluate ECM remodeling, we firstly evaluated transcripts of mmp2 (a), mmp9 (b), timp1 (c), timp2
(d). Thereafter, the activities of MMPs were evaluated by using zymography (e). The zymogram analysis is shown in the graph “f-h”. For analysis PCR, we considered
gapdh, β-actin and 18 s as housekeeping genes. Statistical difference were considered when compared to the control group: *p < 0.04; **p < 0.0019;
***p < 0.0006; ****p < 0.0001. Statistical differences between V W/DAE and V Wo/DAE: *p < 0.05. Statistical difference betweens V W/DAE and V Wo/DAE:
*p < 0.04; ****p < 0.0001.
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driving alveolar bone regeneration [33]. To note, MMPs are proteases
able to breakdown the components of ECM in full, profoundly con-
tributing with the tissue remodeling in health and physiopathological
conditions [29]. Indeed, we suggested this diminution of the ECM re-
modeling as an event able to guarantee the adequate stability of the
ECM and effectively contributing with cell adhesion and viability [34].
This hypothesis seems to be validated when we identified a significant
up-expression of ß1-integrin in response to Ti grade V, concomitant with
their related downstream signaling proteins src and fak, while MMP
activity was decreased. To note, deposited matrix components promote
immediate intracellular pathways upon integrin activation recruiting
both Src and FAK into focal adhesion platforms, which guides cell ad-
hesion, migration and proliferation, by triggering signals to drive cy-
toskeleton rearrangement [3,5,27]. Thus, a well-orchestrated ECM-re-
modeling seems to be a fundamental parameter to drive cellular
performance peri-implants.

By associating the main findings obtained here in response to trace
elements released from titanium devices, it is envisionable that part of
the clinical effects on this matter have bearing on immune-modulatory
properties by differentially required Rac activity, once Rac has been
reported with several inflammatory-related pathways such as JAK-
STAT signaling [35]. In addition, it might be relayed by the im-
munosuppressive properties of Arginine and Tryptophan metabolism,
as suggested elegantly by Mondanelli et al. (2017), using dendritic cells
[36]. However, we have used only in osteoblast to evaluate the effect of
Ti-enriched medium and this is a limitation of this study to consider
inflammatory landscape.

Taking our results into account, we showed for the first time that
trace elements from titanium-based biomedical devices modulate the
behavior of osteoblasts, resulting in a favorable microenvironment to
drive cell anchoring, viability and the beginning of proliferative phe-
notype.
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