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Abstract
Objective: Using a mouse osteoporotic model, this study aimed to determine the in-
fluence of hydrophilic titanium surfaces on gene expression and bone formation dur-
ing the osseointegration process.
Background: Based on the previous evidence, it is plausible to assume that osteo-
porotic bone has a different potential of bone healing. Therefore, implant surface 
modification study that aims at enhancing bone formation to further improve short- 
and long-term clinical outcomes in osteoporosis is necessary.
Material and Methods: Fifty female, 3-month-old mice were included in this study. 
Osteoporosis was induced by ovariectomy (OVX, test group) in 25 mice. The fur-
ther 25 mice had ovaries exposed but not removed (SHAM, control group). Seven 
weeks following the ovariectomy procedures, one customized implant (0.7 × 8 mm) 
of each surface was placed in each femur for both groups. Implants had either a 
hydrophobic surface (SAE) or a hydrophilic treatment surface (SAE-HD). Calcium 
(Ca) and phosphorus (P) content was measured by energy-dispersive X-ray spec-
troscopy (EDS) after 7 days. The femurs were analyzed for bone-to-implant contact 
(BIC) and bone volume fraction (BV) by nano-computed tomography (nano-CT) after 
14 and 28  days. Same specimens were further submitted to histological analysis. 
Additionally, after 3 and 7  days, implants were removed and cells were collected 
around the implant to access gene expression profile of key osteogenic (Runx2, Alp, 
Sp7, Bsp, Sost, Ocn) and inflammatory genes (IL-1β, IL-10, Tnf-α, and Nos2) by qRT-PCR 
assay. Statistical analysis was performed by ANOVA and paired t test with signifi-
cance at P < .05.
Results: The amount of Ca and P deposited on the surface due to the mineraliza-
tion process was higher for SAE-HD compared to SAE on the intra-group analysis. 
Nano-CT and histology revealed more BV and BIC for SAE-HD in SHAM and OVX 
groups compared to SAE. Analysis in OVX group showed that most genes (ie, ALP, 
Runx2) involved in the bone morphogenetic protein (BMP) signaling were significantly 
activated in the hydrophilic treatment.
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1  |  INTRODUC TION

The number of elderly patients seeking treatment with dental 
implant has increased in recent years. At the same time, an in-
creased number of these patients are expected to suffer from one 
or more chronic metabolic diseases, like osteoporosis, which can 
affect bone healing and potentially lead to more implant failures 
or greater marginal bone loss.1-4 Osteoporosis is a skeletal disorder 
characterized by a reduction in bone mass and microarchitectural 
deterioration of the bone tissue that increases fracture risk, affect-
ing 300 million people worldwide.5 This disease is more prevalent 
in postmenopausal women, and it will likely increase as the overall 
population over 60 years old is expected to grow to nearly 2.1 bil-
lion by 2050.6,7

Both etiology and therapy of osteoporosis (estrogens, vitamin 
D, and bisphosphonates) may interfere with wound healing process 
and osseointegration.8-11 In vitro and preclinical studies in ovariecto-
mized animals reported that low bone density might present negative 
effect on multiple situations where bone remodeling occurs, such as 
delay of femoral fractures healing,12 critical-sized cranial defects fol-
lowing grafting with alloplastic bone substitutes,13 post-extraction 
sockets,14-16 healing after osteotomy,16 and the osseointegration of 
titanium dental implants.9-11 Osseointegration is important for de-
termining the success of dental implant outcomes as it results in the 
direct structural and functional connection between the surface of 
a load-bearing implant and living bone.17 Previous studies have also 
highlighted the importance of bone-implant contact (BIC) for long-
term successful implant osseointegration.18

Therefore, the modification of the titanium implant surface, for 
example, by the deposition of inorganic/ organic coatings, has been 
used to improve the implant-bone response in osteoporotic condi-
tions compared to healthy conditions.18-25 The positive effect of sur-
face topography on implant osseointegration, accomplished through 
grit blasting and acid etching, has been previously reported.26-30 
Also, hydrophilic surfaces have been used to enhance further the 
bone formation process reducing the healing time in diabetic and 
osteoporotic conditions.31-33

The mechanisms that control osseointegration are only par-
tially understood and more studies are required in situations of 
poor bone quality and impaired healing. Activation and de-acti-
vation of key regulatory genes are crucial to the process of dif-
ferentiation of osteoprogenitor cells, and it is also affected by 

cell-surface interactions.34 In osteoporosis, the proliferation and 
recruitment of mesenchymal stem cells (MSCs) to the site of bone 
remodeling are impaired.35,36 Also, MSCs have a reduced poten-
tial to differentiate into osteoblasts and an increased tendency 
to differentiate into adipocytes.37,38 Based on the previous ev-
idence, it is logical to assume that osteoporotic bone has a dif-
ferent bone healing potential, and therefore, a modification of 
the current treatment protocols and materials for dental implant 
therapy may be necessary when treating osteoporotic patients. 
The present study aims to evaluate the influence of different ti-
tanium implant surfaces (hydrophobic and hydrophilic) on osteo-
genic genes modulation and bone formation, in an osteoporotic 
mouse model.

2  |  MATERIAL S AND METHODS

2.1  |  Experimental animal model

The research protocol was approved by The Institutional Animal 
Use & Care Committee (IACUC), University of Michigan. This re-
search was conducted in compliance with University guidelines, 
State and Federal regulations and the standards of the “Guide for 
the Care and Use of Laboratory Animals.” Fifty female, 3 months 
old, C57BL/6 (B6) mice (Jackson Laboratories), weighting between 
22 and 30 g, with no injuries or congenital defects were used in 
this study. Before the surgery, animals were anaesthetized via in-
halation of 4%-5% isoflurane (Piramal, Pennsylvania, USA) for in-
duction and maintained with 1%-3% of isoflurane as needed to 
maintain surgical anesthesia using a calibrated vaporizer. Level of 
anesthesia was monitored by toe pinch and eye reflex. Ophthalmic 
ointment was used to protect the animals’ eyes during surgery. 
Alcohol-soaked gauze sponges were alternated with iodophor-
soaked gauze sponges or Q-tips to disinfect the surgical site. The 
wound area was shaved gently. The surgical field was cleaned with 
povidone iodine solution (alternating scrubs of povidone iodine/
chlorhexidine with normal saline/alcohol/sterile water). For post-
operative pain management, Carprofen (Piramal, Pennsylvania, 
USA) was provided preemptively and for 48  hours postopera-
tively. Signs of complications related to surgery were monitored 
daily. Surgery records were kept and also included frequency of 
postoperative analgesics administered.

Conclusion: Both surfaces were able to modulate bone responses toward osteoblast 
differentiation. SAE-HD presented a faster response in terms of bone formation and 
osteogenic gene expression compared to SAE. Hydrophilic surface in situations of os-
teoporosis seems to provide additional benefits in the early stages of osseointegration.

K E Y W O R D S
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2.2  |  Induction of osteoporosis-like conditions

Experimental osteoporosis was induced by ovariectomy (OVX) 
and calcium- and phosphorus-deficient diet using a method previ-
ously described.14 For all animals, the ovaries were identified and 
displayed bilaterally, following a longitudinal incision in the region 
below the last rib and next to the kidney. In 25 OVX animals (OVX, 
test group), hemostasis was secured by suturing the top of the 
fallopian tube (Vicryl 4-0; Ethicon, Somerville, NJ, USA) and the 
ovaries together with the oviduct and a small portion of the uterus 
were excised. The remaining 25 mice (SHAM, control group) only 
had their ovaries identified and surgically exposed, and free ac-
cess to regular food and water. The muscles and skin were then 
sutured in layers in all animals (Vicryl 4-0; Ethicon), and wound 
clips were used to final closure. Ovariectomized mice were fed 
with calcium- and phosphorus-deficient diet (0.1% calcium and 
phosphorus 0.77%; LabDiet, St. Louis, MO, USA) and water ad li-
bitum throughout the whole experimental period. Following the 
7  weeks of protocol for osteoporosis induction, a 3-D nano-CT 
was performed, and it was validated that OVX produced an osteo-
porotic phenotype in the appendicular skeleton (Figure 1). Implant 
placement was standardized for both OVX and SHAM groups. 
Hydrophobic surface (SAE) implant was placed on left femur and 
hydrophilic surface (SAE-HD) implant was placed on right femur 
of each mouse.

2.3  |  Experimental implant surgical procedure

The same experimental surgical procedure was performed in all 
animals. The distal femur was accessed through a medial parapa-
tellar arthrotomy. After locating the femoral intercondylar notch, 
the femoral intramedullary canal was manually reamed with a 
sequence from a 30-gauge needle to a 21-gauge needle. Then, a 
cpTi grade IV implant (diameter 0.7 mm and length 8 mm) prepared 
with a hydrophobic (SAE) or hydrophilic (SAE-HD) surface was 
placed (Neodent, Curitiba, Brazil) (Figure 2). Each femur received 
a different implant surface, as stated above. The soft tissues were 
repositioned, and the overlying muscles and periosteum were su-
tured with simple interrupted sutures (Vicryl 5-0; Ethicon). The 
animals were euthanized with an overdose of carbon dioxide at 
different time points.

2.4  |  SEM and EDS analysis

Five animals for each OVX and SHAM group were euthanized at 
7 days after implant placement for chemical analysis. The implants 
were examined by high-resolution scanning electron microscopy 
(Hitachi S-4700, Tokyo, Japan) and energy-dispersive X-ray spec-
troscopy (EDS) to identify chemical elements in several types of 
sample components, whether mineral or organic. The calcium and 
phosphorus content was measured at the surface of each implant 

in 6 different areas. The results were expressed by the mean value 
of the 6 measurements randomly taken.

2.5  |  Nano-CT analysis

Animals were euthanized at 14 and 28 days post-implant placement 
(n = 5, per group). Muscle tissue and epiphyses were removed, and 
bone/implant samples were fixed with 4% paraformaldehyde (Z 
Fix, Anatech Ltd, Battle Creek, MI, USA). Non-destructive analy-
sis of the neoformed bone at the implant interface was performed 
using nano-CT (Nanotom-S, phoenix|X-ray, GE; Germany), located 
at the University of Michigan, Orthopedic Research Laboratories, 
Ann Arbor, MI. The samples were scanned with pieces rotation in 
360º, using monochromatic X-rays with 80  kV, 320  μA, 120  ms 
exposure time, 3 frame averaging, 6 μm voxel size. The softwares 
NRecon and DataViewer were used for the image reconstruction. 
A region of interest (ROI) around the implant was defined, where 
the bone volume fraction (BV) could be calculated. Outcome vari-
ables were BV, being the percentage of bone present in the region 
around the implant, and BIC, being the area percentage of the total 
implant surface covered by bone.

F I G U R E  1  Two- and three-dimensional reconstructed images 
of OVX mouse model 3 months post-surgery obtained by nano-CT 
scanning
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2.6  |  Histological processing

Immediately following the nano-CT imaging, samples were prepared 
for histological assessments of non-demineralized samples. Fixation 
of samples was performed in 10% formaldehyde for a week followed 
by gradual dehydration using a series of alcohol solutions ranging 
from 70% to 100% ethanol. Specimens were processed using a 
Leica ASP300 tissue processor and then placed in a series of me-
thyl methacrylate and dibutyl phthalate with progressively higher 
concentrations of benzoyl peroxide. Samples were manually embed-
ded in partially polymerized polymethyl methacrylate (PMMA) and 
allowed to cure at room temperature for up to ten days. Blocks were 
then hardened in a 37°C oven overnight. The tissues were sliced 
(~300 μm in thickness) through the center of the implant along its 
long axis with an Isomet 2000 precision diamond saw (Buehler Ltd., 
Lake Bluff, Illinois, USA), glued to acrylic plates with an acrylate-
based cement Technovit 7000 VLC (Külzer, Wehrheim, Hesse, 
Germany), and allowed to set for 24 h prior to grinding and polishing. 
The sections were then reduced to a final thickness of ~30 μm by 
grinding/polishing using a series of abrasive papers EXACT 310 CP 
series (1200, 400, 55 and 15) (EXACT Apparatebau, Norderstedt, 
Schleswig-Holstein, Germany) under water irrigation. The unstained 
sections were analyzed by polarized light microscopy Axioplan 2 
(Zeiss, Jena, Thuringia, Germany); the sections were then stained 
with toluidine blue and submitted to an optical microscopy evalua-
tion Olympus BX51 Microscope (Olympus America Inc).

2.7  |  Histomorphometrical analysis

In each histological slice, eight non-superimposing fields, corre-
sponding to the implant/bone interface (three fields on each side 
of the implant), were captured by scanning at a 4× magnification, 
and digital image analysis software (Zen 2.5®; Carl Zeiss Meditec, 
Dublin, CA) was used to measure the BIC. The regions of BIC along 
the implant perimeter were subtracted from the total implant perim-
eter, and calculations were performed to determine the final % of 
BIC. Results were reported as percentages.

2.8  |  RNA isolation, complementary DNA (cDNA) 
synthesis, and quantitative real-time polymerase 
chain reaction (qRT-PCR)

Five animals for each group were euthanized at 3 and 7 days for qRT-PCR 
analysis. Femurs were harvested, and implants were explanted by frac-
ture of the femurs. For evaluation of gene expression in cells adherent to 
explanted endosseous implant surfaces, immediately following retrieval 
the implants were rinsed in cold PBS (Gibco-Life Technologies, Grand 
Island, NY, USA) and then placed into 1 mL of TRIzol reagent (Invitrogen 
Life Technologies, Carlsbad, CA, USA). Total RNA was isolated follow-
ing TRIzol manufacturer's recommendations. Total RNA concentration 
was quantified using a NanoDrop 2000 spectrophotometer (NanoDrop 
products, Wilmington, DE, USA). The extracted RNA was reverse-tran-
scribed following a conventional protocol to synthesize complementary 
DNA (cDNA). cDNA synthesis was performed using 500 ng of RNA fol-
lowing the manufacturer's protocol (SuperScript VILO cDNA Synthesis, 
Invitrogen Life Technologies, Carlsbad, CA, USA).

Then, qRT-PCR was performed to check the expression of osteo-
genic markers: runt-related transcription factor-2 (Runx-2), transcrip-
tion factor Sp7, also called osterix (Sp7), alkaline phosphatase (Alp), 
osteocalcin (Ocn), bone sialoprotein (Bsp), and sclerostin (Sost). Also, in-
flammatory-related genes such as interleukin 1 beta (IL-1β), interleukin 
10 (IL-10), and tumor necrosis factor alpha (Tnf-α), and nitric oxide syn-
thase 2 (Nos2) were evaluated. All primers were obtained from Qiagen 
(Qiagen Sciences, Germantown, MD, USA). The reactions were pre-
pared using SYBR Green Real-Time PCR Master Mix (Qiagen) accord-
ing to the manufacturer's protocol. Thermal cycling was performed on 
an ABI 7900HT (Applied Biosystems, Foster City, CA, USA) according 
to the recommended protocol. SHAM SAE 3 days of samples were set 
as control, 1.0-fold expression level. Glyceraldehyde-3-phosphate de-
hydrogenase (Gapdh) was used as house-keeping control gene.

2.9  |  Statistical analysis

qPCR data were analyzed using the 2−ΔΔCt method and results re-
ported as fold change.39,40 t Test was performed for comparison of 

F I G U R E  2  One cpTi grade IV implant (diameter 0.7 mm and length 8 mm) prepared with a hydrophobic (SAE) (left) and one with 
hydrophilic (SAE-HD) (right) surface was placed in each femur
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gene expression levels at days 3 and 7. Calcium and phosphorus con-
tent, nano-CT parameters (BV and BIC), and histomorphometrical 
analysis were subjected to analysis of variance (ANOVA) followed by 
Tukey post hoc test to determine differences between experimental 
time points and implant groups. For all tests, results were considered 
significant if P ≤ .05. For all analyses, control group was SHAM SAE 
3 days.

3  |  RESULTS

3.1  |  Surface analysis by EDS

The amount of calcium and phosphorus deposited on the implant 
surface was higher for SAE-HD surface compared to the SAE surface 
within SHAM and OVX groups. Calcium and phosphorus content 
was higher in SHAM compared to OVX mice. Statistically significant 
differences were observed for the amount of calcium deposition 
between SHAM SAE and SHAM SAE-HD, and phosphorus con-
tent between the different surfaces within SHAM and OVX groups 
(Figure 3A and B).

3.2  |  Nano-CT analysis

Three-dimensional (3D) reconstruction of the new bone formation 
around the implant for the different titanium surfaces is shown in 
Figure 4. The area of new bone tissue and the entire trabecular bone 
around implants are represented by yellow and green, respectively. At 
14 days, greater BV and BIC were observed for SAE-HD compared to 
SAE surface within OVX and SHAM groups (Figure 5A and B). However, 
it reached statistically significant difference for BV (P = .0001) and BIC 
(P = .0026) between both surfaces only for SHAM animals. At 28 days, 
SAE-HD implant surface showed increased BV for the OVX animals 
compared to the other groups, with a statistically significant difference 
from SHAM SAE-HD groups (P  =  .0001; Figure  5A). Similar results 
were noted for the OVX SAE-HD group for BIC after 28 days, with 
statistically significant differences between SHAM SAE (P  =  .0196), 
SHAM SAE-HD (P = .0132 and OVX SAE (P = .0143) groups (Figure 5B).

3.3  |  Histological analysis

In general, analysis of bone formation around the implants in all groups oc-
curred in a time-dependent way, and after 28 days of implant placement, 
a significant portion of the implant surface was in contact with newly 
formed bone. At 14 days after implant placement in the bone marrow, it 
was observed more trabecular spaces between the cortical bone and the 
implant surfaces for SAE surface in both SHAM and OVX groups com-
pared to the SAE-HD surface, representing an earlier deposition of newly 
formed bone at the implant surface of the SAE-HD groups (Figure 6A-D).

At 28 days, the SHAM group with SAE surface revealed consid-
erably less amount of BIC compared to the SHAM with SAE-HD im-
plant, and both OVX samples (Figure 6E-H).

3.4  |  Histomorphometrical results

Values (in percentages) for BIC on the SAE and SAE-HD implants at 
all experimental time points are illustrated in Figure 7. After 14 days, 
the SAE-HD group presented a higher BIC than did the SAE group 
for SHAM group, but no statistically significant differences were 
observed in between the groups. At day 28, both SAE and SAE-HD 
groups had enhanced BIC rates compared with SAE at day 14. 
Statistically significant differences were observed for SHAM SAE 
(P = .0163) and SHAM SAE-HD (P = .0238) between 14 and 28 days.

3.5  |  Osteogenic differentiation and 
gene expression

For early osteogenic markers, there was a 2- and 2.5-fold increase 
for Alp gene at 3 and 7 days, respectively, in the OVX SAE-HD group 
compared to control. For Runx2 gene expression levels, there was a 
2.4-fold increase in the OVX SAE-HD group compared to the control 
group after 7 days. Sp7 mRNA levels were increased by 2.7-fold and 
2.4-fold for SHAM SAE and SHAM SAE-HD after 7  days, respec-
tively. For OVX SAE and OVX SAE-HD, levels close to baseline val-
ues were observed for Sp7 after 7 days (Figure 8A).

F I G U R E  3  A and B, Calcium and phosphorus % atomic content measured by EDS on the surface of the implant (n = 5 animals and n = 6 
measurements/sample). The results are expressed as the mean ± SD; *Represents statistically significant difference (P < .05)
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Analysis of late osteogenic markers showed a 2-fold increase for 
Sost at 3 days for SHAM SAE-HD group compared to control group, 
while for all other time points and groups, Sost expression was lower 
than baseline levels. There was an increase of 2.8-fold for Bsp lev-
els at 7 days for the SHAM groups and a 1.5- and 2.3-fold for SAE 
and SAE-HD in OVX, respectively. Ocn presented increased mRNA 
expression levels at 7 days for all groups compared to the control 
group. Comparing the osteoporotic like condition groups, there was 
a 1.2- and 1.6-fold increase for the SAE and SAE-HD implants, re-
spectively (Figure 8B).

When evaluating the inflammatory markers, IL-1β presented 
higher fold expression levels for the OVX groups compared to the 
SHAM groups at the same time points. IL-10 had a 1.7-fold increase 
for the SHAM SAE-HD at 3  days while all other groups and time 
points showed reduced IL-10 expression compared to the control 
group. Tnf-α expression had a 1.8-fold increase for OVX SAE-HD at 

day 3 and a 2.2-fold increase for group OVX SAE at day 7. Nos2 ex-
pression levels were close or below baseline levels for all groups at 
both time points, except for group SHAM SAE-HD that presented a 
2-fold increase at 3 days (Figure 8C).

4  |  DISCUSSION

In the present study, two different implant titanium surfaces were 
used in an approach to compare bone formation and gene expres-
sion levels in osteoporotic and control mice. Interestingly, by EDS 
and qRT-PCR, a significant increase in calcium and phosphorus, and 
upregulation of most genes related to osteogenesis were observed 
in association with the use of a hydrophilic surface compared to a 
hydrophobic surface, in both osteoporotic and healthy conditions. 
Increased roughness and wettability of a Ti surface have been 

F I G U R E  4  Representative nano-CT 3D 
reconstruction. New bone tissue and the 
entire trabecular bone around implants 
are represented by yellow and green, 
respectively. SAE-HD and SAE implants at 
14 days (A, B, C, and D) and 28 days (E, F, 
G, and H) after implant placement
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shown to induce differentiation of mesenchymal stem cells into 
bone forming cells, creating an osteogenic and angiogenic micro-
environment.33,41 Histological studies have also demonstrated im-
provements of the osseointegration process with the increase in the 
wettability of titanium implants surface in comparison to implants 
that received sandblasting and acid etching only.42,43 In the present 
study, experimental osteoporosis was induced in adult female mice 
by bilateral ovariectomy and the administration of a calcium- and 
phosphorus-deficient diet. Successful induction of osteoporosis in 
rodents has been reported in previous studies.14,44 Moreover, a re-
cent study demonstrated an evident osteoporotic phenotype in both 
long bones and alveolar bone of mice by induction of osteoporosis 
via ovariectomy.45

In the present report, it was observed greater amount of cal-
cium and phosphorus around the hydrophilic surface, and it is 
known from previous studies that Ca2+ and (PO4)3− ions stimu-
late cellular and intracellular signaling and favor osteoblastic cell 
activity in the process of bone formation.46,47 Further, Ca2+ ions 

might increase osteogenic cell chemotaxis and migration toward 
the coated surface via the activation of calcium signaling. Ca2+ 
and (PO4)3− ions also play a crucial role in bone mineralization and 
can facilitate the precipitation of bone-like apatite on the implant 
surface.48,49

Preclinical studies reported lower osseointegration rates in 
ovariectomized animals when different types of root form im-
plants were inserted in extraoral locations.9,11 In addition, clinical 
reports suggested that implant osseointegration may be delayed 
and biomaterial failures may be increased in osteoporotic pa-
tients.9,10 qRT-PCR analysis at 3 and 7  days revealed different 
effects of the experimental surfaces on gene expression levels 
involved in peri-implant osteogenesis. The hydrophilic surface 
often presented higher expression levels of osteogenic mark-
ers. These findings can present an important clinical implication 
since during the osseointegration process an early recruitment, 
attachment, and proliferation of bone cells to the implant surface 
is required.46 A recent study33 reported that hydrophilic implant 

F I G U R E  5  A, Quantification of 
BV obtained from nano-CT analyses 
calculated as a percentage of the total 
implant perimeter. Results are shown 
as mean percentages ± SD in the SAE 
and SAE-HD groups, 14 and 28 days 
after implant placement. Statistically 
significant differences are indicated as 
follows: 14 days: *P = .0001, **P = .0120, 
***P = .0001, ****P = .0001; 28 days: 
*****P = .0001. B, Quantification of 
BIC obtained from nano-CT analyses 
calculated as a percentage of the total 
implant perimeter. Results are shown as 
mean percentages ± SD in the SAE and 
SAE-HD groups, 14 and 28 days post-
implantation. Statistically significant 
differences are indicated as follows: 
14 days: *P = .0026, **P = .0071; 28 days: 
***P = .0143, ****P = .0196, *****P = .0132
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surfaces led to earlier expression of signaling pathways associ-
ated with osteoblast differentiation as compared to hydrophobic 
surfaces. Similarly, the overexpression of the osteo-related genes 
could be related to the hydrophilic surface used in this study. Alp 
is described as a marker of primary osteogenic activity and cal-
cification regulation50 and its presence demonstrates possible 
osteoblasts differentiation and bone formation.51,52 Furthermore, 
it has been recently shown16 that alkaline phosphatase activity 
declines, with a comparable increase in osteoclast activity in os-
teoporotic conditions. The present study demonstrated a 2- and 
2.5-fold increase for Alp at 3 and 7 days, respectively, in the OVX 
SAE-HD group compared to control. It can be speculated that the 

hydrophilic surface apparently modulated a higher expression of 
this gene required for optimal bone formation. Runx2 and Sp7 are 
transcription factors essential for osteoblast differentiation, and 
their increase is an indicative of osteoinduction and osteoblast 
differentiation.29 A recent published study demonstrated reduced 
osteoprogenitor cells in the PDL of osteoporotic mice with a sig-
nificantly decrease in absolute number and percentage of cells 
that were Sp7 and Runx2 positive, after tooth extraction and 
during socket healing.45 Remarkably, Runx2 was overexpressed in 
OVX SAE-HD after 7 days and Sp7 was significantly reduced in os-
teoporotic conditions for both surfaces, suggesting that implant 
surface can partially upregulate osteogenic gene expression.

F I G U R E  6  Representative photomicrographs of toluidine blue-stained thin sections (original magnification at 2×, 4×, and 10×) in bright 
field of SHAM (A, B, E, and F) and OVX (C, D, G, and H) at 14 days and 28 days. Observe the presence of new bone formation and the 
contact between bone and implant for both groups. In group SAE-HD at 28 days, see the presence of trabecular bone more compact and in a 
greater number than group SAE at the same period, suggesting the acceleration of osseointegration
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F I G U R E  7  BIC of histology analyses 
calculated as a percentage of the total 
implant perimeter. Results are shown as 
mean percentages ± SEM in the SAE and 
SAE-HD groups, 14 and 28 days after 
implant placement. Statistically significant 
differences are indicated as follows: 
*P = .0163 and **P = .0238

F I G U R E  8  A, Relative gene expression 
level for early osteogenic genes: Alp, 
Runx2, and Sp7. Total RNA was isolated 
on days 3 and 7. The results are shown 
in the relative expression for the SAE 
day 3 (Method 2−ΔΔCt), n = 5 per group. 
B, Relative gene expression level for late 
osteogenic genes: Sost, Bsp, and Ocn. 
Total RNA was isolated on days 3 and 
7. The results are shown in the relative 
expression for the SAE day 3 (Method 
2−ΔΔCt), n = 5 per group. C, Relative gene 
expression level for pro-inflammatory (IL-
1β and Tnf-α) and anti-inflammatory genes 
(IL-10 and Nos2). Total RNA was isolated 
on days 3 and 7. The results are shown in 
the relative expression for the SAE day 3 
(Method 2−ΔΔCt), n = 5 per group
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Activation of the immune system controls the initial response to 
the implanted material and affects its long-term survival and integra-
tion.53 On the other hand, a lack of inflammatory response will leave 
the debris from implantation to remain and affect the integration of 
the material and generation of new tissue.54 Greater levels of pro-in-
flammatory factors (IL-1β and Tnf-α) were present in comparison to 
anti-inflammatory factors (IL-10 and Nos2) after 7  days. Tnf-α was 
higher for OVX group after 3 days for the hydrophilic surface and 
reduced after 7 days. Resolution of inflammation is a key event to 
allow osteoblast recruitment and differentiation for bone formation. 
The lower levels of Tnf-α after 7 days could not only indicate that 
the initial inflammatory response is about to resolve but it is also 
an indication of osteogenic potential at the site, as shown by the 
increase in Runx2 mRNA levels. Although Tnf-α was demonstrated to 
suppress osteogenic differentiation in estrogen-deficiency-induced 
osteoporosis, this was not observed in the present experiment.55 
Additionally, the tested implant surfaces did not demonstrate a sub-
stantial role specific on anti-inflammatory markers, and IL-10 levels 
remained constant after 7 days.

The histological findings revealed slightly better behavior for the 
hydrophilic surface on new bone formation and BIC within groups 
comparison. Better osseointegration, often described as increased 
BIC, for hydrophilic implants has been demonstrated through in vivo 
studies.21,56,57 However, further comparisons of implant surfaces in 
osteoporotic conditions are missing. Further corroborating our data, 
previous studies demonstrated that the use of hydrophilic surface 
may promote bone healing and osseointegration in osteoporotic 
rabbits.21 Enhanced bone area and BIC around implants placed in 
sheep tibia were also demonstrated in a recent study.58 A limitation 
of BV and BIC analysis throughout nano-CT measurements is the 
inherent artifacts surrounding high-density materials such as tita-
nium implants that degrade image quality and interfere with image 
interpretation. Therefore, histomorphometrical analysis using histo-
logical sections was performed in order to further validate BIC val-
ues. The present study presents several limitations. Although mice 
are easy to handle and house, and are genetically well character-
ized, their bone metabolism is relatively different from humans, and 
their bone structure is absent of Haversian system.59,60 On the other 
hand, the bone metabolism and composition of larger animals are 
more similar to the one of humans, but the utilization of this animal 
model is associated with overall higher costs and ethical debates.61 
Additionally, loading features is totally different in animals compared 
with human beings. Data on implant loading were not tested in the 
present study since they cannot be transferred to clinical practice, 
especially in this type of animal model. Therefore, the extrapolation 
of the present experimental findings obtained with small animals 
to the clinical scenario is difficult, and further studies should inves-
tigate the extent to which modified implant surfaces can improve 
osseointegration in patients with compromised bone. Within the 
limitations of the present study, it was suggested that hydrophilic 
surfaces can modulate genes expressed by adjacent progenitor cells, 
controlling some of the initial phenomena of osseointegration.

5  |  CONCLUSION

Our results suggest that a hydrophilic surface could be consid-
ered to improve osseointegration in the presence of osteoporosis, 
since an upregulation of genes related to osteogenic differentia-
tion was observed. Furthermore, we observed significant higher 
amount of calcium and phosphorus content, and slightly greater 
BV and BIC for the hydrophilic surface even in conditions of in-
duced osteoporosis.
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