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Abstract. — OBJECTIVE: Although Tantalum
(Ta) exhibits better osteoinductivity in healthy
subjects when compared with titanium (Ti),
the relative effects in osteoporosis remain un-
known.

MATERIALS AND METHODS: In this study,
bone mesenchymal stromal cells of ovariecto-
mized rats (OVX-rBMSCs) were seeded on Ta
and Ti substrates for in vitro evaluation of cell
viability, reactive oxygen species (ROS) produc-
tion, alkaline phosphatase (ALP) activity, extra-
cellular mineralization osteogenic gene and pro-
tein expression involved in bone morphogenetic
protein (BMP2)/small mothers against decapen-
taplegic homologs 1 (Smad1) pathway. For in vi-
vo assessment, Ta and Ti implants were embed-
ded in femur defects of ovariectomized rats, fol-
lowed by sequential fluorochrome labeling and
histological staining.

RESULTS: Compared to Ti, the Ta substrates
demonstrated higher viable cell percentages
(96.5 = 0.26 vs. 88.17 %= 2.23%), lower ROS lev-
els (65% vs. Ti), and enhanced ALP activity and
extracellular matrix calcification. Reverse Tran-
scription-Polymerase Chain Reaction and West-
ern blot assays validated the better osteoinduc-
tive effect of Ta regarding small mothers against
decapentaplegic homologs 1 (Smad1), runt-re-
lated transcription factor 2, bone morphogenet-
ic protein (BMP2), and ALP expression at both
the mRNA (1.5-2-fold) and protein (1.2-1.8-fold)
levels. BMP2/Smad1 signaling over-expression
or knockdown yielded significantly enhanced or
deteriorated OVX-rBMSC osteogenesis on the
two surfaces. In addition, the Ta group revealed
more new bone formation (1.3-1.5-fold vs. Ti)
and slightly better bone-implant contact (31.82
+ 4.07 vs. 25.2-3.84% at 8 weeks post-implanta-
tion, p = 0.052) without the contribution of spe-
cific surface structures.
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CONCLUSIONS: In comparison to Ti, Ta re-
veals better biocompatibility and osteoinductiv-
ity to OVX-rBMSCs, and the preferential Ta os-
teoinductivity may reflect its greater potential
to trigger the BMP2/Smad1 cascade. Thus,” in
front of “Ta”. Ta appears preferable to Ti as a
bone-implant surface material under osteoporo-
sis conditions.
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Introduction

Titanium (Ti) constitutes one of the most popu-
lar biomaterials applied in bone prosthetic devic-
es owing to its ideal biocompatibility and phys-
iochemical properties, whereas it exerts weak
osteoinductive effect'?. In patients treated with
Ti-based orthopedic and dental implants, osteo-
porosis, one of the most common bone metabolic
diseases, can extend the healing period and in-
crease the risk of undesirable osseointegration
and deteriorated initial implant stability conse-
quent to the decreased regeneration and healing
potential of natural bone**.

Tantalum (Ta), which boasts similar advantages
to Ti, has been recently regarded as a promising
alternative material for bone implants®!°. More-
over, numerous researches'"’* based on healthy
subjects have revealed that the osteoinductive
performance of Ta is superior to that of Ti when
used as bulk prostheses, implant coatings, and
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bone tissue scaffolds. However, few studies ad-
dress whether Ta retains similar advantage over
Ti with regard to the formation of bone from
cells of subjects with osteoporosis or under os-
teoporotic conditions. Although Sagomonyants et
al” reported that mineralization was significantly
greater on porous Ta in comparison to that on
Ti fiber mesh for osteoblasts from a high-risk
osteoporosis cohort (female patients >60 years
old), the diverse structures and surface mor-
phologies of the two substrates may have masked
an actual difference with regard to the intrinsic
osteoinductive effect of the two biometals'*'®. In
particular, the performance of a bone prosthetic
device toward improving osteogenesis is mainly
determined by the inherent surface property of
the applied material, as well as the structure and
surface topography of the device®?. As bulk
substrates with a highly smooth surface may
eliminate the influences of specific structures
(e.g., scaffolds) and surface morphologies (e.g.,
nano- and porous-structured surface) on bone
formation®**, samples of this kind should be
utilized to clarify the specific osteoinductive be-
haviors associated with the intrinsic properties of
Ta and Ti in osteoporosis.

From a biological perspective, bone mesenchy-
mal stromal cells (BMSCs) serve as pivotal repair
cells during the reconstruction of bone defect®*?,
with the preferential osteoblastic differentiation
of BMSCs at the implant surface being crucial
for desirable implant-bone integration®*%%. As
scholars®! have affirmed the reduced osteogenic
potential of BMSCs from subjects with osteopo-
rosis, the application of implant materials with
stronger osteoinductive effects on such malfunc-
tioning cells might improve the performance of
implants in osteoporosis. Also, as a crucial bone
formation signal, bone morphogenetic protein 2
(BMP2) participates to a large extent in the in-
duction of BMSC osteogenesis by regulating sev-
eral signaling pathways****. Furthermore, BMP2
signaling has been demonstrated to be mediated
by the activation of small mothers against deca-
pentaplegic homologs (Smads) 1, 5, and 8 upon
ligand binding*?**. Considering that weakened
expression of the BMP2/Smads pathway is ob-
served during the osteogenesis of osteoporotic
BMSCs*, an enhanced stimulating effect of a
biomaterial on the BMP2/Smads cascade may
promote the osteogenic activity of the cells.

To characterize the relative intrinsic osteoin-
ductivity of Ta and Ti, in this work, solid Ta and
Ti substrates were polished to a mirror finish to

minimize the influence of surface morphology
on cell behaviors'™**7. BMSCs derived from
ovariectomized rats (OVX-rBMSCs), the stan-
dard cell model mimicking the conditions in
osteoporosis®®, were applied to systematically
test the biocompatibility and intrinsic osteoin-
ductivity of the two materials. In addition, the
biological mechanism involved in the osteoin-
ductive performance of Ta and Ti was studied by
evaluating the expression of the BMP2/Smadl
signaling pathway. Finally, a femur defect model
in ovariectomized rats was used to investigate
the influence of Ta and Ti samples on bone for-
mation in vivo.

Materials and Methods

Sample Preparation

Pure Ta and Ti sheets with a thickness of
0.5 mm were incised into samples with dif-
ferent dimensions, including square substrates
(10x10 mm and 20x20 mm) for in vitro studies
and rectangular implants (5x3 mm) for in vivo
animal experiments. One side of each sample
was polished to a mirror finish for evaluation. All
samples were sterilized with 75% alcohol for 3h
and washed twice with sterile phosphate-buffered
saline (PBS) prior to use.

Characterization of the Material Surface

The surfaces of the Ta and Ti samples with sim-
ilar roughness (42.87 £ 2.35 nm for Ta and 42.95
+ 5.13 nm for Ti) were featureless at the nanoscale
and spontaneously oxidized during exposure to
the atmosphere. Furthermore, the amounts of Ta
and Ti ions released by corresponding samples
were all below the detectable limit of inductively-
coupled plasma optical emission spectrometry
(Vista AX, Varian, Palo Alto, CA, USA) (< 0.002
pg/ml for Ti, < 0.01 pg/ml for Ta).

In Vitro Studies

Osteoporotic Rat Model Preparation
Healthy female Sprague-Dawley rats (3-month-
old) were used in this investigation. The experi-
mental protocols were approved by the Animal
Care and Use Committee of Sixth People’s Hos-
pital Affiliated to Shanghai Jiaotong University.
Ovariectomy was carried out to establish os-
teoporotic rat models as previously described®.
Briefly, chloral hydrate (350 mg/kg) was injected
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into the abdominal cavity for anesthesia. After
two longitudinal incisions were made along both
sides of the spine, the ovarian vessels and fallo-
pian tubes were ligated and the bilateral ovaries
were excised. Sham-operated rats, in which only
fat around the ovaries was removed, were used
for osteoporotic model verification using micro-
computed tomography analysis 3 months after
the surgery.

Cell Isolation and Culture

After model validation, OVX-rBMSCs were
obtained and cultured as previously described®.
The primary cells were cultured in complete me-
dium [CM; Dulbecco’s Modified Eagle Medium
(Gibco, Grand Island, NY, USA) with 10% fetal
bovine serum (Gibco), 100 U/ml penicillin and
100 pg/ml streptomycin] at 37°C in a 5% CO,
incubator. Adherent cells were subcultured using
trypsin/ethylenediaminetetraacetic acid (EDTA,
Sigma-Aldrich, St. Louis, MO, USA) (0.25% w/v
trypsin, 0.02% EDTA) when 80-90% confluence
was reached. To evaluate the effects of the Ta and
Ti samples on cell behavior (using cells at passage
3-5), culture plastic (Cp) with the same size and
shape were applied as a control.

Initial Cell Adherent Number Assay

The OVX-rBMSCs (1.5%10* cells/well) were
seeded on the substrates (10x10 mm) in 24-well
plates and cultured in complete medium (CM).
At 1, 6, and 24h, the adherent cells were
fixed in 4% formaldehyde solution for 10 min
and stained with 4',6-diamidino-2-phenylin-
dole (DAPI) for 5 min (Beyotime, Shanghai,
China). The cell numbers were counted in 10
random fields on substrates of each type under
a fluorescence microscope (IX 70, Olympus,
Tokyo, Japan).

Cell Proliferation Assay

The OVX-rBMSCs (1x10* cells/well) were
seeded on different substrates (10x10mm) in
24-well plates. After culturing in CM for 1, 3, 5,
and 7 days, cell proliferation was assessed using
the CCK-8 assay (Dojindo, Kumamoto, Japan).
At each time point, the substrates were washed
with PBS and transferred to new 24-well plates.
Then, 1 ml mixed solution (a-MEM medium and
CCK-8 solution with a ratio of 10:1) was added
to each well and incubated at 37°C for 4h. After
incubation, 100 pl of the suspension was intro-
duced to a 96-well plate and the absorbance was
read at 450 nm.

Cell Viability Assay

The OVX-rBMSCs (2x10° cells/well) were in-
oculated on the substrates (2020 mm) in 6-well
plates and cultured in CM. On day | and 3, the
substrates were transferred to new plates and the
cells were trypsinized and washed with PBS.
The cells were resuspended in 1 ml PBS and cell
counting was conducted. Next, 1x10° cells from
each substrate were stained with Annexin V-Flu-
orescein isothiocyanate (FITC) (Beyotime) for
15 min and propidium iodide (PI; Beyotime) in
the dark for Smin. The fluorescence of individual
cells was measured using flow cytometry (FCM;
Accuri C6, Becton Dickson, Bedford, MA, USA).

Detection of Reactive Oxygen Species
(ROS) Production

The OVX-rBMSCs (2x10°¢ cells/well) were
seeded on substrates (2020 mm) in 6-well
plates and cultured in CM for 1 and 3 days,
then digested and washed with PBS. Next, 1x10°
cells from each substrate were incubated with
2’ 7’-dichlorofluorescein diacetate (DCFH-DA;
Beyotime) in the dark for 30 min. The fluorescence
intensity was analyzed by FCM (Accuri C6).

Alkaline Phosphatase (ALP) Activity Assay

To evaluate the osteoinductive effects of Ta and Ti,
OVX-BMSCs (1x10* cells/well) were added on the
substrates (10x10 mm) in 24-well plates and cultured
in osteogenic medium [OM; CM supplemented with
50 M ascorbic acid (Sigma-Aldrich, St. Louis, MO,
USA), 10 mM b-glycerophosphate (Sigma-Aldrich),
and 100 nM dexamethasone (Sigma-Aldrich)] or CM.
On day 7 and 14, the ALP activity was measured us-
ing an ALP activity assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The sub-
strates were washed with cold PBS and transferred
to new plates. The attached cells were lysed by lysis
buffer RIPA; (Beyotime) on ice. After the lysates re-
acted with a working solution at 37°C for 15 min, the
optical density (OD) values of the resulting solutions
were determined at a wavelength of 520 nm. The
ALP levels were normalized to the total intracellular
protein content using the bicinchoninic acid (BCA)
protein kit (Beyotime).

ALP staining was also performed using a
BCIP/NBT ALP color development kit (Beyo-
time) on day 7. Briefly, substrates were fixed in
4% formaldehyde solution for 10 min, then the
BCIP/NBT working solution was added to each
well and incubated in the dark for 30 min. Subse-
quently, the substrates were rinsed with distilled
water and observed using a microscope (IX 70).
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Extracellular Matrix (ECM)
Mineralization Assay

To identify the results of OVX-rBMSC os-
teogenesis on the substrates, ECM mineraliza-
tion was evaluated. Cells (5x10° cells/well) were
seeded on samples (10x10 mm) in 24-well plates
and cultured in OM. On day 14 and 21, the sub-
strates were washed with PBS and transferred to
new plates, fixed in 0.5 ml 75% ethanol for 1h,
and stained with 40 mM Alizarin red S (ARS; So-
larbio, Beijing, China) for 10 min. The unbound
red residue was rinsed with PBS and images were
obtained using optical microscopy (IX 70). Sub-
sequently, the bound stain was eluted using 10%
cetylpyridinium chloride (Sigma-Aldrich, St.
Louis, MO, USA) in 10 mM sodium phosphate,
and the OD values were measured at 600 nm.

Osteogenic Gene Expression Assay

The OVX-rBMSCs were seeded on differ-
ent substrates (20x20 mm) in 6 well plates
and cultured in OM and CM. The cell density
was 5x10° cells/well (cultured for 1 day), 1x10°
cells/well (for 7 days), and 5x10* cells/well
(for 14 days). At each time point, the mRNA
expression of Smadl, runt-related transcription
factor 2 (RUNX2), BMP2, ALP, osteoprote-
gerin (OPQG), and receptor activator for nuclear
factor-x B ligand (RANKL) was measured by
Real-Time Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR). The substrates were
washed with PBS and transferred to new wells,
and the RNA was extracted using TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA). An
equivalent amount of RNA from each sample
was reverse transcribed into cDNA using the
PrimeScript RT reagent Kit (TaKaRa, Otsu,

Table I. Primers for the target genes.

Shiga, Japan) according to the manufacturer’s
protocol. Then, RT-PCR analysis was per-
formed on the Bio-Rad C1000 using SYBR
Premix Ex Taq (TaKaRa). The expression level
of the housekeeping gene Gapdh was used to
normalize that of the target genes. The primers
for the target genes are listed in Table I.

Osteogenic Protein Expression Assay
The OVX-rBMSCs were seeded on differ-
ent substrates (2020 mm) in 6-well plates and
cultured in OM and CM. The cell density was
5x10° cells/well (cultured for 1 day), 1x10° cells/
well (for 7 days), and 5x10* cells/well (for 14
days). At each time point, the protein expres-
sion of RUNX2, BMP2, ALP, phosphorylated
Smadl (p-Smadl), and total Smadl (T-Smadl)
was measured by Western blot. Total protein
extraction was carried out with RIPA lysis buf-
fer followed by centrifugation at 12,000xg at
4°C for 20 min, then proteins in cell lysates were
separated by 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and transferred to
a polyvinylidene difluoride membrane (Bio-Rad,
Hercules, CA, USA). Blots were blocked using
skim milk for 1h and then incubated with prima-
ry antibodies against p-Smadl (1:500; Abcam,
Cambridge, MA, USA), Smadl (1:800; Abcam),
BMP2 (1:500; Abcam), RUNX-2 (1:1000; Ab-
cam), ALP (1:3000; PLLabs, Vancouver, Canada)
or GAPDH (1:2000; Cell Signaling Technology,
Danvers, MA, USA) at 4°C overnight. Subse-
quently, peroxidase-conjugated secondary anti-
bodies (1:1000; Beyotime) were further used for
2h at room temperature. Blots were analyzed
using an enhanced chemiluminescence (ECL)
detection kit (Pierce, Rockford, IL, USA).

GAPDH-reverse

5" TCCCATTCTCAGCCTTGAC-3'

Gene Sequence Size (bp)
Smadl-forward 5'-GTGGAAACAGGGCGACGAAG-3' 156
Smadl-reverse 5'-AGGGAGCGAGGAATGGTGAC-3'

RUNX2-forward 5'-ACTTCGTCAGCGTCCTATC-3' 148
RUNX2-reverse 5'-CATCAGCGTCAACACCATC-3'

BMP2-forward 5-ACGACGGTAAAGGACATC-3' 221
BMP2-reverse 5'-ATGGTTGGTGGAGTTCAG-3'

ALP-forward 5'-AAGCACTCCCACTATGTC-3’ 125
ALP-reverse 5'-GTCAGGTTGTTCCGATTC-3’

OPG-forward 5'-CTGGGCTGTTTCTTCAGGATG-3’ 224
OPG-reverse 5'-CTCTTTCTCAGGGTGCTTGAC-3'

RANKL-forward 5'-CATCAGCGTCAACACCATC-3' 228
RANKL-reverse 5" TTTATGGGAACCCGATGGGATG-3'

GAPDH-forward 5'-GTCGGTGTGAACGGATTTG-3' 181
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Cell Transfection and
Inhibitor Application

The specific BMP2 coding sequence (BMP2-
CDS, Sangon Biotech Co., Ltd., Shanghai, Chi-
na) was cloned into the pCDNA3.1 (+) vec-
tor (Addgene, Cambridge, MA, USA). The
primers were as follow: BMP2-CDS-forward:
CCCAAGCTTATGGTGGCCGGGACCCGCT-
GT (5'-3"), BMP2-CDS-reverse: CCGGAATTC-
GCGACACCCGCAACCCTCCAC (5-3'). For
the overexpression of BMP2, the OVX-rBMSCs
(3x10°cells/well) were transduced with pCD-
NA3.l1 (+)-BMP2-CDS and incubated for 6 h.
The cells treated with blank pCDNA3.1 (+) vector
were used as a negative control (NC). Alterna-
tively, the cells (3x10° cells/well) were transfected
with 0.1uM Smadl-siRNA and also incubated
for 6h to knock down Smadl expression. The se-
quences were as follow: Smadl-siRNAI, nt (685—
707), AGGAAGUCUGCAUCAAUCCTT (5-3");
Smadl-siRNA2, nt (1288-1310), AUGUUAAC-
CGGAACUCCACTT (5-3"); Smadl-siRNA3, nt
(1767-1789), and ACUAUUGGGCCUUGCAU-
GUTT (5-3'). The cells treated with scrambled
siRNA were applied as NC. The cell transfection
was conducted using Lipofectamine reagent (In-
vitrogen, Carlsbad, CA, USA) according to the
manufacturer instruction. Serum-free medium
was applied in all the transfection processes, and
the transfection efficiency was determined using
RT-PCR and Western blot assays.

The OV X-rBMSCs with down-regulated Smad1
expression were seeded on the Ta substrates (20x20
mm) in 6-well plates and cultured in CM. Addi-
tionally, cells without transfection on the Ta sub-
strates were treated with 100 nM BMP2 inhibitor
(LDN-193189) (Selleck, Shanghai, China) for 24h
after cell seeding. In addition, the OVX-rBMSCs
with BMP2 overexpression, followed with or with-
out Smad-1 knockdown, were incubated on the
Ti substrates. The cell seeding density was 5x10°
cells/well for 1 day of culture and 1x10° cells/well
for 7 days. On day 1 and 7, the expression of p-
Smadl, T-smadl, RUNX2, ALP, and BMP2 was
examined by RT-PCR and Western blot assays.
The ALP activity was also measured.

In Vivo Studies

Surgical Procedure

The surgical procedures were conducted under
sterile conditions. The OVX-rats were anesthe-
tized by intraperitoneal injection of ketamine (10

mg/kg). Each rat was immobilized with the knee
joint in maximally flexed position and both thighs
were shaved and depilated, and the surgical sites
were sterilized with iodophor disinfectant. One
bone defect (5%3x0.5 mm) parallel to the long
axis of each femur was made on the shaft us-
ing piezosurgery (Mectron, Carasco, Italy) with
a 5x3x0.5 mm; OT7 working tip (Figure 6A)
until exposure of the marrow. The bone defects
were washed with physiological saline and the
implants were pressed into the prepared defects
(Figure 6B), then the wound was closed carefully.
A total of 20 OVX-rats were randomly divided
into four groups corresponding to Ta (4 weeks),
Ti (4 weeks), Ta (8 weeks), and Ti (8 weeks).

Sequential Fluorescent Labeling Assay

To characterize the new bone formation and
mineralization, a polychrome sequential fluores-
cent labeling method was used. 20 and 40 days
after the operation, two fluorochromes were ad-
ministered intraperitoneally with a sequence of
30mg/kg ARS (Sigma-Aldrich, Saint Louis, MO,
USA), and 20 mg/kg calcein (Sigma-Aldrich).

Sample Preparation and
Hstological Evaluation

The OV X-rats were sacrificed 8 weeks after the
operation. The femurs inserted with the implants
were harvested and fixed in 10% buffered form-
aldehyde for histomorphometric observation. Fe-
mur specimens were dehydrated in ascending
concentrations of ethanol (70, 80, 90, 95, and 100
v/v%), and embedded in polymethylmethacrylate.
The embedded specimens were cut into 150-um-
thick sections perpendicular to the long axis of
the bone using a Leica SP1600 saw microtome
(Leica, Wetzlar, Germany) and processed to a
final thickness of approximately 80um. The pol-
ished surface of each implant was observed. The
fluorescence labeling analysis for mineralized
bone tissue was conducted using a confocal laser
scanning microscope (Leica SP8, Wetzlar, Ger-
many), and the excitation/emission wavelengths
to observe chelating fluorochromes were 543/620
nm and 488/520 nm for ARS (red) and calcein
(green), respectively. After fluorescence micros-
copy, the sections were counter-stained with Van
Gieson’s picrofuchsin and methylene blue, and
measured for bone-implant contact (BIC) rate.
The images were captured with a microscope (IX
70) and analyzed using Image-Pro Plus 6.0 soft-
ware (Media Cybernetics Inc., Rockville, MD,
USA).
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Statistical Analysis

All data are expressed as the means + stan-
dard deviation. Statistical analysis was con-
ducted by one-way ANOVA analysis following
Dunnett post-hoc test and two-way ANOVA
analysis following Bonferroni post-hoc test for
in vitro studies (n=3) and Student’s ¢-test for
in vivo studies (n=5) using SPSS 22 software
(SPSS Inc., Chicago, IL, USA). p < 0.05 was
considered to indicate statistically significant
differences.

Results

Osteoporotic Model Verification

As shown in Figure S1B, the ovariecto-
mized rats revealed a 40% decrease with re-
gard to the bone mineral density (BMD) of the
cancellous bone in comparison to the sham-
operated ones (0.099 + 0.015 and 0.058 £ 0.013
g/cm?, respectively). This result indicated the
successful establishment of the osteoporotic
rat model*’.

In vitro studies

Initial Adhesion of OVX-rBMSCs
on Substrates

Quantitative analysis of cell adhesion on dif-
ferent substrates was conducted by DAPI stain-
ing (Figure 1A). The results showed that the cell
numbers on the Ta, Ti, and Cp substrates were
48 + 10,42 + 9, and 54 + 9 at 1h, 74 = 16, 70 +
21, and 78 + 17 at 6h, 163 £ 15, 168 + 20, and
174 + 26 at 24h. The cell quantities on the Ta
and Ti substrates were significantly less at 1h
in comparison to those on Cp. However, such a
difference could not be observed at 6 and 24h
(Figure 1B).

OVX-rBMSC Proliferation on Substrates

Cell proliferation was measured using the
CCK-8 assay. On day 1 and 3, the OVX-rBMSC
numbers on the three substrates were similar at
each time point. After culturing for 5 and 7 days,
cell proliferation on the Cp substrate was sig-
nificantly faster than that on Ta and Ti substrates,
with no significant difference between the Ta and
Ti substrates (Figure 1C).
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24h

B Quantification of attached cells

250~
O cCp
2001 @m Ta
1504 T

100
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1h 6h 24h

C Cell proliferation
1.59

O cp
@ Ta
T
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OD value

Figure 1. Initial adhesion and proliferation of OVX-rBMSCs on Ta, Ti, and Cp substrates. A, Initially attached cells on
three substrates stained by DAPI at 1, 6, and 24h; scale bar represents 500 um; B, quantification of adherent cells at the
corresponding time points; and C, cell proliferation measured by CCK8 at 1, 7, and 14 days. The comparison was conducted
among substrates at the same time points. “p < 0.05 compared with Ta, *p < 0.05 compared with Ti.
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Viability and ROS production of OVX-
rBMSCs on substrates

The viability of OVX-rBMSCs on different
substrates was monitored by Annexin V-FITC
staining with FCM. On day 1 and 3, the highest
number of normal cells was identified on the
Cp substrates. In addition, more viable cells
were observed on the Ta substrate in compari-
son to those on the Ti substrate (96.37 = 0.56%
vs. 93.33 £ 0.49% on day 1; 96.5 = 0.26% vs.
88.17 = 2.23% on day 3, respectively) (Figure
2A, B).

The intracellular ROS level in OVX-rBMSCs
was determined by evaluating the intensity of
2’ 7’-dichlorofluorescein fluorescence. The cells
on the Cp substrates revealed the lowest ROS lev-
el at each time point; moreover, the fluorescence

intensity on the Ta substrate was lower than that
on the Ti substrate on day 3 (6.37 + 0.53- fold vs.
9.76 £ 0 .81-fold, respectively, compared to Cp)
(Figure 2C, D).

ALP activity of OVX-rBMSCs on Ta
and Ti substrates

In OM and CM, the cells on the Ta surface
showed higher ALP activity (19.24 £ 1.57 and
27.32 + 2.58 King unit/g prot in OM on day 7 and
14; 9.88 £ 0.9 and 14.06 £+ 1.48 in CM on day 7
and 14, respectively) when compared with those
on the Cp and Ti surfaces at the two time points.
In addition, the Ti surface manifested higher
ALP activity as compared to the Cp surface on
day 7 in both media (Figure 3B). The results of
the ALP activity assay were also verified by ALP
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Figure 2. Biocompatibility of Ta, Ti, and Cp substrates toward OVX-rBMSCs. 4, B, Percentage of viable cells on different substrates
as measured by Annexin V-FITC and FCM at day 1 and 3; C, D, fluorescence intensity of ROS production on different substrates
measured by DCFH-DA and FCM at day 1 and 3; the ROS level of Cp at day 1 was used for normalization. The comparison was
conducted among substrates at the same time points. “p < 0.05, #p < 0.01 compared with Ta; **p < 0.01 compared with Ti.
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Figure 3. OVX-rBMSC osteogenesis on Ta, Ti, and Cp substrates. 4, ALP staining on different substrates cultured in OM
and CM for 7 days; scale bar represents 500 pm. B, ALP activity on different substrates cultured in OM and CM for 7 and 14
days. C, ARS staining on different substrates cultured in OM for 14 and 21 days; scale bar represents 1| mm; D, quantification
of ARS staining at the corresponding time points. The comparison was conducted among substrates at the same time points.

“p < 0.05, #¥p < 0.01 compared to Cp; *p < 0.05, **p < 0.01 compared to Ti.

staining on different substrates cultured in OM
and CM for 7 days (Figure 3A).

ECM Mineralization on Ta and
Ti Substrates

After 14 and 21 days, the cells were stained
with ARS and analyzed using light microscopy
images (Figure 3C). As shown by the ARS quan-
tification results, the number of calcium nodules
in ECM on the Ta substrate was higher than those
on the Ti and Cp substrates at these stages (Figure
3D). However, differences between the Ti and Cp
substrates at each time point were not statistically
significant.

Osteogenic Gene and Protein
Expression of OVX-rBMSCs on
Ta and Ti Substrates

Real-time RT-PCR was used to evaluate the
influence of different substrates on OV X-rBM-

SC osteogenesis at a molecular level. For the
same substrates, OM enhanced the expression
of Smadl, RUNX2, BMP2, ALP, and OPG com-
pared with CM. As shown in Figure 4A-E, in
each medium, the highest expression of the above
genes was observed on the Ta substrates (ap-
proximately 1.5-2-fold vs. Ti); whereas the gene
expression was only slightly up-regulated on the
Ti substrates in comparison to that on the Cp
substrates. Moreover, the lowest gene expres-
sion of RANKL was also observed on the Ta
substrate (Figure 4F). Also, the influence of the
three substrates on the expression of the BMP2/
Smadl pathway, down-stream effector RUNX2,
and ALP was further measured by Western blot-
ting (Figure 4G-K; Figure S2). The results dem-
onstrated that the protein expression of BMP2,
RUNX2, and ALP, as well as Smadl phosphory-
lation also reached the highest level on the Ta
surface (approximately 1.2-1.8-fold vs. Ti). In
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Figure 4. Osteogenesis-related gene and protein expression of OVX-rBMSCs on Ta, Ti, and Cp substrates. mRNA expression
of A, Smadl, B, RUNX2, C, BMP, D, ALP, E, OPG, and F, RANKL on different substrates in OM and CM as evaluated by
RT-PCR analysis at day 1, 7, and 14. The expression level of Gapdh was used to normalize that of the target genes. G, Protein
expression of cells on different substrates in both media as detected by Western blot at day 1, and corresponding band gray
values of H, p-Smadl, I, RUNX2, J, BMP2, and K, ALP. The expression level of GAPDH was used to normalize that of the
target proteins. The comparison was conducted among substrates at the same time points. *p < 0.05, #p < 0.01 compared to

Cp; *p < 0.05, **p < 0.01 compared to Ti.

general, the variation of Smadl, RUNX2, ALP,
and BMP2 in OVX-rBMSCs at the protein level
on different substrates was consistent with their
mRNA expression.

Role of the BMP2/Smad]1 Pathway in
OVX-rBMSC Osteogenesis Mediated by
the Ta and Ti Surface

Following transfection with Smadl-siRNA2,
OVX-rBMSCs exhibited an 80% reduction of
mRNA expression compared with the wild-type
(control) or cells treated with scrambled siRNA
(negative control, NC) (Figure S3A). The trans-
fection efficiency was also verified by a 70%

decrease at the protein level (Figure S3B, C).
Owing to its higher transfection efficiency in
comparison to Smadl-siRNA1 and Smadl-siR-
NA3, Smadl-siRNA2 was used in the following
experiments. Conversely, after OVX-rBMSCs
were transduced with BMP2-CDS, the mRNA
expression increased by 4-fold in comparison
to that in the control or NC (Figure S3D). The
transfection efficiency was further confirmed
by the tripled expression of BMP2 at the protein
level (Figure S3E, F). However, in the above
two transfection procedures, no significant dif-
ference was identified for either mRNA and
protein expression between NC and control for
the target genes.
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On the Ta surface, the downregulation of
BMP2 or Smadl significantly suppressed the
gene expression of RUNX2 and ALP in OVX-
rBMSCs (a 50-70% decrease compared with that
in the NC; Figure 5B, D), which was in agreement
with the 30-50% reduction at the protein level
(Figure SE, G, I; Figure S4A, C, E). Moreover,
the decreased expression of RUNX2 and ALP

on the Ta surface reached a similar level when
compared with that in the NC on the Ti surface.
In addition, the knockdown of BMP2 expression
diminished the expression of Smadl and vice
versa (Figure 5A, C, E, F, H; Figure S4A, B, D).

On the Ti surface, the upregulation of BMP2
markedly elevated the expression of RUNX2
and ALP (approximately a 2-fold and 0.5-1-fold
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Figure 5. Role of BMP2/Smadl signaling in OVX-rBMSC osteogenesis on Ta and Ti substrates. mRNA expression of A,
Smadl, B, RUNX2, C,BMP2, and D, ALP in cells treated with blank pCDNA3.1(+)vector (negative control, NC), pCDNA3.1(+)-
BMP2 (BMP2-CDS), or BMP2-CDS with Smadl-siRNA (BMP2-CDS+Smad1-siRNA) on Ti substrates and those transfected
with scramble siRNA (NC), BMP2 inhibitor (LDN-193189), or Smad1-siRNA on Ta substrate in CM detected by RT-PCR at
day 1 and 7. The expression level of Gapdh was used to normalize that of the target genes. E, Protein expression of cells on
different substrates as detected by Western blot at 1 day after transfection, and corresponding band gray values of F, p-Smadl,
G, RUNX2, H, BMP2, and I, ALP. The expression level of GAPDH was used to normalize that of the target proteins and the
corresponding expression of wild-type OVX-rBMSCs on Cp substrates was used as a blank control (con). J, ALP activity of
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increase at the mRNA and protein level, respec-
tively) as well as Smadl phosphorylation (Figure
5B, D, E-G, I; Figure S4A). Moreover, a similar
level of increase was observed in comparison to
that in the NC on the Ta surface. In addition, the
subsequent Smadl inhibition abrogated the en-
hanced expression of RUNX2 and ALP induced
by the over-expression of BMP2 (Figure 5B, D,
E, G, [; Figure S4A, C, E).

Finally, the variation of OVX-rBMSC os-
teogenesis on the Ta and Ti substrates caused
by the up- and down-regulation of the BMP2/
Smadl pathway was concordant to the alteration
of ALP activity at the corresponding time points
(Figure 5J).

In Vivo Studies

Bone-Implant Contact (BIC) of
Ta and Ti Implants

The histological sections were stained with van
Gieson’s picrofuchsin and methylene blue. From
the transverse point of view, newly formed bone
attached and extended on the part of the Ta and
Ti surface, whereas gaps infiltrated by fibrous
tissues were also observed between the implant
surface and the bone tissues in both groups. The
Ta group displayed a slightly higher percentage of
BIC in comparison to the Ti group (31.82 +4.07%
vs. 25.2 + 3.84%) at 8 weeks after implantation (p
= 0.052; Figure 6D, E).
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Figure 6. Histological analysis of osseointegration of Ta and Ti implants in ovariectomized rats. 4, Working tip used in
operation; B, position of implant in the femur; C, region of histological section for observation; D, bone-implant contact (BIC)
rate at 4 and 8 weeks after implantation, and E, relevant Van Gieson’s picrofuchsin and methylene blue staining of histological
sections. Red and blue stain indicates bone and soft tissue, respectively; black scale bar represents Imm, white scale bar
represents 100 pm.
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Bone Formation on the Surface of
Ta and Ti Implants

Fluorochrome labeling was conducted to as-
sess the new bone formation and mineralization
on the polished surface of Ta and Ti implants at
time intervals of 20 and 40 days. More calcein
was incorporated into the bone along the Ta im-
plant surface (Figure 7A). In addition, the per-
centage of ARS- and the calcein-labeled area in
the Ta group was approximately 1.5- and 1.3-fold
that in the Ti group, respectively (Figure 7B).

Discussion

To reduce the risk of implant failure in osteo-
porosis, numerous surface modification methods,
such as increasing surface roughness, producing
nano- and porous-structure, as well as fabricat-
ing osteoinductive coating, have been utilized
to enhance the bone forming potency of implant
materials*-**. Nevertheless, the intrinsic osteoin-
ductivity of the materials still plays a crucial role
in successful implant osseointegration**¢. There-
fore, unlike other research reports, the present
study employed Ta and Ti samples with a highly
polished surface to eliminate the effects of sur-
face processing and investigate the performance

determined by the inherent property of the two
materials under osteoporotic conditions. As both
Ta and Ti samples featured similar unstructured
surfaces with nano-scale roughness, we believe
that the surface morphology did not facilitate
osteogenesis in vitro or in vivo***#7. Moreover,
considering the low degree of ion release from ei-
ther Ta or Ti, we consider that the different oxide
layers overlaying the two sample surfaces served
as the major factor underlying the different cell
behaviors and osteogenesis of these samples in
vitro and in vivo.

In general, the attachment numbers (Figure 1B)
on the Ta and Ti substrates were similar to those
on the Cp substrates during the first 24h, denot-
ing the ideal property of Ta and Ti toward OV X-
rBMSC:s at the first phase of cell-material interac-
tion. Although greater numbers of attached cells
were identified on the Cp substrate at 1h, such a
difference could be attributed to the better hydro-
philicity of Cp*®. Moreover, the cell viability and
ROS production assays revealed the best biocom-
patibility of the Cp substrates toward OV X-rBM-
SCs**, which was consistent with Cp exhibiting
the fastest cell proliferation. Notably, although
the Ta substrates showed a higher percentage of
viable cells and a lower ROS level in comparison
to the Ti substrates (Figure 2), no significant dif-
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Figure 7. Histological analysis of bone formation around Ta and Ti implants in ovariectomized rats. A, Sequential fluorescent
labeling of new bone on the implant surface; scale bar 200 pm. B, Area of ARS and calcein stained bone. *p < 0.05, **p <

0.01 compared with Ti.
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ference regarding cell proliferation was achieved
between the two substrates (Figure 1C). Such
inconsistency implied that OVX-rBMSCs on the
Ta surface may start to differentiate earlier at the
cost of proliferation®-*, Furthermore, previous
studies have demonstrated that the accumula-
tion of ROS can negatively affect the viability of
the surrounding cells on a Ti surface’, with the
continuous oxidative stress of such accumulation
leading to the chemical degradation and physical
damage of the implants®~’. Therefore, the lower
ROS level on the Ta substrates suggested that a
more favorable biological environment could be
acquired around the Ta surface.

To comprehensively test the osteoinductive
performance of the substrates, both CM and OM
were used in our work. The results showed that
the OVX-rBMSCs on the Ta substrates exhibited
the highest level of ALP expression and activity
(Figure 3A, B; Figure 4D, G, K; Figure S2A, E,
F, J) as well as the highest degree of ECM cal-
cification at all time points (Figure 3C, D). As
ALP and calcium nodule formation function as
key indicators in early and late stages of osteo-
blastic differentiation, respectively®-%, the above
observations clearly showed that the promoting
effect of the Ta surface on OVX-rBMSC osteo-
genesis was continuous and could last over time.
Moreover, the ALP activity on the Ti surface was
elevated in comparison to that on the Cp surface
in both media at day 7 (Figure 3A, B), whereas no
evident difference was achieved in terms of ECM
calcification (Figure 3C, D). Such findings indi-
cated that although the Ti surface may improve
OVX-BMSC osteogenesis at an early stage, the
influence is not maintained over the long-term.
Conversely, cells on the Ta substrates manifested
the lowest expression of RANKL and the highest
expression of OPG at the mRNA level (Figure
4E, F). In particular, RANKL activates osteo-
clastogenesis by binding to the receptor activator
of NF-kB (RANK)®, whereas OPG inhibits the
interaction between RANKLE and RANK®, The
reduced RANKL/OPG ratio resulted in the Ta
surface demonstrating less favorable osteoclas-
togenesis as compared to that of the Ti surface.
Considering that the apparent enhancement of os-
teoclast activity constitutes a pivotal pathological
cause of osteoporosis®, Ta might thus represent
a more reasonable option as an implant surface
material for use in an osteoporotic environment.

Several studies have demonstrated the pro-
moting effect of BMP2 on BMSC osteogen-
esis at the cell-material interface®%, with BMP2

linked to the implant surface able to improve
the rate of bone healing compared with that of
untreated implants®. Furthermore, in the canoni-
cal BMP2/Smads pathway, BMP2 induces the
phosphorylation of Smad1/5/8 (B-Smads); such p-
B-Smads accumulate in the nucleus and regulate
the transcription of genes required for osteoblas-
togenesis®?. In the present work, cells on the Ta
substrates exhibited evident elevation of BMP2,
Smadl, RUNX2, and ALP expression at both
gene and protein levels as well as Smadl phos-
phorylation at all time points (Figure 5A-D, G-K;
Figure S2), demonstrating that the Ta surface
improved OVX-rBMSC osteogenesis by more
sufficiently and continuously triggering BMP2/
Smadl signaling. Additionally, BMP2 inhibition
or down-regulation of Smadl notably reduced the
elevated expression of RUNX2 and ALP on the
Ta substrates (Figure 5B, D, E, G, I; Figure S4A,
C, E), validating the importance of the BMP2/
Smadl cascade in mediating the effects of the Ta
surface on OVX-rBMSC osteogenesis. Converse-
ly, cells on the Ti surface overexpressing BMP2
exhibited significantly enhanced Smadl phos-
phorylation and osteoblastic differentiation, indi-
cating that the lower level of osteogenesis on the
Ti surface might be associated with the insuffi-
cient activation of BMP2/Smad]l signaling. More-
over, the subsequent Smadl interference abrogat-
ed the improvement induced by the up-regulation
of BMP2 (Figure 5A-I; Figure S4), revealing the
key role of Smadl in BMP2 regulated osteogen-
esis. The variation of OVX-rBMSC osteogenesis
consequent to the up- and down-regulation of the
BMP2/Smadl cascade on the two substrates was
further confirmed by the corresponding ALP
activity (Figure 5J). In addition, as BMP2 pro-
tein itself stimulates BMP2 expression?, it is
possible that the osteoinductive effect of the Ta
surface was amplified by BMP2 auto-induction,
which further enhanced the osteoinductivity of
the material. Thus, these findings might inspire
new ideas regarding the future application of Ta
for subjects with osteoporosis, especially in the
field of bone tissue engineering. However, several
other pathways are also involved in the media-
tory function of BMP2 via cross-talk, such as the
non-canonical mitogen-activated protein kinase
(MAPK) and phosphatidyl inositol-3-kinase/pro-
tein kinase B (PI-3K-Akt) pathways*>%%%, as well
as integrin-mediated pathways”. Therefore, fur-
ther studies are needed to clarify the contribution
of enhanced BMP2 expression with regard to the
osteoinductive effect of Ta on osteoporotic cells.
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The in vivo results of sequential fluorochrome
labeling exhibited a higher grade of new bone
formation and mineralization around the Ta im-
plant at postoperative day 20 and 40 (Figure
7A, B), implying that new bone tissues formed
more energetically around the Ta surface in an
osteoporotic environment. Specifically, the in-
creased incorporation of calcein into the bone
along the Ta surface further validated the better
osteoinductivity of Ta. Also, the larger area of
ARS as compared to calcein staining in the Ta
group (about 1.5:1) (Figure 7B) indicated that the
Ta surface facilitated a greater degree of bone
formation at an early period. These observations
were in agreement with the more desirable bio-
compatibility and osteoinductive effect of the Ta
substrates toward OVX-rBMSCs as evidenced in
the present report. Although histological stain-
ing by van Gieson’s picrofuchsin also showed
increased bone tissue around the Ta implants,
connective tissues clearly grew into the spaces
between bone and both implants (Figure 6E), and
the Ta implants exhibited only slightly higher
BIC rates (31.82 £+ 4.07% vs. 25.2 + 3.84% at
8 weeks after implantation, p = 0.052) (Figure
6D). Such results are consistent with the report
of Matsuno et al’' using normal rats, in which
Ta and Ti samples showed similar BIC despite
a larger amount of newly formed bone around
Ta. We consider that the low roughness of the
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polished surfaces may serve as the primary cause
for such phenomena™™. Unlike rough surfaces,
polished surfaces favor the attachment of fi-
broblasts rather than osteoblasts™ and are more
conducive to fibrogenesis and osteoclastogenesis
but inhibit angiogenesis’®’®, which greatly in-
fluences bone formation and osseointegration’.
Moreover, the levels of integrin subunits required
for enhanced osteoblast maturation are decreased
on polished compared to rough surfaces®. There-
fore, the inadequate adhesion of bone forming
cells combined with their decreased osteogenic
capacity in osteoporosis may have overshadowed
the intrinsic osteoinductive effect of Ta in vivo.
Considering that the use of Ta with a highly
smooth surface did not guarantee enough implant
osseointegration, this observation also verifies
the necessity of rough and structured (nano- and
micro-structured) surfaces to improve the degree
of bone healing around the implants, as shown
by other studies. However, roughened surfaces
are also associated with inadequate epithelial cell
adhesion and increased bacterial accumulation in
dental implants, which may increase the chances
of infection, with subsequent risk of implant
failure®'. Therefore, the most effective use of the
advantages of Ta to develop implant material
featuring desirable osteoinductivity in vivo, espe-
cially under an osteoporotic condition, remains to
be ascertained.
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Figure 8. Possible mechanism of the osteoinductive effect exerted by Ta and Ti surfaces on OVX-rBMSCs through the

BMP2/Smad-1 cascade.
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Conclusions

In comparison to that of Ti, the intrinsic property
of the Ta surface affords greater desirable biocom-
patibility toward OVX-rBMSCs and improves cell
osteogenesis by more sufficiently activating BMP2/
Smadl signaling. Moreover, the Ta surface may be
conducive to new bone formation under an osteopo-
rotic condition in vivo (Figure 8). We suggest that Ta
is superior to Ti as a surface material for the applica-
tion of bone implants in osteoporosis.
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