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Abstract

Nonunion resulting from early bone resorption is common after bone transplantation surgery. In these patients, instability or osteoporosis causes
hyperactive catabolism relative to anabolism, leading to graft resorption instead of fusion.

Systemic zoledronate administration inhibits osteoclastogenesis and is widely used to prevent osteoporosis; however, evidence on local
zoledronate application is controversial due to osteoblast cytotoxicity, uncontrolled dosing regimens, and local release methods. We investigated
the effects of zolendronate on osteoclastogenesis and osteogenesis and explored the corresponding signaling pathways. In vitro cytotoxicity and
differentiation of MC3T3E1 cells, rat bone marrow stromal cells (BMSCs) and preosteoclasts (RAW264.7 cells) were evaluated with different
zolendronate concentrations. In vivo bone regeneration ability was tested by transplanting different concentrations of zolendronate with B-
tricalcium phosphate (TCP) bone substitute into rat femoral critical-sized bone defects. In vitro, zolendronate concentrations below 2.5 x 107 M
did not compromise viability in the three cell lines and did not promote osteogenic differentiation in MC3T3E1 cells and BMSCs. In RAW264.7
cells, zoledronate inhibited extracellular regulated protein kinases and c-Jun n-terminal kinase signaling, downregulating c-Fos and NFATc1
expression, with reduced expression of fusion-related dendritic cell-specific transmembrane protein and osteoclast-specific Ctsk and tartrate-
resistant acid phosphatase (. In vivo, histological staining revealed increased osteoid formation and neovascularization and reduced fibrotic tissue
with 500 uM and 2000 M zolendronate. More osteoclasts were found in the normal saline group after 6 weeks, and sequential osteoclast
formation occurred after zoledronate treatment, indicating inhibition of bone resorption during early callus formation without inhibition of late-
stage bone remodeling. In vivo, soaking B-TCP artificial bone with 500 M or 2000 M zoledronate is a promising approach for bone regeneration,
with potential applications in bone transplantation.
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Introduction

The reconstruction of bone defects caused by fracture,
infection, or tumor resection is a critical challenge for
orthopedic and plastic surgeons. The three currently available
treatment strategies for bone loss are based on autologous,
allogeneic and synthetic biomaterial transplantation.'**
Regardless of the origin or structure of the implanted material,
the bone graft is gradually revascularized and remodeled into
new bone.> Neovascularization and resorption of new bone
should be balanced to achieve graft remodeling and fusion.
However, hyperactive catabolism rather than anabolism due
to instability or osteoporosis leads to graft resorption instead
of fusion in the clinic.®” Since 1995, bisphosphonate, which
is Food and Drug Administration approved, has been widely
used as a skeletal antiresorptive agent to treat postmenopausal
osteoporosis and is highly effective in limiting bone loss,
preventing deterioration of the bone microarchitecture,
and decreasing aging-related bone fracture risk.® Systemic
administration of nitrogen-containing bisphosphonates, e.g.,
alendronate, ibandronate, and zoledronate, has been proven
to inhibit osteoclastogenesis and is widely used to prevent
osteoporosis. However, side effects such as erosive gastritis,
acute phase reactions, hypoglycemia, osteonecrosis of the jaw
bone, and atypical fracture limit the application of systemic
administration.”1?

Local administration of bisphosphonates such as iban-
dronate and zolendronate (ZA) has been proven to be effective
in reducing bone resorption in animal studies; however, some
aspects, such as cytotoxicity to osteoblasts, local application
using intravenous regimens and local released concentrations,
are still unclear, making the results unreliable.!'-14

The osteoblastogenic effect of ZA remains controver-
sial.1>15:16 Stydies have shown that ZA has a positive
influence on human bone marrow stromal cell (BMSC)
differentiation into osteoblasts due to the overexpression of
key bone-related genes, revealing the high biological potency
of this drug; however, with a relatively low dose (108 M),
effects of osteoblast induction medium cannot be excluded,
and drugs with excipients, such as Zometa® (Novartis,
Switzerland) and Aclasta® (Novartis, Switzerland), limit the
real effect of ZA.'*19 In contrast, in vitro studies showed
that ZA at noncytotoxic levels inhibited angiogenesis and
osteoblastogenesis in placental MSCs, and the osteogenic
effect was observed at only very low concentrations.'3>1°

The purpose of this study was to identify a concentration of
ZA that maximally inhibits osteoclastogenesis without inter-
fering with osteoblastogenesis. The underlying pathway by
which osteoclastogenesis is induced by ZA was also clarified.
We investigated the ability of ZA-loaded tricalcium phosphate
(TCP) scaffolds to inhibit excessive resorption and promote
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bone formation through in vivo transplantation in the rat
femoral condyle.

Materials and methods

In vitro cellular response to different
concentrations of ZA

Cell culture of rat BMSCs, mouse MC3T3-E1 cells, and
preosteoclasts (RAW264.7 cells)

The research proposal was approved by the Institutional
Animal Care and Use Committee and adhered to the Guide
for the Care and Use of Laboratory Animals (2020121505)
in accordance with ARRIVE guidelines. Rat BMSCs were
isolated from the femoral shafts of 4-week-old Sprague—
Dawley male rats after flushing with 10 mL of culture medium
(low-glucose Dulbecco’s Modified Eagle Medium - DMEM;
Gibco™, Invitrogen Corp., Carlsbad, CA) supplemented with
10% fetal bovine serum (FBS), 100 pg/mL penicillin and
100 U/mL streptomycin.’’ The released cells were collected
in three 10-cm dishes containing 15 mL culture medium
and incubated in a humidified atmosphere of 95% air with
5% CO; at 37°C. The nonadhered cells were removed after
incubation for 3 days, and the culture medium was exchanged
with fresh culture medium every 2 days. After the BMSCs
reached approximately 80% confluence in 5 days, they were
detached by incubation with phosphate-buffered saline (PBS;
GIBCO™, Invitrogen Corp., Carlsbad, CA) containing 0.25%
trypsin—EDTA (GIBCO™, Invitrogen Corp., Carlsbad, CA) at
37°C for 5 min and centrifugation at 1500 rpm for 5 min at
4°C. The cells were then gently suspended in 6 mL culture
medium and used for further experiments.

The mouse preosteoblast cell line MC3T3-E1%!+22 was cul-
tured in minimum essential medium-alpha (MEM-«) (Gibco)
supplemented with 10% FBS (Gibco) and antibiotic solution
(100 U/mL penicillin and 100 pg/mL streptomycin). The cells
were maintained at 37°C in a humidified incubator supplied
with 5% COa.

RAW264.7 mouse macrophages (osteoclast precursor,
ATCC TIB-71, Manassas, VA, USA)23 were seeded in 96-well
tissue culture plates with DMEM (10% FBS, 1% penicillin—
streptomycin, and 1.5 g/L sodium bicarbonate) at a density
of 1.8 x 10* cells/cm? and incubated at 37°C under 5% CO»
and 95% humidity overnight.

Cell viability

MC3T3-E1 cells and BMSCs were cultured on 96-well tis-
sue culture plates at a cell density of 3 x 103 cells/cm? and
treated with different concentrations of ZA (1072, 108, 107,
2.5x107,5x 107, and 10® M) (PHR1893, Sigma—Aldrich
Corp., St. Louis, MO, USA) for 3 days. For BMSCs and
MC3T3-E1 cells, osteoinduction medium (OIM), composed
of complete MEM-« medium enriched with 10~7 M dexam-
ethasone (Sigma—Aldrich Corp., St. Louis, MO, USA), 10 mM
B-glycerophosphate (Sigma-Aldrich Corp., St. Louis, MO,
USA) and 50 pg/mL ascorbic acid (Sigma-Aldrich Corp.,
St. Louis, MO, USA),20:2* was added to the wells, and the
cells were cultured for the indicated time in an incubator
humidified with 95% air and 5% CO; at 37°C.

RAW264.7 cells were seeded at a density of 1.8 x 10*
cells/em? and cultured in DMEM supplemented with 10%
FBS and 1% penicillin and streptomycin for 24 h. Osteo-
clast induction medium with 50 ng/mL receptor activator

of nuclear factor- ¥ B ligand (RANKL, recombinant human
soluble RANK ligand, 462-TR, R&D Systems, Minneapolis,
USA) was added to the wells at the same time, followed by
further incubation at 37°C for 1 to 6 days.>

On day 6, 100 uL of growth medium and 10 uL of Cell
Counting Kit-8 (CCK-8, Dojindo, Rockville, MD, USA) solu-
tion were added to each well of the plate. The plate was then
incubated for 1-4 hours at 37°C with 5% CQO;. Absorbance
was measured at 450 nm using a microplate reader (BioTek
Synergy HTX Multimode Reader, Santa Clara, CA, USA).

Osteogenesis evaluation
Alkaline phosphatase staining and activity

For staining, BMSCs and MC3T3-E1 cells in the wells were
washed twice with PBS and fixed for 1 min using 60%
(v/v) citrate solution comprising 0.6 mL citrate concentrate
solution (Sigma) in 29.4 mL deionized water and 20 mL
acetone. The wells were rinsed with deionized water and
stained overnight with alkaline phosphatase staining solution.
The alkaline phosphatase staining solution was a mixture of
one part of naphthol AS-MX alkaline solution (Sigma) and
24 parts fast violet stain solution (Sigma). The next day, the
staining solution was removed, and the wells were washed five
times with deionized water. Images of the stained wells were
captured with a digital camera (Canon, PowerShot SX50 SH)=
To measure the alkaline phosphatase activity with the enzyme-
linked immunosorbent assay (ELISA), cells in each well were
washed twice with PBS and lysed with radioimmunoprecip-
itation assay (RIPA) lysis buffer (Sigma—Aldrich Corp., St.
Louis, MO, USA) mixed with a protease inhibitor cocktail
(Sigma) to collect the total protein from each well. The
alkaline phosphatase activity of each group was determined
using an alkaline phosphatase assay kit (Abcam, Cambridge,
MA, USA). All procedures were performed according to the
manufacturer’s guidelines, and absorbance was measured at a
405 nm wavelength using an ELISA reader (BioTek Synergy
HTX Multimode Reader, Santa Clara, CA, USA).

Calcium deposition assay with Alizarin red S (ARS) staining
and quantification

BMSCs and MC3T3-E1 cells in the wells were washed twice
with PBS before being fixed with 4% paraformaldehyde in
PBS at room temperature for 15 min. Subsequently, the solu-
tion was removed, and the wells were washed three times with
ddH,O. Then, 2% Alizarin red S (ARS) staining solution was
applied and incubated at room temperature for 30 min. The
staining agent was removed, and the wells were washed 3-5
times with ddH, O. Images of the stained wells were captured
with a digital camera (Canon, PowerShot SX50 SH). To
quantify the results of ARS staining,2® the dye was desorbed
using 10 wt% cetylpyridinium chloride (Sigma, C9002) for
1 hour, and the absorbance was read at 620 nm using an
ELISA reader (BioTek Synergy HTX Multimode Reader, Santa
Clara, CA, USA).

Osteogenic differentiation and quantitative real-time
polymerase chain reaction (RT-PCR)

BMSCs and MC3T3-E1 cells attached to the wells were
dissociated with trypsin and collected for differentiation
analysis. The total RNA was then extracted and reverse
transcribed into ¢cDNA using a PrimeScript™ RT Master
Mix synthesis kit (RR036, Takara, Tokyo, Japan) following
the manufacturer’s instructions. The expression levels of
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Gene

Primer Sequence (5° => 3’)

Mouse Ctsk Forward
Mouse Ctsk Reverse
Mouse TRAP Forward
Mouse TRAP Reverse
Mouse OPN Forward
Mouse OPN Reverse
Mouse OCN Forward
Mouse OCN Reverse
Mouse ALP Forward
Mouse ALP Reverse

Mouse RUNX2 Forward
Mouse RUNX2 Reverse
Mouse NFATc1 Forward
Mouse NFATc1 Reverse
Mouse c-Fos Forward
Mouse c-Fos Reverse
Mouse DC-STAMP Forward
Mouse DC-STAMP Reverse
Mouse 18S Forward
Mouse 18S Reverse

CTCGGCGTTTAATTTGGGAGA
TCGAGAGGGAGGTATTCTGAGT
CACGAGAGTCCTGCTTGTC
AGTTGGTGTGGGCATACTTC
AGCAAGAAACTCTTCCAAGCAA
GTGAGATTCGTCAGATTCATCCG
TGACAAAGCCTTCATGTCCAAG
CGTTTGTAGGCGGTCTTCAAG
AACCCAGACACAAGCATTCCC
AATTCATACTGCATGTCCCCG
CAACAAGACCCTGCCCGT
TCATAACAGCGGAGGCATTTC
CTCGAAAGACAGCACTGGAGCAT
CGGCTGCCTTCCGTCTCATAG
CCAGTCAAGAGCATCAGCAA
AAGTAGTGCAGCCCGGAGTA
AAAACCCTTGGGCTGTTCTT
AATCATGGACGACTCCTTGG
GACTCAACACGGGAAACCTC
AGACAAATCGCTCCACCAAC

Ctsk, Cathepsin K; TRAP, Tartrate Resistant Acid Phosphatase; OPN, Osteopontin; OCN, Osteocalcin; ALP, Alkaline Phosphatase; RUNX2, Runt-related
transcription factor 2; NFATc1, Nuclear Factor of Activated T Cells 1; DC-STAMP, Dendritic Cell-Specific Transmembrane Protein.

the osteoblastic markers ALP, osteocalcin (OCN), and
osteopontin (OPN) were quantified using SYBR Green
Master mix (Applied Biosystems™, Waltham, Massachusetts,
USA) and a QuantStudio 5 Real-Time PCR System (Applied
Biosystems™, Waltham, Massachusetts, USA). Forward and
reverse primers were designed with Primer Express Software
(Applied Biosystems). The sequences of the forward and
reverse primers used in the study are shown in Table 1. The
expression of 18S rRNA was examined as the endogenous
control. Relative transcript levels were calculated from
the relative standard curve constructed from stock cDNA
dilutions and divided by the target quantity of the control
following the manufacturer’s instructions.

Osteoclastogenesis evaluation

RAW264.7 cells were seeded in 96-well tissue culture plates
at a density of 1.8 x 10* cells/cm? and cultured in DMEM
supplemented with 10% FBS and 1% penicillin and strep-
tomycin for 24 h. Then, the cell culture was supplemented
with 50 ng/mL RANKL and various concentrations of ZA
(10°,10%,107,2.5 x 107, 5 x 107, and 10 M) for 3 days
at 37°C, and the cell culture medium was replaced with
fresh complete medium every 2-3 days until many mature
osteoclasts formed. To evaluate osteoclast differentiation at
the end of each incubation, the cells were washed twice and
fixed with fixation solution for 5 min.

Tartrate-resistant acid phosphatase staining

The tartrate-resistant acid phosphatase (TRAP) staining kit
(MK300, Takara, Tokyo, Japan) was then used to stain for
TRAP, an osteoclast marker, according to the manufacturer’s
instructions.?” After culturing, stained TRAP-positive mult-
inucleated cells with >3 nuclei were identified under an
inverted microscope (C13220-01, NanoZoomer S360 Digital
slide scanner, Hamamatsu, Shizuoka, Japan) and considered
osteoclast-like cells. We analyzed and compared the number
of TRAP-positive cells among all concentrations using an
NDP.View2 Analyzer (Hamamatsu, Shizuoka, Japan). Three

images were captured per well. These images were analyzed
using Image] software.

Bone resorption assay

The osteoclast bone resorption assay was performed using
a commercially available bone resorption assay kit?$:2”
(CosMo Bio, Tokyo, Japan). The cells were treated with
various concentrations of ZA (102, 10, 107, 2.5 x 107,
5 x107,and 10® M) and RANKL (50 ng/mL) and incubated
on fluoresceinamine-labeled chondroitin ~ sulfate-bound
calcium phosphate-coated microplates for 5 days. The mature
osteoclasts on the microplates were then washed out using
5% sodium hypochlorite, and resorption pits were visualized
under a scanning electron microscope (IX71, Olympus,
Tokyo, Japan). The total number and area of resorption pits
were quantified and compared using Image] software (1.53 k).

Osteoclastogenesis and quantitative real-time polymerase
chain reaction (RT-PCR)

RAW?264.7 cells were seeded onto 96-well plates at a density
of 1.8 x 10* cells/cm? and cultured in complete medium with
ZA at 37°C for 0, 1, 3 and 5 days with 50 ng/mL RANKL.
Total RNA was then extracted and reverse transcribed into
c¢DNA using a cDNA synthesis kit (TaKaRa, Japan) following
the manufacturer’s instructions. The expression levels of the
osteoclastic markers TRAP, cathepsin K (Ctsk), OPN, c-fos,
DC-STAMP, and NFATC-13932 were quantified using SYBR
Green Master mix (TaKaRa, Japan) and a Step One Plus
RT-PCR instrument (ABI7500, USA). Forward and reverse
primers were designed with Primer Express Software (Applied
Biosystems). The sequences of the forward and reverse primers
used in this study are shown in Table 1. The expression of
GAPDH was examined as the endogenous control. Relative
transcript levels were calculated from the relative standard
curve constructed from stock cDNA dilutions and divided by
the target quantity of the control following the manufacturer’s
instructions.
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Assays of osteoclastogenesis-related pathways

The RAW264.7 cell samples lysed in RIPA buffer with
Protease Inhibitor Cocktail (P8340, Sigma-Aldrich) and
Phosphatase Inhibitor Cocktail 2 and 3 (P5726 and P0044,
Sigma—Aldrich) were boiled in a sodium dodecyl sulfate
(SDS) sample buffer containing 0.5 M B-mercaptoethanol.
The samples were separated on 10% SDS-polyacrylamide
gels and transferred to polyvinylidene fluoride membranes
(Millipore, MA, USA). The membranes were blocked with
5% skim milk in TrissHCl-buffered saline with Tween® 20
(TBST) for 1 hour at room temperature. The antibodies used
were from Cell Signaling Technology (MA, USA). Membranes
were incubated with anti-p38 (1:5000)/phosphorylated p38
antibody (1:1000), anti-ERK (extracellular signal-regulated
kinase) (1:20000)/phosphorylated ERK antibody (1:10000),
anti-JNK (c-Jun N-terminal kinase) (1:5000)/phosphorylated
JNK antibody (1:2000), anti-p6S (1:1000)/phosphorylated
p65 antibody (1:2000), anti-IkBa(1:1000)/phosphorylated
Ik Ba antibody (1:1000), and GAPDH antibody (1:10000) at
4°C overnight.>3-3* The membranes were then washed three
times with TBST buffer. The Western blots were incubated
with secondary antibodies (1:2000) (anti-rabbit IgG HRP,
GENA934, Cytiva, USA; anti-mouse IgG HRP, NEF822001,
PerkinElmer, Akron, Ohio, USA) at room temperature for
1 hour and developed using Western Lightning Plus-ECL
(PerkinElmer, Akron, Ohio, USA) for visualization on X-
ray film.

In vivo experimental design

This study included a total of 24 male skeletally healthy
Sprague-Dawley rats (250-300 g, 12 weeks old) housed in
a light- and temperature-controlled environment. The study
was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. All animals were
used under animal protocols approved by the Institutional
Animal Care and Use Committee of Chang Gung Memorial
Hospital (2020121505) and housed accordingly. 8-Tricalcium
phosphate (8-TCP) columns (diameter: 4 mm, length: 4 mm,
porosity: 70%; HOYA (Tokyo, Japan)) were used as the
scaffold in this study. To prepare the materials for the ZA
groups, 250 uL of 50, 500, or 2000 uM ZA (Sigma—Aldrich
Corp., St. Louis, MO, USA)'* and 250 uL of normal saline
for the control group was loaded onto each piece of B-TCP
column and soaked for 1 hour until all liquid was absorbed.

The four treatment groups included implantation of B-
TCP columns with normal saline (NS, n=6), implantation of
scaffolds and 50 uM ZA (50 uM; n = 6), implantation of scaf-
folds and 500 uM ZA (500 uM; n=6) and implantation of
scaffolds and 2000 uM ZA (2000 uM; n=6). The treatments
were determined for each animal with a randomization chart.
These doses fall within a range where previous studies have
demonstrated a clinically significant treatment effect through
local administration.33-3

Surgical procedure

All experimental procedures were performed under a standard
anesthetic/analgesic protocol as described in previous stud-
ies.3”>3% An incision of 20 mm in length was created above
the knee joint in the dorsal femoral region of each animal.
To establish the femoral condyle defect model, a cylindrical
bone defect with a diameter of 4 mm and a depth of 4 mm

was generated using a trephine bur (ACE Surgical Supply
Co., Inc., USA). To avoid thermal bone injury, continuous
saline irrigation was carried out during burring. After implan-
tation of scaffolds, the periosteum and skin were stitched
with 4-0 nylon sutures. An intramuscular dose of ketoprofen
(25 mg/mL) and a subcutaneous dose of cefazolin sodium
(100 mg/mL) were given to all animals postsurgically. The
wound condition, diet, activity and signs of infection were
monitored in the animals daily.

Euthanization and preparation of specimens

Five animals in each group were euthanized 6 and 12 weeks
after surgery. The rats were euthanized via carbon dioxide
asphyxiation, and the retrieved specimens after en bloc exci-
sion were fixed in 10% neutral formalin for further evalua-
tion.

Image analysis

X-ray imaging and microcomputed tomography (uCT) were
performed in the 6th and 12th weeks after implantation.
Block samples, including the surgical sites, were harvested and
preserved in 4% paraformaldehyde at 37°C for 48 h. The
samples collected at 6 and 12 weeks from each group were
scanned using a uCT system (Explore Locus; GE Healthcare,
Chalfont St. Giles, Buckinghamshire, UK) in high-resolution
scanning mode.

Histological analysis

The implanted tissue blocks were decalcified in 10% EDTA
for 3 weeks at room temperature, dehydrated using an
increasing alcohol gradient, serially cut into 5-pum-thick
slices, immersed in paraffin, and mounted on glass slides.
Longitudinal sections were stained with hematoxylin—eosin
and Masson’s trichrome for bone and cartilage and TRAP
for osteoclasts and imaged under an optical microscope
(DXM200F Digital Camera; Nikon, Tokyo, Japan). The
volume of regenerated bone within the defects was calculated

from images of Masson’s trichrome staining by using
MicroVIEW software (GE Healthcare).

Statistical analyses

The in vitro experiments were performed three times and
results are presented as the means + standard deviations. The
statistical analyses were conducted by using Microsoft office
Excel 2019 (Microsoft Corporation, State of Washington,
USA). Comparisons among multiple groups were performed
using one-way analysis of variance. Differences were consid-
ered statistically significant when the P value < 0.05.

Results
Cytotoxic effects of ZA on BMSCs, MC3T3E-1 cells
and RAW264.7 cells

The viability of BMSC, MC3T3E-1, and RAW264.7 cells was
compared by performing a Cell Counting Kit-8 (CCK-8) assay
on cells cultured in induction medium containing different
concentrations of ZA (107, 108, 107, 2.5 x 107, 5x 107,
and 10°® M) for 3 days. The cytotoxicity of various cell
lines exposed to different concentrations of ZA is assessed
using CCK-8. The cell viability rate is determined by com-
paring the outcomes to those of the untreated control group.
The results showed that increasing the ZA concentration to



6 JBMR Plus, 2024, Volume 8 Issue 5
A MC3T3-E1 B BMSC C RAW264.7
150 e Dayl = Day3 a Day6 150 e Dayl m Day3 a Day6 150 e Dayl m Day3 a Day6
£3 23 ; £3
= E100 5 -E100 3 -E100
S0 T o © O
> O S O S o
5 G 50 5 50 <6 50
o é O R o
0 0 0
10°  10% 107 2.5x107 10 10°  10% 107 2.5x107 10° 10° 108 107 2.5x107 10
ZA Concentration (M) ZA Concentration (M) ZA Concentration (M)

Figure 1. The cytotoxic effects of ZA on MC3T3E-1 cells (A), BMSCs (B), and RAW264.7 cells (C).The results showed that increasing the ZA concentration

t0 2.5 x 107 M did not compromise the viability of the three cell types.

2.5x 107 M did not compromise the viability of the three
cell types (Figure 1).

Effect of ZA on the osteogenic differentiation of
MC3T3E-1 cells and BMSCs

Figure 2A and B shows the quantification of ALP activity,
an early marker of bone formation.”> In both BMSCs and
MC3T3E-1 cells, ALP levels significantly increased in all
groups on day 14 compared to those on day 7, indicating
that ZA had no inhibitory effect on early osteogenesis. ARS
staining, a late marker of bone formation, was used to assess
bone mineralization in cells treated with various concentra-
tions of ZA (Figure 2C-F). On day 28, all groups with ZA
concentrations below 2.5 x 107 M showed positive staining
with a deep red color, indicating bone nodule formation.
The ARS quantification assay demonstrated similar values for
ZA concentrations below 2.5 x 107 M and OIM groups in
both cell lines. However, when comparing ZA concentrations
below 2.5 x 107 M and OIM groups, ZA concentrations of
10 M showed significant lower values on day 21 and day 28
in M3T3E-1 cells and on day 21 in BMSCs (P < 0.05).

To assess the osteoblastic effect of ZA on the preosteoblas-
tic cell line M3T3E-1, we evaluated the expression of the
osteoblast-specific genes ALP, OCN, and OPN (Figure 3)
after 7, 14, and 21 days of exposure to control medium,
OIM, and ZA (at concentrations of 10, 108, 10”7, and
2.5 x 1077 M)." The results demonstrated that the expression
of ALP was upregulated in cells cultured in OIM alone or
supplemented with ZA in the first two weeks, but there is
no significance between ZA treated groups and OIM groups.
In the OCN expression, concentrations of ZA at 107, 107,
and 2.5 x 10”7 M exhibited significantly higher values than
OIM on day 7. Similarly, within the OPN group, ZA at
concentrations of 107 and 2.5 x 10”7 M showed significantly
higher values compared to OIM on day 7 (*P <0.05). The
variable increase in the expression of OCN and OPN, in
comparison to the OIM groups, did not provide support for
ZA having a positive effect on bone formation. No significant
differences in levels were observed between OIM and ZA
groups at other time points.

ZA suppresses RANKL-induced osteoclastic
differentiation and bone resorption in RAW264.7
cells

We assessed the inhibitory effect of ZA on RANKL-induced
osteoclastogenesis by measuring TRAP staining of RAW264.7
cells incubated with different concentrations of ZA (107,
108,107,and 2.5 x 1077, 10® M) in the presence of 50 ng/mL

RANKL (Figure 4). Large multinucleated TRAP-positive
osteoclast cells were observed in ZA-treated groups at day
5 in the presence of RANKL. When compared to RANKL-
only groups, the number of osteoclasts was significantly
suppressed by ZA at various time points on day 3, day 5,
and day7 (Figure 4B). We conducted a resorption pit assay
to investigate the effects of various concentrations of ZA
(10,10°%,107,and 2.5 x 1077, 10" M) on mature osteoclast
activity (Figure 4C). The results showed a significant decrease
in the area of osteoclast bone resorption pits in the ZA
groups compared to the RANKL-only group (Figure 4D).
The findings of the resorption pit assay were consistent with
the TRAP staining and quantification data.

Furthermore, pretreatment with ZA strongly inhibited the
RANKL-induced formation of TRAP-positive multinucleated
osteoclasts and bone resorption pits. These results convinc-
ingly demonstrated that ZA inhibits the fusion of preosteo-
clasts and the bone resorption of mature osteoclasts.

Effects of ZA on the mRNA expression of osteoclast
differentiation-specific genes in RAW264.7 cells

To further investigate the inhibitory effects of ZA on osteo-
clast formation, we conducted RT-qPCR analysis to evaluate
the expression of specific osteoclastogenesis-related genes.
Our results showed an increase in the expression of osteo-
clastic markers, including Ctsk, NFATc1, TRAP, DC-STAMP,
and c-Fos, in RAW264.7 cells treated with RANKL alone
(Figure 5). However, when treated with ZA for 3 days, the
upregulation effect on osteoclast-specific gene expression was
significantly suppressed, and downregulated expression of
most osteoclast-specific mRNAs was observed in the presence
of ZA (* P<0.05 and ** P <0.01, ZA treated groups com-
pared to RANKL-only groups). These findings suggest that
ZA inhibits the formation of osteoclasts by regulating the
expression of osteoclastogenesis-specific genes.

ZA inhibits RANKL-induced p38 and JNK
phosphorylation and inhibits downstream
expression of NFATC1, DC-STAMP and c-Fos

To investigate the mechanisms by which ZA regulates osteo-
clastogenesis, we examined the protein levels of components
of RANKL-induced signaling pathways using Western blot
analysis. The mitogen-activated protein kinase (MAPK) fam-
ily plays a key role in committing cells to the osteoclastic
lineage and regulates downstream coregulators such as ERK,
JNK, and p38 in the transcriptional regulation of target
genes.>?#! Our results showed that ZA significantly inhibited
the phosphorylation of the ERK and JNK proteins within 5-
15 minutes (* p <0.05 and ** P <0.01, ZA treated groups
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group, ZA at concentrations of 107 and 2.5 x 107 M showed significantly higher values compared to OIM on day 7 (*P < 0.05). No significant differences
in levels were observed between OIM and ZA groups at other time points.

compared to RANKL-only groups) but had no significant
effect on the phosphorylation of p38 proteins (Figure 6A-C).
These findings suggest that ZA inhibits ERK and JNK signal-
ing by reducing the levels of p-ERK and p-JNK, leading to a
reduction in osteoclast formation via suppression of RANKL-
induced activation of these pathways. In Figure 6D, the rapid
activation of the phosphorylation of IxkBa, the inhibitor of
NF-«B, was observed at 5§ min following RANKL exposure
(* P<0.05, ZA treated groups compared to RANKL-only
groups). Our study showed that ZA significantly inhibited
the phosphorylation of IkBa proteins within 5-10 minutes

but had no significant effect on the phosphorylation of p65
proteins which implied activation of NF-«B maybe not only
through phosphorylation of IxBa.

In vivo bone regeneration in rat femoral
critical-sized defects

In vivo radiographic and micro-CT resulis

All animals survived the study period without any compli-
cations. The osteogenic potential of the femoral defects was
evaluated after 6 and 12 weeks. X-rays and micro-CTs in
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Figure 7. X-ray and micro-CT images of all groups. Increasing radiopacity was observed in all groups on X-rays from 6th week to 12th week. In the micro-CT
scans at the sixth week, less surrounding bone resorption was observed in the 500 ©M and 2000 M groups compared to the NS and 50 uM groups.
At the 12th week, lesser central bone resorption was detected in the 500 M and 2000 M groups, illustrated by more radiopacity at the center of the

graft.

high-resolution mode were performed on five samples from
each group (Figure 7). Increasing radiopacity was observed in
X-rays from all groups from the 6th week to the 12th week.
In the micro-CT scans from the sixth week, less surrounding
bone resorption was observed in the 500 uM and 2000 uM
groups than in the NS and 50 uM groups. Adequate bone
formation with surrounding callus formation was observed in
all groups. In the 12th week, less central bone resorption was
detected in the 500 uM and 2000 uM groups.

Histologic analysis

Hematoxylin & eosin staining and Masson’ trichrome
staining were examined at various magnifications using a
light microscope (Figure 8). In the sixth week, significant
bone resorption was observed after H&E staining, and the
implanted artificial bone was still visible in the 2000 uM
group (Figure 8A, yellow arrow). More deposition of osteoids
surrounding the contact surface of scaffolds was observed in
the 500 uM and 2000 M groups, but less was observed in the
NS group (Figure 8A, yellow arrowhead). Masson’s trichrome
staining revealed thick, dense bone-like tissue surrounding the
implanted B-TCP scaffolds in the ZA-treated groups, whereas
this space was occupied by dense fibrous connective tissue
with thin bone-like tissue in the NS groups (Figure 8B, yellow
arrowhead). Neovascularization was evident inside the dense
bone-like tissue (Figure 8B, yellow arrow) in the 500 uM and
2000 uM groups.

Histomorphometric analysis

The amount of new bone formation was quantified using
Masson’s trichrome-stained sections at 12 weeks postoper-
atively. Histomorphometric analysis showed that the ZA-
treated groups exhibited more bone formation than the nor-
mal saline group: 68.99+9.18% in the 2000 M group,
63.80+10.27% in the 500 uM group, 66.37 +£14.78% in
the 50 uM group and 45.81+14.63% in the NS group

(Figure 8C). Quantification of the mineralized tissue area
revealed a significantly higher value for the 2000 uM group
than for the normal saline group (* P < 0.05).

Immunohistochemistry with TRAP staining

In the sixth week, more TRAP-positive osteoclast cells were
observed in the NS groups, and almost no cells with positive
staining were present in the 500 uM and 2000 uM groups
(Figure 9A, red arrow). Quantification of the TRAP-staining
revealed a significantly higher value for the normal saline
groups than the ZA-treated groups (* P <0.05, ** P <0.01,
ZA-treated groups compared to normal saline groups). More
osteoclasts were found in the ZA-treated groups in the 12th
week than in the 6th week, indicating that local applica-
tion did not interfere with osteoclast formation from new
bone, which indicates that long-term bone remodeling was
not inhibited (Figure 9B, red arrow). Quantification of the
TRAP-staining showed a significantly higher value for the
500 uM and 2000 uM groups than the normal saline groups
(*P <0.05, ZA-treated groups compared to normal saline

groups).

Discussion

Studies conducted on animals have demonstrated that local
administration of bisphosphonates such as ibandronate and
zolendronate can decrease bone resorption, but cytotoxicity
to osteoblast-related cells, the involved pathways, local appli-
cations using intravenous regimens, and local released con-
centrations are still poorly understood, rendering the results
unreliable.!’>12:15:42 The objective of this study was to deter-
mine the optimal concentration of ZA for local adminis-
tration to prevent osteoclastogenesis and activation of its
underlying pathway while avoiding any interference with
osteogenesis. In our in vitro study, we evaluated the viability
of MC3T3-E1 cells, BMSCs, and RAW264.7 cells treated
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Figure 8. H&E staining (A). At the sixth week, significant bone resorption was observed in the NS group, and the implanted artificial bone was still visible in
the 2000 M group (A, yellow arrow). More deposition of osteoids surrounding the contact surface of scaffolds was observed in the 500 M and 2000 M
groups but less in the NS group (A, yellow arrow head). Masson's trichrome staining revealed thick, dense bone-like tissue surrounding the implanted
TCP scaffolds in the ZA-treated groups (B, yellow arrowhead). Neovascularization was evident inside the dense bone-like tissue (B, yellow arrow) in the
500 «M and 2000 uM group. Histomorphometric analysis (C) of the mineralized tissue area revealed a significantly higher value for the 2000 ©M group

than for the normal saline group (* P <0.05).

with various concentrations of ZA. The results showed that
a ZA concentration below 2.5 x 107 M did not have any
adverse cytotoxic effects. Based on ALP and ARS staining
and quantification of MC3T3-E1 cells and BMSCs, ZA did
not have a negative impact on the osteoinductive ability of

OIM. Additionally, the mRNA expression of ALP, OCN,
and OPN in the ZA-treated groups was similar to that in
the OIM only groups. A study using a polydopamine-coated
porous titanium scaffold integrated with ZA-loaded gelatin
nanoparticles demonstrated that extracts of the composite
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Figure 9. Immunohistochemistry with TRAP staining. In the sixth week, more TRAP-positive osteoclast cells were observed in the NS groups, and almost
no cells with positive staining were present in the 500 ©M and 2000 ©M groups (a, red arrow). Quantification of the TRAP-staining revealed a significantly
higher value for the normal saline groups than the ZA-treated groups (* P <0.05, ** P <0.01). More osteoclasts were found in the ZA-treated groups in
the 12th week than in the 6th week (B, red arrow). Quantification of the TRAP-staining showed a significantly higher value for the 500 uM and 2000 uM

groups than the normal saline groups (* P< 0.05).

scaffolds stimulated osteoblast differentiation and inhibited
osteoclastogenesis at a ZA loading concentration of 50 uM.!3
Despite these positive findings, it was difficult to draw a
convincing conclusion due to the uncontrolled ZA regimen,
potential osteogenic effects of the scaffold, and uncontrolled
ZA release in the repair of osteoporotic bone defects.!112:15
In this study, we used pure zolendronate (PHR1893, Sigma—
Aldrich Corp., St. Louis, MO, USA) instead of a product from
an intravenous regimen’#3:%* to avoid potential effects from
excipients. Several studies*>**® have indicated that ZA, when
administered at different doses and durations, can inhibit the
osteogenesis of BMSCs, reduce the activity of osteoblasts,
and ultimately hinder mineralization. Studies have shown that
high doses of ZA can induce apoptosis in certain cell types,
including osteoblasts, leading to reduced bone formation.*?>°
In our study, we ruled out the impact of cytotoxicity on
osteogenic performance and concluded that ZA had no sig-
nificant positive or negative effect on the osteogenic ability of
BMSCs or preosteoblasts.

One study showed that ZA prevented the migration of
osteoclast precursors and RANK expression during osteoclas-
togenesis through suppression of the NF-kB pathway, which
was most likely related to changes in RANK expression.’!
Previous studies have indicated that ZA suppresses the non-
canonical Wnt/Ca?*t/calmodulin-dependent protein kinase II
pathway.’2>*3 Some studies have also demonstrated that ZA
is involved in the RANKL/RANK pathway.32:3%:53:5% Specif-
ically, ZA modulates osteoclast apoptosis through activa-
tion of the NF-«B signaling pathway in an ovariectomized
rat model.”> Furthermore, ZA has been reported to inhibit
the NF-«B pathway by promoting the deubiquitination of
TRAF6.°¢ Nonetheless, more research is still needed to elu-
cidate the underlying mechanism. By using RANKL-induced
RAW264.7 cells as a model, we examined the effects of ZA on
osteoclastogenesis in the current work. In vitro TRAP staining
and quantification showed that ZA suppressed osteoclast

development if the dose was higher than 2.5 x 10”7 M. In the
pit formation assay, even a lower dose of 107 M had a signifi-
cant inhibitory effect on osteoclastogenesis. Furthermore, ZA
inhibited osteoclastogenesis in part through the ERK and JNK
pathways, as indicated by the inhibition of RANKL-induced
expression of the Ctsk, NFATc1, TRAP, DC-STAMP, and c-
Fos genes by ZA.57>%8

Mitogen-activated protein kinases, or MAPKSs, are a group
of signaling molecules that play important roles in cellular
processes such as proliferation, differentiation, and apopto-
sis.30»39:41,53 There are several types of MAPKs, including c-
Jun N-terminal kinase (JNK), p38, and extracellular signal-
regulated kinase (ERK). In the context of osteoclast formation,
previous studies have shown that MAPKSs, particularly JNK
and p38, promote the activation of c-Fos, a transcription
factor that is essential for osteoclast differentiation.”’>3% Fur-
thermore, MAPKs facilitate the translocation of activator
protein-1 (AP-1), which is a transcription factor that regulates
gene expression in response to a variety of stimuli, including
cytokines and growth factors.*>*! Inhibitors of ERK and
JNK have been shown to block osteoclast differentiation in
vitro and in vivo.3%:#1:53:5% Studies showed ZA inhibited the
RANKL-induced activation of NF-«B during osteoclastoge-
nesis. However, the inhibitory mechanism of NF-«B by ZA
on osteoclastogenesis is still controversial.*>¢? Our study
showed that ZA significantly inhibited the phosphorylation
of IkBa proteins within 5-15 min but had no significant
effect on the phosphorylation of p65 proteins. The NF-«B
family comprises five members with structural similarities,
namely p50, p52, p65 (RelA), c-Rel, and RelB.°":%2 These
proteins can homo- or heterodimerize, creating transcrip-
tionally active NF-«B dimers. Typically, these dimers are
kept inactive in the cytoplasm of quiescent cells by mem-
bers of the inhibitory IkB protein family, which consists
of at least seven proteins. The intricate regulatory mecha-
nism between NF-xB and I«Ba proteins could account for
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the varied expression observed in our results for p65 and
I«Ba.

These inhibitors are being studied as potential therapeu-
tic agents for conditions associated with excessive osteo-
clast activity, such as osteoporosis and bone metastasis. In
our study, ZA inhibited the ERK and JNK signaling path-
ways, thus inhibiting the expression of the downstream fac-
tors c-Fos and NFATcl and decreasing the expression of
the fusion-related molecule DC-STAMP and the osteoclast-
specific markers Ctsk and TRAP in RAW264.7 cells.

The purpose of the present study was to investigate the
effect of ZA on early and late bone formation in a rat femoral
critical-sized bone defect model when applied in combination
with B-TCP artificial bone. The transformation of dosage
from in vitro to in vivo local application typically encompasses
intricate factors, such as the drug’s pharmacokinetics and
pharmacodynamics, the bioavailability of local application,
and tissue characteristics.®> In this research, distinguishing
between radiographic and histological results at very low
doses is challenging. The dosages utilized, reaching as high
as 2000 uM, fall within a range where previous studies
have indicated a clinically significant effect with local admin-
istration.’> In a study where cancellous bone grafts were
inserted into titanium chambers and implanted in the tibia
of 50 male rats, it was observed that nearly the entire graft
in all chambers had undergone revascularization but only
partial remodeling at the 6-week harvest. The study con-
cluded that local treatment led to denser bone and a reduced
bone ingrowth distance compared to systemic treatment.'?
However, the mechanical impact of titanium chambers and
local application via intravenous regimens cannot definitively
attribute the bone formation solely to ZA. In another study,
a polydopamine-coated porous titanium scaffold combined
with ZA nanoparticles demonstrated enhanced biocompati-
bility and bone regeneration capability in 24 mature female
rabbits.!3> However, the mechanisms underlying the sustained
release of ZA for repairing osteoporotic bone defects at the
molecular level and the pathway of dose-dependent anti-
osteoclastogenesis remain unclear. It is important to note that
confounding factors arising from both the titanium scaffold
and nanoparticles prevent the definitive attribution of bone
formation from ZA. In our investigation, we employed pure
ZA without any artificial scaffold to eliminate potential influ-
ences from other confounding factors.

For the induction of new bone formation, regenerated
osteoid, angiogenesis, and fibrosis are important evaluation
parameters.2*:*4 More osteoid formation, more neovascular-
ization and less fibrotic tissue were observed after histological
staining in the 500 uM and 2000 uM groups. More osteo-
clasts were found in the NS group in the sixth week, and
sequential osteoclast formation was found in the ZA-treated
groups, indicating that bone resorption was inhibited in the
early callus formation stage without inhibition of late bone
remodeling in the ZA-treated groups. The bone formation
quantification results obtained from the Masson’s trichrome
histomorphometric data were compatible with the TRAP
staining results from the 12th week.

After a single-dose intravenous administration, approxi-
mately half of the administered ZA will be eliminated from
the body within 6 days due to its half-life of approximately
146 hours.*?-°0:5% Despite its relatively brief half-life, ZA
exhibits an extended duration of action owing to its strong
binding to bone tissue.!”>18:3% Upon administration, the drug
rapidly attaches to the host bone and is gradually released over
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a long period, resulting in a sustained impact on the bone
tissue even after its rapid clearance from the bloodstream.
In our in vivo study, ZA was incorporated into the bone
graft rather than the host bone. As a result, in the sixth
week, we observed a reduction in osteoclast formation in the
surrounding bone graft. However, since ZA was absent in
the new bone, we noted that the osteoclast activity return to
normal in the 12th week compared to the sixth week. Based
on our findings, the use of B-TCP artificial bone soaked with
ZA at concentrations of 500 uM and 2000 uM appears to be
a promising strategy for bone regeneration.

Our study has some limitations. First, the potential syner-
gistic effect of ZA and B-TCP requires further clarification
through longer soaking times and experimentation with dif-
ferent culture media. Second, for future applications, it would
be worthwhile to investigate the efficacy of other bone graft
substitutes, such as polymers, calcium sulfate, allografts and
composite bone. Third, knockout animal models should be
employed to confirm the pathways involved. Fourth, the use
of a large animal model may help overcome individual dif-
ferences arising from the ZA-sensitive dose-dependent effect.
Finally, longer implantation periods and multiple time points
are required to assess bone formation.

Conclusion

This study proved that local application of ZA maintains
osteoblast viability while inhibiting the osteoclast activity, in
part by suppressing the ERK and JNK signaling pathways.
Our experiments showed that a 8-TCP bone substitute soaked
with ZA promotes new bone formation in rat femoral critical
bone defects by impeding early osteoclast formation. Our
results suggest that the local application of ZA in bone sub-
stitutes leads to increased osteoid formation in the final fused
bone and may have potential for use in bone transplantation
surgeries.
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