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Abstract

Introduction This study aimed to observe the effects of long-term alendronate pretreatment on the healing of osteoporotic
calvarial defects, and further investigate the effect of alendronate combined with once-weekly parathyroid hormone follow-
ing 12 weeks of alendronate treatment in ovariectomized rats.

Materials and methods Thirty 3-month-old female rats were ovariectomized, and 24 rats received alendronate for 12 weeks.
Then, a critical defect was created in the calvaria of all animals. Immediately after osteotomy, the animals received one of five
treatments for 8 weeks: (1) continuation of vehicle (group E), (2) alendronate followed by vehicle (group A), (3) continuation
of alendronate (group B), (4) alendronate followed by once-weekly parathyroid hormone alone (group C), or (5) continuation
of alendronate combined with once-weekly parathyroid hormone (group D). Calvarial defect healing was assessed using
dual-energy X-ray absorptiometry, micro-computed tomography, histology, and sequential fluorescence labeling.

Results Group E showed a significantly higher volume of newly formed bone than groups A, B, C, and D. Evidence of new
dense bone formation in group E was observed histologically. In addition, the immunohistochemical expression of runt-related
transcription factor 2 was increased in group E but inhibited in groups A, B, C, and D. Sequential immunofluorescence also
showed inhibited mineral apposition in groups A, B, C, and D compared with group E.

Conclusion The present study shows that long-term pretreatment with alendronate inhibited calvarial defect healing in osteo-
porotic rats, and this effect could not be reversed by stopping alendronate, switching to parathyroid hormone, or combining
with once-weekly parathyroid hormone.
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Introduction

Osteoporosis is a significant health problem characterized
by compromised bone strength that predisposes patients
to an increased risk of fractures [1, 2]. The most common
medications prescribed for the treatment of osteoporosis
are bisphosphonates. Among them, alendronate (ALN) is
frequently administered because it increases bone mineral
density, reduces the risk of fractures, and is well-tolerated
[3]. A previous study suggested that long-term ALN therapy
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before fracture would favor the formation of a mechanically
competent large callus with a slow rate of remodeling in an
ovariectomized rat model [4]. In contrast to indirect fracture
healing with endochondral callus formation, direct fracture
healing occurs via intramembranous ossification without
callus formation [5]. Studies on the effects of ALN accu-
mulation in the skeleton on direct healing have shown con-
tradictory results. Previous studies reported that regardless
of the dose, ALN enhanced or did not compromise new bone
formation in a rat calvarial defect model [6, 7]. However,
other studies suggested that bisphosphonates may inhibit
osteoblast attachment and spreading, subsequently compro-
mising bone formation in the areas of tooth extraction and
delaying bone repair [8—10]. Additionally, the influence of
the long-term administration of ALN on direct fracture heal-
ing in the osteoporotic model remains unknown.
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Furthermore, osteoporotic patients undergoing bisphos-
phonate treatment may also suffer fragility fractures or expe-
rience unsatisfactory outcomes, including low bone density
that remains in the osteoporotic range [11]. Parathyroid hor-
mone (PTH) has an anabolic effect on bone when adminis-
tered in a pulsatile fashion [12]. PTH is FDA approved for
the treatment of osteoporosis, and preclinical models have
shown that PTH enhances fracture healing. PTH has also
been used off-label in humans to treat fracture nonunion[13,
14]. Previous studies suggested that systematic PTH therapy
accelerated the healing of bone defects in a calvarial win-
dow model via its anabolic effects on new bone formation
and non-anabolic effects on the inhibition of mast cells in
favor of angiogenesis [15, 16]. Studies indicate that combi-
nation therapy with bisphosphonates and PTH has additive
effects and may potentially be a useful therapy for fracture
healing both in normal and osteoporotic conditions [17, 18].
However, the effects of combination therapy with ALN and
once-weekly PTH on calvarial bone defects in a direct frac-
ture healing model without callus formation have not been
investigated. Importantly, patients previously administered
and maintained on long-term bisphosphonate therapy are a
clinically essential and large population, and at least 50% of
all PTH therapy is initiated based on previous treatment with
antiresorptive agents [11]. Therefore, evaluating the effect of
switching to or adding PTH on bone defect repair under the
condition of the skeletal accumulation of bisphosphonates
in osteoporosis is of great significance.

In the present study, ovariectomized rats, which are
recommended by the FDA as a model of postmenopausal
osteoporosis, were used. To assess the effects of long-term
ALN on cranial defect healing, the animals received subcu-
taneous ALN injections before osteotomy to simulate clini-
cal patients who experience bone defects after long-term
osteoporosis therapy with ALN. Furthermore, the optimal
selection of the type of pharmacological therapy, such as
switching to or adding PTH, to accelerate defect healing was
investigated. To the best of our knowledge, this is the first
study to evaluate the influence of long-term ALN treatment
on osteoporotic cranial defect healing and assess the effects
of combination therapy with ALN and once-weekly PTH on
calvarial defect healing following the use of long-term ALN
for osteoporosis therapy.

Materials and methods

Animals and grouping

All experimental procedures and protocols were approved
by the Peking University Third Hospital Committee

on Ethics for the Care and Use of Laboratory Animals
(A2020258). Thirty 12-week-old female Sprague—Dawley
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rats weighing approximately 250 g each were used in this
study. The rats were housed in a standard room with a 12-h
light/dark cycle and given free access to food and water.
After a 1-week acclimation period, all rats received bilat-
eral ovariectomy (OVX) surgery. The study began when
all rats were 6 months old, after a 12-week development of
osteoporosis in the OVX rats. Identification of osteoporosis
was conducted in the substudy in our previous published
research[19]. The treatment plan consisted of two phases
over a total of 20 weeks (phase 1: weeks 0—12 and phase
2: weeks 12-20; Fig. 1). In phase 1, 24 rats received sub-
cutaneous ALN injections (alendronate sodium trihydrate,
28 pg/kg; Sigma Aldrich, St. Louis, MO, USA), and 6 rats
received subcutaneous saline injections twice per week for
three months. In phase 2, all rats underwent surgery to pro-
duce a calvarial defect. Based on an established technique,
critical-sized full-thickness calvarial bone defects were made
using a trephine (@ 5 mm) under low-speed drilling with
continuous cool saline irrigation [20]. Then, all animals
were randomly allocated to 5 groups (n =6 for each group):
(1) Vehicle (Veh)-Veh (group A), continued receiving subcu-
taneous saline injections twice a week; (2) ALN-Veh (group
B), received subcutaneous saline injections twice a week
after stopping ALN treatment; (3) ALN-ALN (group C),
continued receiving subcutaneous ALN injections; (4) ALN-
PTH (group D), received subcutaneous injections of PTH
(56.5 pg/kg, S20110021, Lilly, Fegersheim, France) once
a week; and (5) ALN-ALN+PTH (group E), administered
subcutaneous PTH injections once a week together with
the continuation of subcutaneous ALN twice a week. The
injections were initiated immediately after the experimental
osteotomy, the dose of ALN (28 pg/kg twice per week) was
based on the minimum dose reported to completely prevent

1 OVX Surgery

Phase1 Phase2
1

| |
-12 0 12 20

1 ! 1

Saline or ALN treatment Calvarial defect

Surgery Phase1 Phase2
Group Week -12 0-12 12-20
VEH/VEH OVX VEH VEH
ALN/VEH OVX ALN VEH
ALN/ALN OvX ALN ALN
ALN/PTH OVvX ALN PTH
ALN/ALN+PTH OvX ALN ALN+PTH

Fig.1 Schematics of surgery and treatment strategies. Surgeries
included bilateral ovariectomy (OVX) and calvarial defect creation.
The treatment plan consisted of two phases. All OVX rats received
saline or ALN therapy for 12 weeks in phase 1 and then one of four
different treatments (ALN-Veh, ALN-ALN, ALN-PTH, or ALN-
ALN+PTH) after osteotomy in phase 2. ALN alendronate, Veh vehi-
cle, PTH parathyroid hormone
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OVX-induced bone loss in rats [21], the body weights were
measured weekly, and doses were adjusted accordingly.
After 8 weeks, the rats were euthanized with excessive anes-
thesia, and the calvarium was excised, wrapped in gauze
soaked in isotonic saline, and frozen at — 80 °C for subse-
quent experiments. All calvaria obtained from each group
were used for micro-CT and histology.

DXA

A small-animal high-resolution collimator (DiscoveryTM,
Hologic, Inc., Boston, MA) was used to capture radiographs
of calvarial defects.

Micro-CT

New bone formation at the defect site was evaluated by
micro-CT using an Inveon MM system (Siemens, Erlangen,
Germany) with a slice thickness of 0.625 mm and a pixel
size of 0.215 mm, and three-dimensional (3D) images were
reconstructed. The bone volume/total volume (BV/TV) in
the defect was calculated by two independent examiners
who were blinded to the experimental treatment using mul-
timodal 3D visualization software (Inveon Research Work-
place, Siemens, Erlangen, Germany).

Histology and immunohistochemical staining

Specimens were fixed in phosphate-buffered 4% paraformal-
dehyde, decalcified in 10% ethylenediaminetetraacetic acid
(EDTA), and embedded in paraffin. Bone sections of 5-mm
thickness were stained with hematoxylin and eosin (H&E)
and Masson’s trichrome. In addition, Sects. (5 mm) were
treated with 3% H,O, for 10 min and then incubated in 10%
goat serum diluted in PBS for 30 min and a rabbit anti-
runt-related transcription factor 2 (RUNX-2) (Cell signal-
ing technology #125,556) antibody overnight at 4 °C. After
incubation with a biotinylated anti-rat secondary antibody
for 30 min and peroxidase for 10 min, signals were detected
using diaminobenzidine and observed under light micros-
copy (E 800, Nikon, Tokyo, Japan).

Sequential fluorescence labeling

To monitor bone mineral apposition, double-fluorochrome
labels were administered as follows. Calcein green (20 mg/
kg, Sigma-Aldrich, USA) and Alizarin red (30 mg/kg,
Sigma-Aldrich, USA) were injected via the tail vein 14 and
7 days before euthanasia, respectively. Specimens were ran-
domly selected from each group, fixed in 10% neutral buff-
ered formalin, dehydrated in increasing gradients of alco-
hol, and embedded in methyl methacrylate resin. Next, the
undecalcified sections were ground and polished to 500 pm

for imaging (EXAKT Cutting & Grinding System; EXAKT
Advanced Technologies, Norderstedt, Germany).

Statistical analysis

All data are expressed as the mean + standard deviation
(SD). Statistical analyses were performed using SPSS 20.0
(SPSS Inc., Chicago, IL, USA). Multiple comparisons
between groups were performed using one-way ANOVA
and Tukey’s post hoc test. P-values < 0.05 were considered
statistically significant.

Results

DXA

Radiographs of calvarial defects showed that new bone
formation was inhibited in the long-term ALN pretreat-
ment groups (ALN-Veh, ALN-ALN, ALN-PTH, and ALN-
ALN + PTH) compared with the saline treatment group
(Veh-Veh) (Fig. 2).

Micro-CT

The 3D reconstructions and quantity of bone formation
within the calvarial defects were analyzed by micro-CT
at 8 weeks after osteotomy. The long-term ALN pretreat-
ment groups showed significantly limited bone formation
compared with the saline-treated group. Furthermore, no
significant differences in new bone formation were found
among the ALN-Veh, ALN-ALN, ALN-PTH, and ALN-
ALN+PTH groups (Fig. 3).

H&E

We also performed H&E staining to measure bone formation
in the calvarial defects. The smallest amount of bone forma-
tion was observed in the long-term ALN pretreatment group,
and the calvarial defects were mostly covered with fibrous-
like tissues. The saline-treated control group (Veh-Veh)
showed an increase in the new bone formation surrounding
the edge of the defect compared with the long-term ALN
pretreatment groups (ALN-Veh, ALN-ALN, ALN-PTH, and
ALN-ALN+PTH). A similar extent of inhibited bone for-
mation and fibrous-like tissues was observed among differ-
ent long-term pretreatment groups (ALN-Veh, ALN-ALN,
ALN-PTH, and ALN-ALN +PTH) (Fig. 4).

Masson’s trichrome

Masson’s trichrome was used to observe the calcification of
new bones, and calcific bones in the defect appeared blue.
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Fig.2 Representative radio-
graphs of the five different
treatment groups after calva-
rial defect surgery. New bone
formation was observed in the
control group, whereas almost
no bone regeneration was
observed in the four long-term
ALN administration groups
(ALN-Veh, ALN-ALN, ALN-
PTH, and ALN-ALN +PTH).
ALN alendronate, Veh vehicle;
PTH parathyroid hormone

Control

ALN-Veh

ALN-ALN

ALN-PTH

ALN-ALN+PTH

Compared with the saline alone group, the long-term ALN
pretreatment group exhibited reduced calcific bone forma-
tion, and the defects were covered with mostly fibrous-
like tissues. No difference of calcific bone formation was
found in the different long-term ALN pretreatment groups
(ALN-Veh, ALN-ALN, ALN-PTH, and ALN-ALN +PTH)
(Fig. 5).

Immunohistochemical staining (IHC)

IHC staining for the bone formation marker RUNX-2
showed that positive brown staining was observed in the
saline-treated group. However, reduced positive RUNX-2
expression was found in the different long-term ALN pre-
treatment groups (ALN-Veh, ALN-ALN, ALN-PTH, and
ALN-ALN +PTH) (Fig. 6).

Sequential fluorescence label
More bone mineralization detected by Alizarin red and

Calcein was observed in the calvarial defect in the saline-
treated group compared with the different ALN pretreatment

@ Springer

groups. No difference was found among the different ALN
pretreatment groups (ALN-Veh, ALN-ALN, ALN-PTH, and
ALN-ALN +PTH) (Fig. 7).

Discussion

This study shows that the long-term use of ALN for osteo-
porosis treatment may inhibit calvarial defect healing, which
is a type of direct fracture healing without callus formation.
Additionally, the negative effect of ALN on defect heal-
ing could not be reversed by stopping treatment, continu-
ing ALN, switching to once-weekly PTH, or adding once-
weekly PTH. Eight weeks after calvarial defect surgery,
new bone formation was inhibited, and more fibrous-like
tissues in the defect region were observed in the long-term
ALN pretreatment groups compared with the saline-treated
group. In addition, the immunohistochemical expression of
RUNX-2 and bone mineralization labeled by Alizarin red
and Calcein were both inhibited.

To enhance bone regeneration, various physical and
chemical strategies have been developed to functionalize
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Fig.3 Representative three- A
dimensional reconstruction
images of calvarial defects.

a Long-term ALN treatment
(ALN-Veh, ALN-ALN, ALN-
PTH, and ALN-ALN +PTH
groups) inhibited bone forma-
tion, whereas new bone forma-
tion was observed in the control
group. b Quantitative analysis
of bone formation in the long-
term ALN treatment and control
groups. Data are expressed as
the mean + SD; error bars indi-
cate SD. *P <0.01 (compared
with the control group). ALN
alendronate, Veh vehicle, PTH
parathyroid hormone

ALN-PTH

ALN-ALN+PTH ’

L‘ ‘

BV/TV

bone tissue scaffolds with ALN and achieve controlled
release profiles [22, 23], suggesting that systematic ALN
pretreatment before the development of calvarial defects may
provide benefits in osteogenesis. In our study, the inhibition
of new bone formation was substantially different from the
previously reported increase in bone regeneration following
local ALN application [20, 24] and distinct to the results
obtained by systematic ALN application [25]. The exact rea-
sons for these contrasting results are unknown but may be

r‘\-ac\

7,

B 0.20 -

associated with the dosage of ALN, route of administration,
animal bone defect model, or other factors.

However, it was reported that bisphosphonate injection
immediately after surgery does not enhance bone volume
and may actually negatively affect bone graft incorpora-
tion, whereas delaying bisphosphonate administration fol-
lowing cleft bone graft surgery significantly increases bone
volume and integration compared with saline controls [26].
Although the inhibition of bone defect healing caused by

@ Springer
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Fig.4 H&E staining of calvarial A l
defects. New bone formation

was found in the control group

(E), whereas almost no bone

formation was observed in the

long-term ALN groups (a ALN-

Veh, b ALN-ALN, ¢ ALN-PTH,

and d ALN-ALN +PTH). The C

scale bar represents 2.5 mm. l
Black arrows indicate the edge
of the calvarial defect, and the
squares show the new bone
formation. ALN alendronate,
Veh vehicle, PTH parathyroid
hormone l

Fig.5 Masson’s trichome stain-
ing of calvarial defects. New
calcific bone formation was
found in the control group (E),
whereas almost no calcific bone
formation was observed in the
long-term ALN groups (a ALN-
Veh, b ALN-ALN, ¢ ALN-PTH,
and d ALN-ALN +PTH). The
scale bar represents 2.5 mm.
Black arrows indicate the edge
of the calvarial defect, and the
squares show the new bone
formation. ALN alendronate,
Veh vehicle, PTH parathyroid
hormone

ALN treatment was also observed in our study, stopping
ALN administration after calvarial defect surgery did not
lead to improvements in new bone formation. This may
be due to the ALN that accumulates in the bone after its
long-term use. Specifically, ALN may still exert its effects
after the generation of calvarial defects, even though it is
not being administered. Additionally, it was reported that
zoledronic acid use potentially suppressed bone remodeling,
which led to impaired healing at the extracted socket but full
regeneration of the tibia defect [27, 28]. Therefore, it was
speculated that bisphosphonates impair bone defect healing
by decreasing bone turnover in direct fracture healing with-
out callus formation, such as during calvarial or socket heal-
ing, whereas the opposite response occurs during indirect
fracture healing with callus formation. The inhibitory effect
on direct fracture healing found in a tibial osteotomy model
that was rigidly fixed further supported our assumption [29].

Bisphosphonates may compromise bone defect healing
processes by inhibiting osteoblast attachment and spreading

@ Springer
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[9]. Prolonged treatment with ALN was reported to alter
cranial repair because of the simultaneous occurrence of
low estrogen and suppression of bone morphogenetic protein
receptor type 1B and RUNX-2 expression [30]. Consistent
with the previous study, the expression of the osteogenesis-
related factor RUNX-2 was inhibited in the long-term ALN
pretreatment groups in our study. Bone mineralization was
also inhibited in the long-term ALN treatment groups in our
study, which supports the phenomenon of the inhibition of
new bone formation.

Patients previously administered and maintained on long-
term bisphosphonate therapy, which are a clinically essential
and large population, may still suffer from bone defects. The
treatment of osteoporotic bone defects in the non-weight-
bearing skeleton after long-term ALN use is unclear. There
are two classes of osteoporosis therapies: anabolic agents
that stimulate bone formation, such as PTH, and antiresorp-
tive drugs that prevent bone resorption, such as bisphospho-
nates[31]. Using a combination of both pro-anabolic and
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Fig. 6 Immunohistochemical A
staining of the bone formation

marker RUNX-2 in calva-

rial defects. Higher RUNX-2

expression was found in the

control group (E) compared

with the long-term ALN groups

(a ALN-Veh, b ALN-ALN,

¢ ALN-PTH, and d ALN-

ALN+PTH). The scale bar (o}
represents 500 pm. Runt-related

transcription factor 2, RUNX-2;

ALN alendronate, Veh vehicle,

PTH parathyroid hormone

Fig.7 Representative fluo-
rescence images of calvarial
defects. New bone mineraliza-
tion was found in the control
group (E), whereas inhibited
bone mineralization was
observed in the long-term ALN
groups (a ALN-Veh, b ALN-
ALN, ¢ ALN-PTH, and d ALN-
ALN+PTH). ALN alendronate,
Veh vehicle, PTH parathyroid
hormone
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anti-catabolic agents to minimize adverse effects and opti-
mize the outcomes of bone grafting for alveolar clefts may
be effective, and some recent studies have shown favorable
results [32, 33].

Although scientific reports on combination therapies to
promote bone repair are particularly limited in the literature,
several clinical trials have evaluated combinations of PTH
and a variety of antiresorptive agents. The results suggest
that using once-weekly PTH to enhance bone formation
and bisphosphonates to decrease bone resorption may be
a superior treatment method to achieve better outcomes in
calvarial defect healing. As a result, combination therapy
was proposed to stimulate bone formation and inhibit bone
resorption.

However, in contrast to our initial assumption, switch-
ing to PTH or adding once-weekly PTH to ALN did not
show further benefits in osteoporotic defect healing after
long-term ALN pretreatment, but the underlying mechanism
remains unknown. Calvarial defect healing in the absence of
mechanical loading may restrict the function of PTH [34].
Furthermore, the effects of the route of PTH administration
(56.5 pg/kg once weekly) on calvarial defect healing could
not be assessed because of the significant inhibition of bone
formation induced by long-term ALN treatment.

Strengths and limitations

These findings suggest that the negative influence of long-
term ALN treatment on direct fracture healing should be
noted in clinical settings, and optimal treatments should be
further explored considering the lack of effects observed in
this study. However, our study has several limitations. First,
the underlying mechanism of the different response to ALN
between fracture and calvarial defect healing remains to be
explored. Second, the reason why the combination of PTH
also failed to alleviate the inhibition of osteogenesis by ALN
was unknown. Methods such as using different doses of PTH
and comparing with fracture models for further study are
needed. Third, because histological studies of both decalci-
fied and undecalcified tissues were conducted in our study,
the sample size was insufficient for quantitative histologi-
cal analysis. Larger sample size was required for further
verification.

In conclusion the long-term use of ALN may impair cal-
varial defect healing and switching to or adding once-weekly
PTH to ALN may not be an alternative option in the treat-
ment of calvarial defects.
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