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Abstract

A majority of patients with orofacial cleft deformity requires cleft repair through a bone graft.
However, elevated amount of bone resorption and subsequent bone graft failure remains a
significant clinical challenge. Bisphosphonates (BPs), a class of anti-resorptive drugs, may
offer great promise in enhancing the clinical success of bone grafting. In this study, we com-
pared the effects of systemic and local delivery of BPs in an intraoral bone graft model in
rats. We randomly divided 34 female 20-week-old Fischer F344 Inbred rats into four groups
to repair an intraoral critical-sized defect (CSD): (1) Control: CSD without graft (n = 4); (2)
Graft/Saline: bone graft with systemic administration of saline 1 week post-operatively (n =
10); (3) Graft/Systemic: bone graft with systemic administration of zoledronic acid 1 week
post-operatively (n = 10); and (4) Graft/Local: bone graft pre-treated with zoledronic acid
(n=10). At 6-weeks post-operatively, microCT volumetric analysis showed a significant
increase in bone fraction volume (BV/TV) in the Graft/Systemic (62.99 +14.31%) and Graft/
Local (69.35 +13.18%) groups compared to the Graft/Saline (39.18+10.18%). Similarly, his-
tological analysis demonstrated a significant increase in bone volume in the Graft/Systemic
(78.76 £18.00%) and Graft/Local (89.95 +4.93%) groups compared to the Graft/Saline
(19.74+18.89%). The local delivery approach resulted in the clinical success of bone grafts,
with reduced graft resorption and enhanced osteogenesis and bony integration with defect
margins while avoiding the effects of BPs on peripheral osteoclastic function. In addition,
local delivery of BPs may be superior to systemic delivery with its ease of procedure as it
involves simple soaking of bone graft materials in BP solution prior to graft placement into
the defect. This new approach may provide convenient and promising clinical applications
towards effectively managing cleft patients.
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Introduction

Orofacial cleft anomalies are the most common craniofacial congenital aberrations to occur
worldwide [1] and these clefts may manifest as part of a syndrome or more commonly, as iso-
lated cases [2]. The etiology of orofacial cleft, however, is complex and thought to be multifac-
torial with both genetic and environmental components [3].

A multitude of clinical problems are associated with cleft patients, including deficient facial
growth, malocclusion, and respiratory, feeding, and speech complications [4], requiring a com-
prehensive and multi-disciplinary approach for their care. Bone graft surgery is an essential step
in the comprehensive treatment of cleft patients. Bone grafting provides: 1) stabilization of the
maxilla, thereby helping maintain palatal width and preventing collapse following expansion, 2)
a scaffold for tooth eruption or future implant placement, 3) effective closure of oronasal fistu-
las, 4) support for the alar base of the nose and lip, and 5) improvement of esthetic results and
overall facial symmetry [5,6,7]. However, insufficient bone volume in the cleft region due to a
high amount of bone resorption has been a major clinical challenge in cleft patient care.

Bisphosphonates (BPs), anti-resorptive drugs, have been universally used to treat various
skeletal and metabolic conditions characterized by enhanced osteoclast-mediated bone resorp-
tion, including osteoporosis and cancer. They are also safely utilized in pediatric patients, most
notably for osteogenesis imperfecta [8]. With respect to bone grafting, both systemic and local
applications of BPs have been shown to be effective in inhibiting bone resorption [9-11] as
well as in enhancing bone formation [10,12]. While the exact differences in efficacy of local
versus systemic delivery of BPs remain elusive, local delivery is expected to be a superior
method of delivery in minimizing undesired systemic side effects. Local delivery of BPs can
readily be accomplished by immersing the bone graft material in the BP solution [9,13]. Asa
result, BP delivery can be targeted to graft regions in high concentrations with little effect else-
where. Indeed, McKenzie et al. showed that local elution of BP from porous implants had min-
imal systemic BP distribution [14]. In a rat model, local BP treatment improved implant
fixation without inducing bisphosphonate-related osteonecrosis of the jaw (BRON]J)-like
lesions, one of the known extreme side effects of BP [15]. However, the clinical efficacy of local
delivery remains to be determined in an intraoral cleft bone-grafting model.

In the present study, we assessed the effect of zoledronic acid, a highly potent BP, on bone
grafting outcomes and compared the mode of delivery between local and systemic administra-
tion in an intraoral bone graft rat model. We hypothesized that local BP delivery would exhibit
greater bone volume with reduced resorption as compared with systemic delivery. For compari-
son purposes, volumetric analysis of bone volume fraction (BV/TV), bone area/total tissue area
(MA/TA), bone graft/total tissue area (BG/TA), bone mineral density (BMD), histological exam-
ination, TRAP staining to quantify osteoclasts, and assay of TRAP-5D levels were performed.

Materials and methods
Ethics statement

All experimental procedures involving animals were conducted according to the UCLA Insti-
tutional Animal Care and Use Committee guidelines upon approval (2014-047-03) and
National Centre for the Replacement, Refinement, and Reduction of Animals in Research
guidelines.

Animals and bisphosphonate

A total of forty 20-week-old female Fischer F344 Inbred rats with an average weight of 180
g £ 15.1g were purchased from a commercial company (Charles River Laboratories,
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Wilmington, MA). The rats were housed in light and temperature-controlled facilities, and
given food and water ad libitum. Zoledronic Acid, a nitrogen-containing bisphosphonate, was
purchased from a commercial company (Novartis, Hanover, NJ).

Experimental methods and design

Based on our previous study that investigated the effects of systemic BP administration on the
success of bone grafts in rats using the same intraoral CSD as in this study, it was determined
that 8 rats per experimental group using sample size calculation, n = [z, o/, + 21_3]2[012 +0,°]/
(w1 —12]?) (n = sample size, z = standard normal distribution percentile, o = type I error, B =
type Il error, ¢ = population standard devision, (t = population mean) [16]. Type I error was
set at 5% and type II error was set at 20%. The power analysis was performed by UCLA Biosta-
tistics Department. After 2 weeks of acclimatization and confirmation of good health, animals
were randomly divided into four groups: (1) Control: defect left empty without graft (n = 4);
(2) Graft/Saline: graft with systemic saline injection (n = 10); (3) Graft/Systemic: graft with sys-
temic BP injection (n = 10); (4) Graft/Local: graft pre-treated with BP prior to placement

(n = 10). Saline and BP injections were performed at 1-week postoperatively. The group
assignment and experimental timeline are illustrated in Fig 1 A. All surgeries were performed
in the morning at the UCLA vivarium and animals were euthanized 6 weeks post-operatively
with CO, asphyxiation.

Bone graft harvest

An incision was made on the lower back and skin was reflected on donor rats. Blunt dissection
to gain access to the pelvic bone was performed. The corticocancellous bone from the iliac
crest and femur was harvested bilaterally from 6 donor rats and cartilaginous tissues were
removed. A bone mill (G. Hartzell & Son, Concord, CA) was used to reduce the bone size to
consistent and uniform particles. The bone particles were then placed on ice for immediate
use.

Creation of intraoral critical-sized defect (CSD) and placement of the
bone graft

General anesthesia was initially achieved with isoflurane (4-5%) followed by a combination of
intramuscular (IM) ketamine (40 mg/kg) and xylazine (10 mg/kg). Buprenorphine (0.01-0.05
mg/kg) was given subcutaneously after the induction of anesthesia. With animals in supine
position, a 1 cm longitudinal mucosal incision was made from behind the maxillary incisors
down the middle of the palate. The periosteum was elevated to expose palatal bone. Mid-pala-
tal CSD (3 mm in diameter) was created with a trephine bur under constant irrigation and
with care to avoid injury to the adjacent bone (Fig 1B). The harvested cancellous isograft was
placed into the defect and packed slightly beyond the margins of the defect (Fig 1C). The oral
mucosa was re-approximated with multiple interrupted sutures (Fig 1D). Beginning the day
before surgery and for two weeks after surgery, trimethoprimsulfamethoxazole (TMS) was
placed in the drinking water (5 ml TMS/500 ml water) to prevent infection.

BP delivery

Graft/Saline and Graft/Systemic rats received a single subcutaneous injection of saline or zole-
dronic acid (0.1 mg/kg) one-week post-operatively as previously described [16]. For Graft/
Local rats, bone graft particles were immersed in BP solution (0.005 mg/ml) for three minutes,
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Fig 1. Experimental design and palatal defect/bone grafting animal model. (A) Thirty-four Fischer F344
Inbred rats were divided into four groups: (1) Control: The defect was created but no bone graft was placed;
(2) Graft/Saline: Bone graft with systemic saline injection; (3) Graft/Systemic: Bone graft with systemic BP
injection; (4) Graft/Local: Bone graft with local BP delivery. (B) A longitudinal mucosal incision made down the
middle of the palate and a surgically created 3 mm defect using a slow-speed handpiece and trephine bur. (C)
Placement of bone graft particles from isograft donors. (D) Palatal soft tissue closure with simple, interrupted
sutures.

https://doi.org/10.1371/journal.pone.0190901.9001

followed by three one-minute washes with gentle agitation to remove excess BP as previously
described [10].

MicroCT analysis

Rat maxillae were fixed with 4% (w/v) paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS) for 48 hours and transferred and stored in 70% ethanol. Samples were scanned with
high-resolution microCT (SkyScan 1172, SkyScan N.V., Belgium). 3D images were recon-
structed using image reconstruction software (NRecon, SkyScan N.V., Belgium) and visualized
with orthodontic imaging software (Dolphin Imaging V11.7, Chatsworth, CA). 3D volumetric
analysis of the defect was completed with microCT analysis software (CTAn software, SkyScan
N.V.,, Belgium), repeated at two separate times by a single, trained operator. A cylindrical Vol-
ume of Interest (VOI) was demarcated by the defect edges in the transaxial view and extended
the full depth from palatal surface to the floor of the defect at nasal mucosa. Bone volume
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(BV), tissue volume (TV), as well as bone mineral density (BMD) were measured and bone
volume fraction (BV/TV) was calculated (n = 8 for all three groups).

Histological analysis

The maxillary specimens were decalcified in 14.5% ethylenediaminetetracetic acid (EDTA 0.1
M, pH =7.4) solution for 28 days. Samples were washed and then dehydrated in 70% ethanol.
Cuts were made coronally through the center of the defect and both anterior and posterior sec-
tions were embedded in paraffin. The mineralized area/total tissue area (MA/TA) and bone
graft/total tissue area (BG/TA) were calculated with image analysis software (Advanced SPOT
4.6, Macomb County, MI) (n = 5 for all three groups).

TRAP staining

Decalcified tissues were processed to obtain formalin-fixed paraffin-embedded (FFPE) blocks
and 5 pm sections were prepared. The sections were then de-paraffinized at 60°C for 30 min,
then rehydrated through xylene and graded ethanol. Slides were incubated for 1 hour at 37°C
with TRAP staining solution, according to manufacturer’s protocol (Sigma-Aldrich, Inc.,

St. Louis, MO). The slides were counterstained with hematoxylin solution for 2 min and
mounted with aqueous mounting solution. For quantification, osteoclasts were defined as
multinucleated (> 3 nuclei) TRAP-positive cells. Osteoclasts were counted on the external sur-
faces of the bone using the surgical defect as the field of view. A single operator at two separate
time points performed the quantification using image processing program designed for scien-
tific multidimensional images (Image] software, National Institutes of Health, Bethesda, MD)
(n =5 for all three groups).

TRAP-5b ELISA assay

To study the systemic osteoclastic activity, 300 pl of peripheral blood was collected from each
animal at 2 and 6 weeks post-operatively. Samples were centrifuged at 3,000 rpm for 15 min at
4°C to obtain blood serum and supernatants were collected. Serum TRAP-5b levels were quan-
tified using RatTRAP-5b ELISA kit according to the manufacturer’s protocol (Immunodiag-
nostic Systems, Gaithersburg, MD).

Statistical analysis

Statistical analysis was performed using scientific 2D graphing and statistics software (Graph-
Pad Prism 6, GraphPad Inc., San Diego, CA). Shapiro-Wilk test was carried out to test for nor-
mal distribution and normality was accepted. One-way ANOVA was employed for multiple
comparisons between the three groups followed by Tukey’s post-hoc methods to adjust for
Type I errors. Values of p < 0.05 were considered to be statistically significant.

Results
Effect of BP on bone grafting

Postoperative healing was uneventful in all animals and soft tissue healing was complete by
one-week post-surgery. Complications such as premature exposure of the augmented sites or
infections were not observed throughout the study period. To evaluate bone graft retention
and bone regeneration in the intraoral CSD, high-resolution microCT was used for 3D qualita-
tive and quantitative analysis. 3D reconstructed images of the defect area confirmed that the
Control group defect was a non-healing CSD (BV/TV = 8.71+2.21%). In both BP-treated
groups, however, the bone graft was incorporated with the existing palatal bone defect
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Fig 2. MicroCT images and 3D volumetric analysis. (A) 3D image reconstruction of palatal defect and grafting six weeks after surgery.
Quantification of bone volume by volumetric analysis of microCT images for the control and three experimental groups (n = 8); (B) bone volume
fraction (BV/TV) and (C) bone mineral density (BMD). * =p <0.05, ** =p <0.01.

https://doi.org/10.1371/journal.pone.0190901.9002

margins, suggesting clinical success of the grafting procedure (Fig 2A). This defect integration
was most evident in the Graft/Local group. Volumetric analysis showed a significant increase
(~two-fold) in BV/TV in the Graft/Systemic (62.99 £14.31%) and Graft/Local (69.35 +13.18%)
groups compared to the Graft/Saline (39.18+10.18%) (Fig 2B). Although the Graft/Local
defects displayed the greatest bone volume, it was not significantly greater than the Graft/Sys-
temic defects. Bone mineral density (BMD) analysis also showed a significant increase in
Graft/Systemic (0.59 + 0.12g/cm’) and Graft/Local (0.63 + 0.12g/cm”) groups compared to the
Graft/Saline group (0.41 + 0.09g/cm”) (Fig 2C). Similarly, the Graft/Local group demonstrated
the highest BMD without statistical significance compared to the Graft/Systemic.

H&E histological analysis of the defect confirmed enhanced bone graft retention and bone
regeneration in BP-treated groups (Fig 3A). In the BP-treated groups, the proliferation of
blood vessels (Fig 3A, red arrows) suggested that revascularization of the graft, an essential
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Fig 3. Histomorphometric analysis. (A) H&E stained coronal sections at 40x and 100x magnifications of all four groups of rats G: graft, P:
palatal bone, N: new bone, red arrows: blood vessels around bone graft particles, yellow arrows: acute inflammation, blue arrows: bone
integration with defect margins, green arrowheads: osteoblasts, light blue arrowheads: osteocytes. (B) Quantifications of bone area/total tissue
area (MA/TA) for each group using an image analysis software (Advanced SPOT 4.6, Macomb County, MI). (C) Quantification of bone graft/
total tissue area (BG/TA) for each group using Advanced SPOT 4.6 software. * =p <0.05, ** =p <0.01.

https://doi.org/10.1371/journal.pone.0190901.g003

step in graft survival, had occurred. Furthermore, an increase in immature woven bone, osteo-
blasts, and osteocytes (Fig 3A, green and light blue arrowheads) indicated active bone remod-
eling and new bone formation. Bony bridging (Fig 3A, blue arrows) was observed between the
graft and defect margins indicating clinical success of bone grafting procedure. The Graft/
Local group displayed clear bone formation in the defect region. Conversely, the Graft/Saline
group lacked new bone formation with graft resorption. Prominent inflammatory infiltrate
(Fig 3A, yellow arrows) was noted in this group. In addition, while existing palatal bone defect
integration (Fig 3A, blue arrows) was evident in BP-treated groups, most of the defect margins
in the Graft/Saline group demonstrated non-union between palatal bone and bone graft.
Quantitative analysis of bone area/total tissue area (MA/TA) for the Graft/Saline group
(19.74£18.89%) contrasted sharply with the four-fold increase in mineralized areas observed

PLOS ONE | https://doi.org/10.1371/journal.pone.0190901 January 5, 2018 7/14


https://doi.org/10.1371/journal.pone.0190901.g003
https://doi.org/10.1371/journal.pone.0190901

o @
@ : PLOS | ONE Comparison of local and systemic bisphosphonate delivery

in the Graft/Systemic (78.76+18.00%) and Graft/Local (89.95+4.932%) groups (Fig 3B). The
Graft/Local group had the greatest bone area/total tissue area without statistical difference
from the Graft/Systemic group. In order to examine the anti-resorptive effects of BPs on bone
graft, we performed quantitative analysis of remaining bone graft materials in the defect. The
analysis of bone graft/total tissue area (BG/TA) showed a ~three-fold increase in bone graft
retention in the Graft/Systemic (13.45+2.54%) and Graft/Local (16.95+3.41%) groups (Fig 3C)
versus Graft/Saline (5.11+1.43%) Taken together, our data suggest that both systemic and local
BP administration enhanced CSD bone grafting outcomes by reducing the resorption of bone
graft and increasing bone area relative to total tissue area.

Effect of bisphosphonate on osteoclast activity

To evaluate BP’s anti-osteoclastic effects, TRAP staining was performed (Fig 4A) and serum
TRAP-5D levels were analyzed (Fig 5). An atypical morphology of round, detached TRAP
+ cells was noted in both BP-treated groups (Fig 4A). TRAP staining showed no significant
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Fig 4. TRAP staining images and quantification. (A) TRAP staining at 40x and 400x magnification for all
three groups. (B) Measurement of the number of TRAP+ cells per bone surface (Oc.N/BS) for each group.

https://doi.org/10.1371/journal.pone.0190901.g004
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experimental rat groups at 2 weeks and 6 weeks. ¥ =p <0.05, ** =p <0.01.

https://doi.org/10.1371/journal.pone.0190901.9005

differences in quantity of osteoclasts per bone surface (Oc.N/BS) among the three groups (Fig
4B). TRAP-5b levels were significantly suppressed up to week 6 in the Graft/Systemic group
(week 2: 0.46+0.07, week 6: 0.86+0.49U/L), compared to both the Graft/Local and Graft/Saline
groups. By contrast, the Graft/Local group (week 2: 2.94+1.01, week 6: 2.67+0.99U/L) had
minimal effects on peripheral osteoclast function, as its serum TRAP-5b levels were not signifi-
cantly different from that of the Graft/Saline group (week 2: 2.11+0.47, week 6: 3.46+0.97U/L)
(Fig 5).

Discussion

The treatment of orafacial cleft patients requires comprehensive sequential treatment, includ-
ing maxillary expansion followed by a bone graft surgery [9]. However, clinicians treating cleft
patients have long struggled with high bone graft failure rates, compromising functionality,
subsequent treatment, and esthetic outcomes, requiring additional surgeries. Graft incorpo-
ration failure is mainly caused by an imbalance of anabolic and catabolic activity during bone
healing. As such, anabolic agents including TGF-beta and bone morphogenic proteins (BMPs)
were previously utilized; however, the results demonstrated mixed outcomes [17,18]. There-
fore, in this study, we used anti-resorptive agents, BPs, to target the excessive bone resorption
during bone grafting and showed that BPs can effectively improve bone grafting outcomes.
Furthermore, we also compared the effectiveness of systemic and local delivery of BPs in
enhancing bone graft success.

While genetically engineered orofacial cleft rat models exist, these animals do not survive
postnatally, requiring defect creation to study cleft bone grafting. Calvarial CSDs are well
established; however, they do not incorporate important features of the oral environment
including the presence of saliva, bacteria, and anatomical features such as immediate contact
between soft and hard tissues [19]. Therefore, we developed an easily reproducible, intraoral
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CSD/bone graft model in rats (Fig 2A) to evaluate the bone graft procedure in the oral setting
as in craniofacial patients. Most cleft patients undergo alveolar bone graft as a part of cleft
repair and to aid tooth eruption in the cleft region. However, our CSD/bone graft is generated
in the palate and may not accurately represent alveolar bone grafting.

In our previous study, it was determined that a delayed systemic injection of BP enhanced
bone regeneration, while immediate BP administration at the time of surgery negatively
affected bone graft incorporation as demonstrated by significantly lower BV/TV and MA/TA
in Graft/BP/T0 group compared to Graft/saline and Graft/BP/T1 groups [16]. In order to
determine the optimal method of delivery, the Graft/Local group was compared with the
Graft/Systemic group, which received delayed BP injection one-week post-operatively.

Our study showed that BPs enhanced bone graft success as demonstrated by increased
bone volume through microCT and histological analyses (Figs 2 and 3). Indeed, the observa-
tion of increased bone retention in BP-treated groups compared to control is consistent with
the known inhibitory action of BPs on osteoclast function. Interestingly, the number of osteo-
clasts observed in histological analysis did not decline in BP-treated groups (Fig 4B). Instead,
there was no statistical difference in osteoclast quantity. Our results support the findings of
previous studies including Kaynak et al., who showed that only the morphology of osteoclasts
diverged statistically between BP-treated and control groups, not their quantity [20-23]. In
our study, an atypical morphology of round, detached TRAP+ cells was also noted in both BP-
treated groups, indicative of disrupted osteoclast ultrastructure and function (Fig 4A).

To evaluate the osteoclastic activity as a function of time, serum TRAP-5b levels were
assayed through ELISA. TRAP is highly expressed by mature osteoclasts. In serum, two dis-
tinct isoforms exist with TRAP-5b being specific to osteoclasts [24]. Therefore, it is a sensitive
measure of osteoclastic activity. Surprisingly, substantially lower levels of TRAP-5b were main-
tained in the Graft/Systemic group up to week 6, compared to the Graft/Saline group, denoting
that a single subcutaneous injection of BP was able to affect osteoclasts throughout the body
for an extended period of time. Levels of TRAP-5b did not differ statistically between the
Graft/Saline and Graft/Local groups, suggesting that by pretreating the graft with BPs through
soaking, its action is confined to the defect area with minimal systemic influence, thereby
decreasing the potential for adverse effects of BPs.

Interestingly, histological examination revealed increased new bone formation and bone
incorporation, suggesting that BPs may have pro-osteogenic activity. Some previous studies
attributed the increase in bone mass to a relative increase in bone formation rates due to a
decrease in resorption rates without stimulation of osteoblastic activity [21,25]. However, our
histological findings revealed osteoblast and osteocyte proliferation in the BP-treated groups,
confirming recent studies which demonstrated BPs’ additional function in stimulating differ-
entiation, maturation, and proliferation of osteoblasts in vitro [26-28]. Similarly, Altundal
et al. found that systemic, repeated alendronate injections following autogenous grafting in
rats resulted in increased biomarkers for bone formation, as well as a greater quantity of osteo-
blasts and osteoid formation [29]. Although the role of BPs in activating anabolic bone forma-
tion has been proposed, its mechanism of action remains unclear.

Our study suggests that the minimal systemic effects and ease of procedure associated with
local administration of BPs confers the greatest enhancement in cleft bone grafting outcomes.
Specifically, bone grafts were soaked in a low dose BP solution (0.005 mg/ml) for a short dura-
tion (3 min), followed by thorough rinsing to remove excess BPs to minimize any potential
toxic effects of BPs as unbound BPs in the graft were previously shown to impair new bone for-
mation [30]. While we followed the previously established approaches [10] in this study, this
methodology does not control for the concentration of BP binding to bone graft materials and
effective dose of BP. Jakobsen et al. investigated a dose-response effect of BPs using the most
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potent BP compound, zoledronic acid, and found that the lowest dose (0.005 mg/ml) increased
new bone formation and decreased inhibition of allograft resorption while the inverse was
seen in the highest dose (0.5 mg/ml) group [10]. Therefore, the affinity of BPs to the bone, con-
centration of the BP solution, and soaking time may be critical factors [31]. Further studies to
include different classes of BPs and varying BP concentrations and immersion duration would
aid in defining the optimal conditions for local delivery of BPs for future clinical applications.

Despite their favorable therapeutic effects, BPs must be used with caution to avoid potential
adverse effects. Of greatest concern to dental professionals is the risk of developing BRONJ.
However, osteoporotic patients with BP administration at low dose and frequency revealed a
rare incidence of BRONJ [32]. In addition, the risk of BRON] in children is further reduced
due to high bone turnover; indeed, pediatric BRON]J has yet to be reported [33]. Other dental
concerns include tooth eruption and orthodontic tooth movement. Indeed, BPs are known to
delay tooth eruption [34,35] and while orthodontic treatment is not contraindicated in
patients undergoing BP treatment, complications such as delayed tooth movement, incom-
plete space closure, and longer treatment duration have been observed [36]. However, com-
plete inhibition of tooth eruption and movement is rare, possibly due to high bone turnover
and short BP retention in children. While inhibition of tooth eruption and movement to
achieve maxillary alignment in cleft patients is not anticipated at the low clinical dose of
0.1mg/kg administered in this study, use of another class of BPs with low potency such as first
generation BPs might be a potential alternative to zoledronic acid to facilitate tooth eruption
to the grafted area.

Further studies are required to evaluate the dental concerns associated with BP use as they
may play an important role in determining treatment plans in comprehensive craniofacial
patient care. In addition, as orofacial cleft repair requires both hard and soft tissue repair,
examination for enhancement of soft tissue regeneration is required as this approach translates
into more precise standardized protocol. The current study is further limited as our murine
model does not completely simulate the orofacial cleft repair in human. Murine bone exhibits
different characteristics than human bone, especially with respect to the craniofacial complex.
Hence, the results from this model are important preclinical data, but not immediately applica-
ble to clinical situations.

Supporting information

S1 Table. Raw data for main figures. (A) BV/TV from Fig 2B (B) BMD from Fig 2C (C) MA/
TA from Fig 3B (D) BG/TA from Fig 3C (E) Oc.N/BS from Fig 4B (F) Serum TRAP-5b at 2
week and 6 week time points from Fig 5.

(DOCX)

Acknowledgments

We gratefully acknowledge support from American Association of Orthodontists Foundation
(AAOQF) Biomedical Research Award, AAOF Orthodontic Faculty Development Award, and
the National Institutes of Health/National Institutes of Dental and Craniofacial Research K08
Award (KO8DE024603).

Author Contributions

Conceptualization: Christine Hong, Alison Quach, Reuben H. Kim, Sotirios Tetradis.

Data curation: Christine Hong, Alison Quach, Lawrence Lin, Jeffrey Olson, Taewoo Kwon,
Olga Bezouglaia, Michael Hoang, Kimberly Bui.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190901 January 5, 2018 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190901.s001
https://doi.org/10.1371/journal.pone.0190901

@° PLOS | ONE

Comparison of local and systemic bisphosphonate delivery

Formal analysis: Christine Hong, Alison Quach, Lawrence Lin, Jeffrey Olson, Taewoo Kwon,
Olga Bezouglaia, Jaime Tran, Michael Hoang.

Funding acquisition: Christine Hong.
Investigation: Christine Hong, Alison Quach.

Methodology: Christine Hong, Alison Quach, Lawrence Lin, Jeffrey Olson, Taewoo Kwon,
Olga Bezouglaia, Sotirios Tetradis.

Project administration: Christine Hong, Lawrence Lin, Reuben H. Kim.
Resources: Christine Hong, Reuben H. Kim.

Software: Christine Hong, Sotirios Tetradis.

Supervision: Christine Hong, Sotirios Tetradis.

Validation: Christine Hong, Alison Quach.

Visualization: Christine Hong, Taewoo Kwon.

Writing - original draft: Christine Hong, Alison Quach, Lawrence Lin, Jeffrey Olson, Reuben
H. Kim.

Writing - review & editing: Christine Hong, Jaime Tran.

References

1. Watkins SE, Meyer RE, Strauss RP, Aylsworth AS. Classification, epidemiology, and genetics of orofa-
cial clefts. Clin Plast Surg. 2014; 41:149-163. https://doi.org/10.1016/j.cps.2013.12.003 PMID:
24607185

2. Murray JC. Gene/environment causes of cleft lip and/or palate. Clin Genet. 2002; 61:248-256. PMID:
12030886

3. Dixon MJ, Marazita ML, Beaty TH, Murray JC. Cleft lip and palate: Understanding genetic and environ-
mental influences. 2002; Nat Rev Genet 12:167—-178.

4. ShayeD, Liu CC, Tollefson TT. Cleft lip and palate: An evidence-based review. Facial Plast Surg Clin
North Am. 2015; 23:357-72. https://doi.org/10.1016/j.fsc.2015.04.008 PMID: 26208773

5. Bajaj AK, Wongworawat AA, Punjabi A. Management of alveolar clefts. J Craniofac Surg. 2003;
14:840-846. PMID: 14600625

6. Eppley BL, Sadove AM. Management of alveolar cleft bone grafting—state of the art. Cleft Palate Cra-
niofac J. 2000; 37:229-233. https://doi.org/10.1597/1545-1569(2000)037<0229:MOACBG>2.3.CO;2
PMID: 10830800

7. Santiago PE, Schuster LA, Levy-Bercowski D. Management of the alveolar cleft. Clin Plast Surg. 2014;
41:219-32. https://doi.org/10.1016/j.cps.2014.01.001 PMID: 24607190

8. Boyce AM, Tosi LL, Paul SM. Bisphosphonate treatment for children with disabling conditions. PM R.
2014; 6:427-436. https://doi.org/10.1016/j.pmr}.2013.10.009 PMID: 24368091

9. Aspenberg P, Astrand J. Bone allografts pretreated with a bisphosphonate are not resorbed.
Acta Orthop Scand. 2002; 73:20-23. https://doi.org/10.1080/000164702317281350 PMID:
11928906

10. Jakobsen T, Baas J, Bechtold JE, EImengaard B, Soballe K. The effect of soaking allograft in bisphos-
phonate: A pilot dose-response study. Clin Orthop Relat Res. 2010; 468:867—-874. https://doi.org/10.
1007/s11999-009-1099-9 PMID: 19763718

11. Tagil M, Aspenberg P, Astrand J. Systemic zoledronate precoating of a bone graft reduces bone resorp-
tion during remodeling. Acta Orthop. 2006; 77:23-26. https://doi.org/10.1080/17453670610045650
PMID: 16534698

12. Srisubut S, Teerakapong A, Vattraphodes T, Taweechaisupapong S. Effect of local delivery of alendro-
nate on bone formation in bioactive glass grafting in rats. Oral Surg Oral Med Oral Pathol Oral Radiol
Endod. 2007; 104:11-16.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190901 January 5, 2018 12/14


https://doi.org/10.1016/j.cps.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24607185
http://www.ncbi.nlm.nih.gov/pubmed/12030886
https://doi.org/10.1016/j.fsc.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/26208773
http://www.ncbi.nlm.nih.gov/pubmed/14600625
https://doi.org/10.1597/1545-1569(2000)037<0229:MOACBG>2.3.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/10830800
https://doi.org/10.1016/j.cps.2014.01.001
http://www.ncbi.nlm.nih.gov/pubmed/24607190
https://doi.org/10.1016/j.pmrj.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24368091
https://doi.org/10.1080/000164702317281350
http://www.ncbi.nlm.nih.gov/pubmed/11928906
https://doi.org/10.1007/s11999-009-1099-9
https://doi.org/10.1007/s11999-009-1099-9
http://www.ncbi.nlm.nih.gov/pubmed/19763718
https://doi.org/10.1080/17453670610045650
http://www.ncbi.nlm.nih.gov/pubmed/16534698
https://doi.org/10.1371/journal.pone.0190901

@° PLOS | ONE

Comparison of local and systemic bisphosphonate delivery

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Kesteris U, Aspenberg P. Rinsing morcellised bone grafts with bisphosphonate solution prevents their
resorption. A prospective randomised double-blinded study. J Bone Joint Surg Br. 2006; 88:993-996.
https://doi.org/10.1302/0301-620X.88B8.17457 PMID: 16877594

McKenzie K, Dennis J., Roberts J., Karabasz D., and Tanzer M. Bisphosphonate remains highly local-
ized after elution from porous implants. Clin Orthop Relat Res. 2011; 469:514-522. https://doi.org/10.
1007/s11999-010-1527-x PMID: 20809167

Abtahi J, Agholme F, Sandberg O, Aspenberg P. Effect of local vs. Systemic bisphosphonate delivery
on dental implant fixation in a model of osteonecrosis of the jaw. J Dent Res. 2013; 92:279-283. https://
doi.org/10.1177/0022034512472335 PMID: 23264610

Cheng N, Park J, Olson J, Kwon T, Lee D, Lim R et al. Effects of bisphosphonate administration on cleft
bone graft in a rat model. Cleft Palate Craniofac J. 2017 Jan 17

Dimitriou R, Jones E, McGonagle D, Giannoudis PV. Bone regeneration: Current concepts and future
directions. BMC Med. 2011; 9:66. https://doi.org/10.1186/1741-7015-9-66 PMID: 21627784

van Hout WM, Mink van der Molen AB, Breugem CC, Koole R, Van Cann EM. Reconstruction of the
alveolar cleft: can growth factor-aided tissue engineering replace autologous bonegrafting? A literature
review and systematic review of results obtained with bone morphogenetic protein-2. Clin Oral Investig.
2011; 15:297-3083 https://doi.org/10.1007/s00784-011-0547-6 PMID: 21465220

Takeshita T, Kageyama S, Furuta M, Tsuboi H, Takeuchi K, Shibata Y et al. Bacterial diversity in saliva
and oral health-related conditions: The hisayama study. Sci Rep. 2016; 6:22164. https://doi.org/10.
1038/srep22164 PMID: 26907866

Kang B, Cheong S, Chaichanasakul T, Bezouglaia O, Atti E, Dry SM et al. Periapical disease and bis-
phosphonates induce osteonecrosis of the jaws in mice. J Bone Miner Res. 2013; 28:1631-1640.
https://doi.org/10.1002/jbmr.1894 PMID: 23426919

Kaynak D, Meffert R, Gunhan M, Gunhan O, Ozkaya O. A histopathological investigation on the effects
of the bisphosphonate alendronate on resorptive phase following mucoperiosteal flap surgery in the
mandible of rats. J Periodontol. 2000; 71:790-796. https://doi.org/10.1902/jop.2000.71.5.790 PMID:
10872961

Kuroshima S, Go VA, Yamashita J. Increased numbers of nonattached osteoclasts after long-term zole-
dronic acid therapy in mice. Endocrinology. 2012; 153:17-28. https://doi.org/10.1210/en.2011-1439
PMID: 22109892

Weinstein RS, Roberson PK, Manolagas SC. Giant osteoclast formation and long-term oral bisphos-
phonate therapy. N Engl J Med. 2009; 360:53-62. https://doi.org/10.1056/NEJM0a0802633 PMID:
19118304

Halleen JM, Alatalo SL, Suominen H, Cheng S, Janckila AJ, Vaananen HK. Tartrate-resistant acid
phosphatase 5b: A novel serum marker of bone resorption. J Bone Miner Res. 2000; 15:1337-1345.
https://doi.org/10.1359/jbmr.2000.15.7.1337 PMID: 10893682

Yaffe A, Kollerman R, Bahar H, Binderman I. The influence of alendronate on bone formation and
resorption in a rat ectopic bone development model. J Periodontol. 2003; 74:44-50. https://doi.org/10.
1902/jop.2003.74.1.44 PMID: 12593595

Mathov |, Plotkin LI, Sgarlata CL, Leoni J, Bellido T. Extracellular signal-regulated kinases and calcium
channels are involved in the proliferative effect of bisphosphonates on osteoblastic cells in vitro. J Bone
Miner Res. 2001; 16:2050-2056. https://doi.org/10.1359/jbmr.2001.16.11.2050 PMID: 11697801

Reinholz GG, Getz B, Pederson L, Sanders ES, Subramaniam M, Ingle JN et al. Bisphosphonates
directly regulate cell proliferation, differentiation, and gene expression in human osteoblasts. Cancer
Res. 2000; 60:6001-6007. PMID: 11085520

von Knoch F, Jaquiery C, Kowalsky M, Schaeren S, Alabre C, Martin | et al. Effects of bisphosphonates
on proliferation and osteoblast differentiation of human bone marrow stromal cells. Biomaterials. 2005;
26:6941-6949. https://doi.org/10.1016/j.biomaterials.2005.04.059 PMID: 16009417

Altundal H, Gursoy B. The influence of alendronate on bone formation after autogenous free bone graft-
ing in rats. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 2005; 99:285-291. https://doi.org/10.
1016/j.triple0.2004.05.022 PMID: 15716833

Baas J, ElImengaard B, Jensen TB, Jakobsen T, Andersen NT, Soballe K. The effect of pretreating mor-
selized allograft bone with rhbmp-2 and/or pamidronate on the fixation of porous ti and ha-coated
implants. Biomaterials. 2008; 29:2915-2922. https://doi.org/10.1016/j.biomaterials.2008.03.010 PMID:
18407348

Belfrage O, Isaksson H, Tagil M. Local treatment of a bone graft by soaking in zoledronic acid inhibits
bone resorption and bone formation. A bone chamber study in rats. BMC Musculoskelet Disord. 2012;
13:240. https://doi.org/10.1186/1471-2474-13-240 PMID: 23217097

PLOS ONE | https://doi.org/10.1371/journal.pone.0190901 January 5, 2018 13/14


https://doi.org/10.1302/0301-620X.88B8.17457
http://www.ncbi.nlm.nih.gov/pubmed/16877594
https://doi.org/10.1007/s11999-010-1527-x
https://doi.org/10.1007/s11999-010-1527-x
http://www.ncbi.nlm.nih.gov/pubmed/20809167
https://doi.org/10.1177/0022034512472335
https://doi.org/10.1177/0022034512472335
http://www.ncbi.nlm.nih.gov/pubmed/23264610
https://doi.org/10.1186/1741-7015-9-66
http://www.ncbi.nlm.nih.gov/pubmed/21627784
https://doi.org/10.1007/s00784-011-0547-6
http://www.ncbi.nlm.nih.gov/pubmed/21465220
https://doi.org/10.1038/srep22164
https://doi.org/10.1038/srep22164
http://www.ncbi.nlm.nih.gov/pubmed/26907866
https://doi.org/10.1002/jbmr.1894
http://www.ncbi.nlm.nih.gov/pubmed/23426919
https://doi.org/10.1902/jop.2000.71.5.790
http://www.ncbi.nlm.nih.gov/pubmed/10872961
https://doi.org/10.1210/en.2011-1439
http://www.ncbi.nlm.nih.gov/pubmed/22109892
https://doi.org/10.1056/NEJMoa0802633
http://www.ncbi.nlm.nih.gov/pubmed/19118304
https://doi.org/10.1359/jbmr.2000.15.7.1337
http://www.ncbi.nlm.nih.gov/pubmed/10893682
https://doi.org/10.1902/jop.2003.74.1.44
https://doi.org/10.1902/jop.2003.74.1.44
http://www.ncbi.nlm.nih.gov/pubmed/12593595
https://doi.org/10.1359/jbmr.2001.16.11.2050
http://www.ncbi.nlm.nih.gov/pubmed/11697801
http://www.ncbi.nlm.nih.gov/pubmed/11085520
https://doi.org/10.1016/j.biomaterials.2005.04.059
http://www.ncbi.nlm.nih.gov/pubmed/16009417
https://doi.org/10.1016/j.tripleo.2004.05.022
https://doi.org/10.1016/j.tripleo.2004.05.022
http://www.ncbi.nlm.nih.gov/pubmed/15716833
https://doi.org/10.1016/j.biomaterials.2008.03.010
http://www.ncbi.nlm.nih.gov/pubmed/18407348
https://doi.org/10.1186/1471-2474-13-240
http://www.ncbi.nlm.nih.gov/pubmed/23217097
https://doi.org/10.1371/journal.pone.0190901

@° PLOS | ONE

Comparison of local and systemic bisphosphonate delivery

32.

33.

34.

35.

36.

Adler RA, El-Hajj Fuleihan G, Bauer DC, Camacho PM, Clarke BL, Clines GA et al. Managing osteopo-
rosis in patients on long-term bisphosphonate treatment: Report of a task force of the American Society
for Bone and Mineral Research. J Bone Miner Res. 2016; 31:16-35 https://doi.org/10.1002/jomr.2708

PMID: 26350171

Bhatt R, Hibbert S, Munns C. The use of bisphosphonates in children: Review of the literature and
guidelines for dental management. Aust Dent J. 2014; 59:9-19. https://doi.org/10.1111/adj.12140
PMID: 24495226

Aboalrejal A. Effect of bisphosphonates sodium alendronate on shedding of deciduous molars in rab-
bits. Int Dent Med J Adv Res. 2015; 1:1-8.

Bradaschia-Correa V, Massa LF, Arana-Chavez VE. Effects of alendronate on tooth eruption and molar
root formation in young growing rats. Cell Tissue Res. 2007; 330:475-485. https://doi.org/10.1007/
s00441-007-0499-y PMID: 17901984

Krieger E, Jacobs C, Walter C, Wehrbein H. Current state of orthodontic patients under bisphosphonate
therapy. Head Face Med. 2013; 9:10. https://doi.org/10.1186/1746-160X-9-10 PMID: 23556517

PLOS ONE | https://doi.org/10.1371/journal.pone.0190901 January 5, 2018 14/14


https://doi.org/10.1002/jbmr.2708
http://www.ncbi.nlm.nih.gov/pubmed/26350171
https://doi.org/10.1111/adj.12140
http://www.ncbi.nlm.nih.gov/pubmed/24495226
https://doi.org/10.1007/s00441-007-0499-y
https://doi.org/10.1007/s00441-007-0499-y
http://www.ncbi.nlm.nih.gov/pubmed/17901984
https://doi.org/10.1186/1746-160X-9-10
http://www.ncbi.nlm.nih.gov/pubmed/23556517
https://doi.org/10.1371/journal.pone.0190901

