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Sclerostin-Neutralizing Antibody Enhances Bone
Regeneration Around Oral Implants
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Background: Dental implants are an important option for replacement of missing teeth. A major clinical
challenge is how best to accelerate bone regeneration and reduce the healing time for functional restoration after
implant placement. A sclerostin-neutralizing antibody (Scl-Ab) has been shown to enhance alveolar bone
formation and fracture repair. The aim of this study was to investigate the effects of systemic administration of
Scl-Ab on dental implant osseointegration and bone regeneration in an experimental alveolar ridge tooth
extraction model.
Materials and Methods: To investigate the effects of Scl-Ab on bone regeneration and dental implant os-
seointegration, an experimental alveolar bone osteotomy rat model was adopted. One month after extraction of
maxillary right first molars, osteotomy defects were created at the coronal aspect of each of the extraction sites,
and 1 · 2-mm custom titanium implants were installed into the osteotomies. Coincident with implant placement,
Scl-Ab was administered subcutaneously at a dose of 25 mg/kg twice weekly for 10–28 days and compared with
a vehicle control. Animals were sacrificed 10, 14, and 28 days after surgery, and maxillae were harvested and
analyzed by microcomputed tomography (microCT), histology, and histomorphometry.
Results: microCT analysis demonstrated that the maxillary bone volume fraction was approximately 2- to 2.5-
fold greater in Scl-Ab-treated animals compared with vehicle alone at days 14 and 28. Consistent with those
findings, two-dimensional bone fill percentages within the coronal osteotomy sites were highest in Scl-Ab
treatment groups at 28 days. In addition, bone-implant contact at 28 days was approximately twofold greater in
the Scl-Ab group compared with the vehicle control.
Conclusions: These results indicate that systemic Scl-Ab administration enhances osseointegration and bone
regeneration around dental implants. This approach offers potential as a treatment modality for patients with
low bone mass or bone defects to achieve more predictable bone regeneration at alveolar bone defects and to
enhance dental implant osseointegration.
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Introduction

G iven the 95.5–98.8% survival and success rates of
dental implant reconstructions,1,2 dental implants have

become a predictable treatment option for replacement of
missing teeth as a consequence of congenital tooth agenesis,
periodontal diseases, or injury. Data provided by the Ameri-
can Academy of Implant Dentistry show that 3 million
Americans have dental implant restorations, and the number

is growing by 500,000 each year.3 The estimated US and
European markets for dental implants are expected to reach
$4.2 billion by 2022.3 A major clinical challenge for dental
implant therapy is improving and accelerating osseointegra-
tion of implants to facilitate earlier functional loading. There
are two major methods to enhance osseointegration formation
around dental implants: implant surface modifications and the
use of bone anabolics or antiresorptive agents.4,5 Some of
these approaches have demonstrated favorable improvements;
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however, not all are predictable for the myriad bone density
issues afflicting edentulous patients,6 and some antiresorptive
agents pose the potential risk of treatment-related osteo-
necrosis of the jaw.7 Hence, studies have been conducted
to find new potential bone anabolic agents that promote bone
regeneration. For instance, a specific inhibitor of cathepsin-
K, the enzyme that degrades bone collagen type I, reduces
bone resorption; and neutralizing antibodies against scler-
ostin can stimulate bone formation and decrease bone
resorption.8

Sclerostin, a 213-amino acid glycoprotein expressed
primarily by osteocytes, is a key messenger in communi-
cations between osteocytes and osteoblasts and impedes
osteoblast differentiation and negatively regulates bone
formation.9,10 Human genetic studies show that patients
with loss-of-function mutations in the SOST gene that
encodes sclerostin have high bone mass and density, with
effects on the skull, mandible, ribs, clavicles, and all long
bones.11–13 Animal experiments on SOST-null mice have
shown increased bone formation, bone mass, and bone
strength,14 while overexpression of the SOST gene in mice
results in osteopenia.15 Given the evidence that sclerostin
inhibits bone formation, the sclerostin-neutralizing anti-
body (Scl-Ab) has been developed and investigated for
bone disorders in preclinical animal models and human
clinical trials. Systemic administration of Scl-Ab to fe-
male rats with osteopenia due to ovariectomy-induced
estrogen deficiency, or to aged (16-month-old) male rats,
was shown to increase bone formation at various bone
sites and improve bone mass, mineral apposition rate, and
bone strength.16–18 Moreover, Scl-Ab had potent anabolic
effects in bone defect and fracture healing models. Ad-
ministration of Scl-Ab enhanced new bone formation and
bridging at the fracture callus in rats with a 6-mm critical-
sized segmental defect in their femoral bone,19 and our
group showed that subcutaneous administration of Scl-Ab
for 6 weeks increased the bone volume fraction (BVF),
tissue mineral density (TMD), and height of alveolar bone
surrounding the molar teeth of rats with experimental
periodontitis.20 Furthermore, net effects of Scl-Ab admin-
istration were shown to inhibit bone resorption.21 Human
clinical trials have demonstrated that administration of Scl-

Ab to healthy men and postmenopausal women increased bone
formation markers and bone mineral density (BMD).22–26

Such evidence indicates that sclerostin inhibition may be
a viable bone anabolic agent to treat bone disorders by in-
creasing bone volume and bone density. Therefore, we hy-
pothesize that the sclerostin-neutralizing antibody as a bone
anabolic agent can enhance dental implant osseointegration.
Our aim was to investigate the effects of systemic adminis-
tration of Scl-Ab on dental implant osseointegration in a rat
experimental alveolar ridge bone defect model. Bone regen-
eration and osseointegration around dental implants after
systemic Scl-Ab administration were analyzed using micro-
computed tomography (microCT), histology, and histomor-
phometry.

Materials and Methods

Preclinical model of alveolar bone
defects from tooth extraction

All procedures were approved by the Institutional Animal
Care and Use Committee at the University of Michigan. This
study complied with Animal Research: Reporting of In Vivo
Experiments guidelines for preclinical animal studies. Under
general anesthesia using ketamine (50 mg/kg) and xylazine
(10 mg/kg), right maxillary first molars were extracted from
a total of sixty 8-week-old, male Sprague-Dawley rats. After
a 1-month period of socket healing without treatments
(Fig. 1), a full-thickness flap was elevated, and a well-type
osteotomy defect was created at the extraction site using a
customized step drill with sterile saline irrigation. Care was
taken to limit perforation of the maxillary sinus floor as the
proximity of the limited bone height is such that perfora-
tion occasionally occurs during osteotomy preparation. This
customized step drill created a defect with a 0.95-mm di-
ameter at the apical 1-mm level and 2.2-mm diameter at the
coronal 1-mm level.27,28 Custom-fabricated, sterile, com-
mercially pure, solid-cylinder titanium implants with a tita-
nium plasma-sprayed surface were used (Institut Straumann
AG, Waldenburg, Switzerland). Following preparation of
osteotomies, these 1 · 2-mm titanium implants were press-
fit into the osteotomies, ensuring that primary stability was
achieved. The coronal end of the implant remained exposed

FIG. 1. Study design and time line. Implant surgery was performed 30 days after right maxillary first molar extraction.
Following wound healing, osteotomies were created and titanium implants were placed concurrent with the initiation of
twice-weekly systemic Scl-Ab administration. 3D evaluations (microCT imaging), histology, and histomorphometric
measurements were performed at days 10, 14, and 28 after implant installation. 3D, three-dimensional; microCT, micro-
computed tomography; Scl-Ab, sclerostin-neutralizing antibody.
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approximately 1 mm above the floor of the 2.2-mm diameter
step drill defect and the coronal portions of the osseous de-
fects received injectable collagen gel (2.6% bovine type I
collagen gel; Tissue Repair Company, San Diego, CA). The
flap was approximated and closed with tissue glue (PeriAcryl,
n-Butyl Cyanoacrylate; GluStitch Inc., Delta, B.C., Canada).
Surgical procedures are illustrated in Figure 2 and a diagram
showing the defect and implant position from a lateral pro-
jection is presented in Supplementary Figure S1 (Supplemen-
tary Data are available online at www.liebertpub.com/tea).

The animals were randomly divided into the Scl-Ab
group or vehicle control group, designated to be sacrificed
at 10, 14, or 28 days after implant placement (Fig. 1).
Subcutaneous Scl-Ab administration at the dose of 25 mg/kg
started on the day of surgery and was continued twice per
week during the dosing phase of 10, 14, and 28 days.20

Administration of phosphate-buffered saline (PBS) served
as vehicle control. Scl-Ab- and vehicle-treated groups
(n = 5–8/group) were sacrificed 10, 14, and 28 days after
Scl-Ab or vehicle administration and their maxillae were
harvested and evaluated by microCT, histology, and his-
tomorphometry.

Maxilla harvest, microCT, and histological preparation
and analysis

The animals were euthanized by carbon dioxide inhalation
overdose at designated time points and maxillary specimens
were harvested and fixed in 10% neutral-buffered formalin
for 2 days. The specimens were then transferred to 70%
alcohol for microCT scanning. Each group and time point
initiated with n = 10–12 animals/implants. Due to surgical
complications, early implant loss, or histological processing,
the total number of specimens available for evaluation re-
duced to a total of 5–8 animals per group available for final
analysis and did not relate to the treatment rendered.

Maxillary specimens were scanned using a cone-beam
microCT system (GE HealthCare BioSciences, Model Pxs5-
928EA; GE Healthcare, London, ON, Canada), following
settings as previously described.20 Scans were reconstructed
and two- and three-dimensional (3D) images were generated
for all specimens. We followed methods previously de-
scribed20 and modified the measurements of BVF and TMD
using GEMS MicroView software (eXplore MicroView
v.2.1.2, Analysis Plus; GE Healthcare). BVF indicates the
3D measurement of bone formation (bone quantity), while
TMD indicates the 3D measurement of the quality of newly
formed bone (bone quality).

After microCT scanning, specimens were dehydrated in
step gradients of alcohol, infiltrated, and embedded in methyl
methacrylate by routine histological methods. One sagittal
section of approximately 50-mm thickness was cut along each
implant’s long axis using a diamond saw at the central portion
of each implant (Well Diamond Wire Saws, Inc., Norcross,
GA). Each specimen was attached to a plastic slide, ground to
*25mm with an EXAKT Micro Grinder 400 (Exakt Medical
Instruments, Inc., Oklahoma City, OK), and polished to an
optical finish. The sections were placed in pH 4 hydrochloric
acid solution for 15 s, rinsed three times for 1 min with dis-
tilled water, stained with 0.2% methylene blue for 1 min,
rinsed three times for 1 min with PBS, stained with 0.2%
basic fuchsin for 1 min, rinsed with distilled water thoroughly,
and dried. After histological preparation, slides were coded
and examined by two examiners blinded to treatment group
allocation (S.H.Y. and T.F.).

Histological analysis was used to evaluate the spatial and
temporal sequences of osteogenesis and bone-implant con-
tact (BIC) during oral implant osseointegration. Histomor-
phometric analyses were performed using a Nikon Eclipse
50i microscope (Nikon Instruments, Inc., Melville, NY)
fitted with a DS-5M digital color camera and NIS-Elements
software (Nikon Instruments, Inc.). Standard parameters of

FIG. 2. Surgical proce-
dures of maxillary molar
extraction and implant
placement. (A) Occlusal
(top) view of maxillary right
molars. (B) Socket after first
molar extraction. (C) Socket
wound healing 1 month after
extraction. (D) Gingival flap
design. (E) Flap reflection
and alveolar ridge exposure.
(F) Osteotomy created by a
customized step drill. (G)
Placement of the titanium
implant into the osteotomy
defect. (H) Application of
collagen gel around the tita-
nium implant. (I) Closure of
the wound with tissue glue.
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osteogenesis and osseointegration were measured and ana-
lyzed as previously described for the percentage of bone fill
and BIC.27

Statistical analyses

Data for all measurements on each parameter from mi-
croCT and histomorphometry were analyzed and compared
using Prism 7 software (GraphPad Software, Inc., La Jolla,
CA). Comparisons among multiple groups were performed
with one-way analysis of variance, while comparisons be-
tween two groups were done with Student’s t-test.

Results

microCT analysis

As shown in Figure 3, minimal amounts of newly formed
bone were found at day 10 in both the Scl-Ab and vehicle
groups. By day 14, greater evidence of osteogenesis was
seen in the defects of the Scl-Ab group when compared with
vehicle-treated animals. Bone appeared to form from the
alveolar wall of surgically created osteotomies, along with
limited new bone formation along the surfaces of dental
implants at days 10 and 14. By day 28, greater amounts of
new bone were seen in the defects of the Scl-Ab group
compared with vehicle controls. Importantly, new bone
had formed on implant surfaces of the vehicle and Scl-Ab
groups at day 28, with more such bone evident in the Scl-
Ab group, suggesting better osseointegration and greater
BIC. Moreover, newly formed bone can be recognized due
to the different grayscale levels between new and old bone
at days 10 and 14. Such differences in grayscale levels
from microCT images of new and old bone in 28-day
specimens were less distinguishable, indicating that the
density of newly formed bone increased over time. We
also found that new bone formation in the coronal portion
of defects showed some variability. Consistent with mi-
croCT imaging observations, 3D microCT measurements
showed that BVF in the Scl-Ab group was approximately
twofold greater than that in the control group at day 14 and
2.5 times greater in Scl-Ab sites than vehicle-treated sites

FIG. 3. microCT images. Representative microCT images of maxillary alveolar bone surrounding the titanium implants at
days 10, 14, and 28 after placement of dental implants. The yellow dotted line marks the approximate dimensions of the
defect. Two-dimensional sagittal images and 3D images of maxillae show visual differences in bone formation around the
dental implants between the Scl-Ab-treated group and the vehicle group.

FIG. 4. Histology of resin-embedded sections of speci-
mens with methylene blue and basic fuchsin staining. New
bone formation was found in all the defects. Over time,
osseointegration was also observed. Greater bone formation
was seen in the Scl-Ab group compared with the phosphate-
buffered saline vehicle group at days 14 and 28.
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at day 28 (Fig. 5A). There were no differences in TMD
among groups (Fig. 5B).

Histology and histomorphometry

At days 10 and 14, there was minimal new bone formation
(observed histologically) on defect walls in both groups as it
was more difficult to identify newly formed bone on surfaces
of dental implants at the early time points (Fig. 4) compared
with microCT image analysis. The greatest amount of bone
formation was observed at 28 days, most notably in the Scl-
Ab group, by assessing the physical appearance of woven
bone formation within the osseous defects. Osseointegration
was visible on the surface of dental implants in both groups
at 28 days. Similar to these qualitative histological obser-
vations, histomorphometry did not display statistically sig-
nificant differences between the two groups for bone fill or
BIC at days 10 and 14 (Fig. 5C, D). However, at day 28,
bone fill and BIC were significantly greater in the Scl-Ab

group compared with controls, indicating that Scl-Ab stim-
ulated greater osseous regeneration and osseointegration
compared with controls.

Discussion

In this study, we utilized a well-type alveolar bone os-
teotomy model to investigate the effects of systemically
administered Scl-Ab on bone regeneration and osseointe-
gration around dental implants. The data showed that Scl-
Ab not only improved bone formation around implants but
also enhanced osseointegration between the bone and
implant.

This rat dental implant model has been developed and well
characterized by our group.27–29 We have investigated the
bone wound healing process of this rat osteotomy model and
discovered four phases of wound healing over time, as pre-
viously described: an inflammation phase 1–3 days after
surgery; a proliferation and granulation phase during days 4–

FIG. 5. microCT assessments of BVF and TMD and histomorphometry measurements of BVF and BIC. (A) At day 14,
the Scl-Ab group had more BVF than the vehicle group by t-test analysis ( p < 0.05). Furthermore, the Scl-Ab group at day
28 presented the largest BVF through one-way ANOVA. (B) Assessment of TMD indicated no difference between Scl-Ab
and vehicle groups. (C, D) The Scl-Ab group had the statistically greatest BIC and bone fill percentage at day 28 compared
with the vehicle group, as analyzed by one-way ANOVA. ANOVA, analysis of variance; BVF, bone volume fraction; BIC,
bone-implant contact; TMD, tissue mineral density.
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7, an initial bone formation phase from day 10 to 14, and a
continuous osteogenic phase during days 21–28. In addition,
we have validated this model by exploring the effects of lo-
cally applied growth factors on bone formation around dental
mini-implants and osseointegration between bone and den-
tal implant surfaces.27,28 While we did not perform specific
biomechanical testing in this study, we noted that BIC,
BVF, TMD, and BMD have strong and moderately strong
correlation with the functional apparent modulus, which
indicates that histology and microCT data are parallel with
mechanical test data, as we have previously reported.27,30,31

Based on this model, we chose the experimental approach
and time points of 10, 14, and 28 days to study effects of the
sclerostin antibody on bone formation and dental implant
osseointegration.

Osseointegration is a critical factor for dental implant
function and survival, which depends on adequate amounts
of bone formed around the dental implant (bone volume-
wise) and adequate contact between the dental implant and
surrounding alveolar bone (osseointegration).32

Sclerostin is a monomeric glycoprotein produced by
osteocytes, which binds to LRP5/6 coreceptors on the
cell surface of osteoblast lineage cells to inhibit the os-
teogenic Wnt signaling pathway.33 The Wnt signaling
pathway has a well-documented effect on embryonic
skeleton development, bone modeling, postnatal bone
formation, and bone homeostasis.34 In the present study,
microCT analysis showed that BVF at day 14 (the initial
bone formation phase) was greater in the Scl-Ab group
versus the control group. There are several possible
mechanisms for this result: first, the Wnt signaling path-
way participates in vascularization.35,36 Due to blockade
of sclerostin’s actions by Scl-Ab, vascularization in the
defects appeared to be improved. As a result, more bone
formation occurred in the Scl-Ab group. Second, because
the Wnt signaling pathway has been shown to increase
mesenchymal stem cell migration and proliferation,37–39

Scl-Ab treatment may induce greater numbers of mesen-
chymal stem cells to migrate to the wound site and pro-
liferate, which may result in more bone formation at early
time points. Third, evidence showed that Wnt improves
osteoblast differentiation.40–42 Therefore, more osteo-
blasts may be formed in the Scl-Ab group, which pro-
duced more bone in the defect. From microCT sagittal
image analysis, we observed that the newly formed bone
in the defect was not evenly distributed for both Scl-Ab
and control groups, which may explain why the BVF data
from microCT analysis did not mirror the bone fill per-
centage measured from histology sections at day 14.
At day 28, more bone formation was seen in both groups
compared with days 10 and 14, with greater bone for-
mation in the Scl-Ab group at day 28 than the control
group. Sclerostin is a key factor that affects bone mod-
eling and remodeling. Blocking sclerostin results in
not only increased bone formation but also decreased
bone resorption.21,43 At the later time point of 28 days, we
consider that effects of sclerostin on bone remodeling (the
net functions of anabolic and catabolic actions) may have
a more significant impact than purely bone formation
(bone anabolic action) in Scl-Ab-treated defects, although
Scl-Ab antiresorptive effects started to be present at day
14 based on BVF results. On the other hand, we did not

note differences in TMD between the two groups, which
needs further investigation in the future given that there
is not always a strong correlation between TMD and
BVF.30,31

In this study, there was limited bone formation on
the surface of dental implants at days 10 and 14 for both
groups, yet obvious bone formation was observed on the
surface of implants by day 28. Histomorphometric results
showed that the Scl-Ab group at day 28 had the greatest
BIC, which is consistent with the interpretation that Scl-
Ab increased osseointegration. One limitation of the cur-
rent study is that we have not determined the extent to
which enhanced osseointegration with Scl-Ab was the
result of increased bone formation (an anabolic effect) or
decreased bone resorption (an anticatabolic effect). Future
studies using fluorochrome labeling of newly formed bone
may provide such insights.

In the present study, systemic Scl-Ab administration
increased bone regeneration in a well-type alveolar bone
defect and also enhanced osseointegration of dental im-
plants, as shown by increased BIC. Future directions using
this approach include the consideration of local delivery of
Scl-Ab around dental implants to promote a more targeted
delivery. Our current results also support future clinical
studies to investigate the effects of Scl-Ab in promoting
alveolar bone regeneration and early osseointegration in
patients requiring dental implants to reconstruct edentu-
lous areas.
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