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Effects of glucagon-like peptide-1 receptor agonists
on fracture healing in a rat osteoporotic model
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Abstract. Osteoporosis is a common disease characterized
by reduced bone mass, microstructural deterioration, fragility
and consequent fragility fractures and is particularly preva-
lent among the elderly population. Although glucagon-like
peptide-1 receptor agonists (GLP-1 RAs) have positive effects
on bones, their role in the prevention of osteoporotic fractures
remains to be elucidated. The present study assigned female
Sprague Dawley rats with osteoporotic fractures into vari-
ectomized osteoporosis (OVX), OVX + liraglutide (LIRA)
(50 ug/kg/day subcutaneous LIRA) and control groups.
At 3 and 6 weeks postoperatively, X-ray, tartrate-resistant acid
phosphatase (TRAP) staining, histological and biomechanical
assays and assessment of femoral bone mineral density (BMD)
were performed. Compared with the OVX group, GLP-1 RA
treatment improved the formation of calluses and osseous
union. TRAP staining showed significantly fewer osteoclasts
in the OVX + LIRA group compared with the OVX group.
In the osteoporotically fractured rats, LIRA improved bone
strength at the femoral diaphysis, stiffness, ultimate load and
femoral trabecular BMD Compared with the OVX group.
GLP-1 RA treatment inhibited osteoclast formation and
improved trabecular bone architecture and mass in osteopo-
rotic fracture model rats, leading to improved biomechanical
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strength. GLP-1 RAs may be used as novel anti-osteoporotic
fracture agents.

Introduction

Osteoporosis (OP) is a common disease characterized by
reduced bone mass, microstructural deterioration, fragility
and consequent fragility fractures and is particularly prevalent
among the elderly population (1). Osseous metabolic imbalance
is the major pathogenic factor involved in OP; it is affected by
diet, physical activity and clinical and hormonal states (2,3).

The aforementioned conditions associated with OP are
significantly more common in patients with type 1 and 2
diabetes mellitus (DM) (4,5). Studies have shown that patients
with DM have fragile bones, despite normal bone mineral
density (BMD) (6,7). Type 2 DM patients have increased
circulating levels of sclerostin, an osteocyte-secreted negative
regulator of bone formation (8). The mechanisms underlying
bone fragility in DM remain to be elucidated; however, aggre-
gation of advanced glycation end-products, altered collagen
cross-linking and reduced osseous turnover may serve a
role (9). In addition to the intrinsic effects of DM on bones,
several anti-diabetic drugs negatively affect bone health. For
instance, thiazolidinediones increase the risk of fractures (10).

Previous research has shown that glucagon-like peptide-1
receptor agonists (GLP-1 RAs), which are novel incretin ther-
apy-based anti-diabetic drugs, increase insulin secretion, promote
insulin sensitivity and reduce gastrointestinal motility (11). The
GLP-1 RA exenatide has positive effects on bones (12).

GLP-1 RAs may alter the bone turnover rate (13). GLP-1
indirectly inhibits bone resorption by binding to GLP-1
receptors (GLP-1Rs) within thyroid C cells and stimulating
calcitonin production (14). In addition, mice with pancreatic
GLP-IR deletion develop cortical osteopenia and increased
calcitonin pathway-mediated bone resorption (15). A study
found that GLP-1R activation positively affects bone quality
and strength, whereas GLP-1R-deficient mice have signifi-
cantly reduced bone mechanical strength, outer diameter and
cortical thickness of bones and collagen matrix maturity (16).
Additionally, mice with double incretin receptor knock-out
have substantially altered bone strength and microarchitecture,
suggesting that incretin hormones are essential for normal
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bone quality (17). The present study evaluated the effects of
GLP-1RA on fracture healing in a rat model of variectomized
OP (OVX).

Materials and methods

Animal model and pharmaceutical treatment. The
5-month-old Sprague Dawley female rats (n=36; weight:
280-320 g) were obtained from the Animal Center of Chinese
Academy of Sciences (Shanghai, China). The rat experi-
ment was performed in accordance with the guidelines of
the Animal Care and Use Committee of Hainan Medical
University (approval no. 2020-56). The animals were main-
tained at 25°C in a temperature-controlled room with 40-50%
humidity and free access to water and food. The rats were
subjected to 1-week environmental acclimation under a 12-h
light/dark cycle. The rats were randomly divided into the sham
operation (control), OVX and OVX + LIRA groups. After
inducing general anesthesia with an intraperitoneal injection
of pentobarbital sodium (50 mg/kg), an incision was made on
the back of mice to perform bilateral OVX. Then, the skin,
abdominal cavity and muscles were cut using a 1.5-cm inci-
sion to expose the ovaries. Silk suture was used to ligate the
oviduct. Next, bilateral OVX was performed. The remaining
rats underwent a sham operation and examination of bilateral
ovaries. The remaining steps were completed using an iden-
tical protocol for all groups. The BMD in the tibial metaphysis
was tested to evaluate for the development of OP. Unilateral
transverse osteotomy was performed in OP model rats in the
right femur center and a 1-mm intramedullary nail [Wego
Healthcare (Shenzhen) Co., Ltd.] was used for pinning. The
solution of LIRA and saline (0.3 mg/kg/day) was injected
subcutaneously around the back wound in OVX + LIRA rats
until sacrifice (18). In the remaining rats, same quantity of
saline was injected subcutaneously.

X-ray. At 3 and 6 weeks postoperatively, anteroposterior X-ray
of the rat femur was performed to evaluate fracture union and
bone formation using a small animal imaging system (12 sec;
26 kV; MX20; Faxitron X-Ray LLC).

Histological analysis. At 3 and 6 weeks postoperatively, 4%
paraformaldehyde was added to fix the samples at 48°C for a
day. The tissues were subjected to decalcification for 2 days,
dehydration using a graded ethanol series and embedding in
paraffin. The tissues were sliced into 5-um sagittal sections
for hematoxylin & eosin (HE) staining. Light microscopy was
used to analyze the histological images and Image-Pro Plus
Software (Media Cybernetics, Inc.) was used for quantitative
analysis. The sagittal cross-sectional area, callus thickness and
callus area on the histological images were also assessed (19).
In accordance with the tartrate-resistant acid phosphatase
(TRAP) staining reagent protocols, the TRAP incubation
solution was added to water-deparaffinized paraffin sections
for 30 min incubation at 37°C. The sections were washed
using distilled water and treated with 2-amino-2-methyl-1,3-
propane-diol-HCI solution (pH 9.4) for 10 min. Then, methyl
green was added to stain the paraffin sections. The stained
sections were washed using distilled water, dried and sealed.
An inverted optical microscope (magnification, x40) was used

to select the field of view and analyze the images. Image]J soft-
ware (Version 1.52e; National Institutes of Health) was used
to determine osteoclast (OC) number per unit area of every
TRAP-stained film. Each assay was performed three times
and the average value was recorded. The OC cytoplasm and
nucleus were stained wine red and light green, respectively.

Biomechanical examination. A three-point bending test
(Instron 4302; Instron) was performed to evaluate the biome-
chanical properties of fracture healing at 3 and 6 weeks
postoperatively. In brief, the femur was mounted on two
loading bars (spacing: 18 mm), whereas the central callus was
compressed using the mobile head at a compression velocity of
2 mm/min until fracture. A material testing machine was used
to determine the ultimate load (N) and stiffness (N/mm) based
on a load-deformation curve (20).

Statistical analysis. Data are presented as means + standard
deviation (SD) and analyzed using SPSS software (version 19.0;
IBM Corp.). Differences between groups were analyzed using
one-way analysis of variance and Tukey's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

X-ray evaluation of the effects of GLP-IR activation. X-rays
were performed at 6 weeks postoperatively to determine the
effects of GLP-1R activation on callus formation and bone
union. The control group exhibited callus formation and
bone union, while the OVX group exhibited fractional callus
formation and incomplete bone union. Bone remodeling was
promoted by the OVX + LIRA (Fig. 1).

Histological analysis of the effects of GLP-IR activation.
HE staining of the histological sections was performed
at 3 and 6 weeks postoperatively to analyze callus formation
(Fig. 2). At 6 weeks postoperatively, compared with the OVX
group, the control group exhibited greater bone cell growth
and differentiation and regularly arranged bone trabeculae
and collagen fibers. Tissue samples from the OVX + LIRA
group exhibited broad bone trabeculae and rich cement lines
compared with the control group. Similar findings were
observed in the OVX group compared with the control group.

Quantitative analysis of fracture calluses. The quantitative
analysis showed that the control group had greater sagittal
femoral cross-sectional area compared with the OVX group
at 3 and 6 weeks postoperatively, whereas the OVX + LIRA
group showed a further increase in the area compared with
the other groups (Fig. 3A). Similar findings were observed for
callus area and thickness (Fig. 3B and C).

In vivo inhibition of OC generation by LIRA. At 3 weeks post-
operatively, histological sections of the OVX group exhibited
large multinucleated OCs. However, the OVX + LIRA group
exhibited a markedly lower OC count compared with the OVX
group (Fig. 4).

Biomechanical tests for the role of GLP-1 Ras. The three-point
bending test was performed to evaluate the biomechanical
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Control OovX OVX+LIRA

Figure 1. X-ray of healing fractures at 6 weeks postoperatively. OVX, variectomized osteoporosis; LIRA, 50 ug/kg/day subcutaneous liraglutide.

Figure 2. Hematoxylin and eosin staining performed at 3 and 6 weeks postoperatively to evaluate bone histology magnification, x100. OVX, variectomized
osteoporosis; LIRA, 50 pg/kg/day subcutaneous liraglutide.
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Figure 3. Quantitative analysis of fracture calluses for (A) total area, (B) percentage of callus area and (C) callus thickness on hematoxylin and eosin stained
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images at 3 and 6 weeks postoperatively. Data are expressed as means + SDs. "P<0.05, “P<0.01 and
50 ug/kg/day subcutaneous liraglutide.

P<0.001. OVX, variectomized osteoporosis; LIRA,

strength of femoral cortical bone. Compared with the OVX  ultimate load, which strengthened the femoral diaphysis of OP
group, the OVX + LIRA group had greater stiffness and  fracture rats at 3 and 6 weeks postoperatively (Fig. 5).
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Figure 4. In vivo effects of LIRA on the OP fracture rat model. (A) TRAP staining was performed. (B) Number of TRAP-positive cells at 3 weeks postopera-
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Figure 5. Biomechanical analysis of bones in terms of (A) ultimate load and (B) stiffness at 3 and 6 weeks postoperatively. Data are expressed as means + SD.
"P<0.05, "P<0.01 and “"P<0.001. OVX, variectomized osteoporosis; LIRA, 50 ug/kg/day subcutaneous liraglutide.

Effects of GLP-1 RAs on BMD. The present study measured
the trabecular bone BMD in dismal femur. At 3 and 6 weeks
after the fracture, the OVX group exhibited a lower trabecular
BMD than the control group, whereas LIRA substantially
restored the femoral trabecular BMD Compared with the
OVX group (Fig. 6).

Discussion

OP may be caused by increased bone resorption and decreased
bone formation, which leads to abnormal bone remodeling.
It is characterized by low bone mass, increased fracture
risk (21,22) and bone fragility due to excessive bone resorption
and decreased bone formation. Abnormal bone remodeling
leads to increased fracture risk at the hip or other bones,
leading to a great economic burden (23). Fracture healing
involves reconstruction of bone tissues and restoration of
their biomechanical function. OP hinders fracture healing and
leads to pain and even physical disability. Patients with OP
have reduced metaphyseal bone mass and may need symp-
tomatic treatment to increase bone mass and decrease bone
loss (24). Postmenopausal OP accounts for most cases of OP
in females and increases the fracture risk in women. Estrogen

3 weeks

200 - E28 6 weeks
Fkk k%
e B o |
150 1 e
-~

100 +

50 1

Bone mineral density (mg/cm?)

e

S
3

Control
OVX+LIRA

Control -
OVX+LIRA T

Figure 6. Distal femoral trabecular BMD. Data are expressed as means + SD.
“P<0.05, “P<0.01 and ""P<0.001. OVX, variectomized osteoporosis; LIRA,
50 pug/kg/day subcutaneous liraglutide.

therapy can substantially reduce the fracture risk among post-
menopausal women (25); however, it may increase the risk of
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cardiovascular disease, ovarian cancer and breast cancer (26).
Therefore, additional treatments are required to reduce the
fracture burden in OP.

GLP-1Rs have variable effects on bones. In mouse
pancreas, MC3T3 osteoblasts express a distinct cloned
GLP-1R (27), whereas in vitro and in vivo human osteocytes
and osteoblasts express GLP-IR mRNA (28). Conversely,
GLP-1Rs are not detected in plastic-cultured primary osteo-
cytes (29). GLP-1 is an incretin hormone derived from the gut
and released in the bloodstream where it binds to GLP-1Rs. It
serves a role in the homeostasis of blood glucose (30). GLP-1Rs
are activated by several GLP-1 analogues and GLP-1 RAs.
GLP-1 analogues, such as LIRA, lixisenatide and exendin-4,
are approved for the treatment of type 2 DM (31). The GLP-1
RA LIRA is a new anti-diabetic agent that mimics the posi-
tive effects of endogenous GLP-1 on insulin production (32).
It binds to serum albumin to prevent its proteolytic degrada-
tion via dipeptidyl peptidase-4, leading to a longer half-life of
LIRA Compared with the other GLP-1 analogues (33).

The effects of GLP-1 on bone turnover after OP fracture
are unclear. Mice with GLP-1R homozygous deletion develop
fragile bones, cortical osteopenia, enhanced OC-mediated bone
resorption and possibly reduced thyroid calcitonin produc-
tion (15). The mechanisms underlying the effects of GLP-1
on bone turnover are unclear; however, in vitro studies have
found that GLP-1 indirectly affects osteoblasts through the
GLP-IR (34,35), which may or may not be similar to the mecha-
nism of action of GLP-1 on the pancreas. In the present study,
X-rays showed that the GLP-1 RA LIRA enhanced bone remod-
eling, leading to callus formation and fracture healing, in the OP
fracture rat model. Additionally, LIRA substantially restored
femoral trabecular BMD and femoral diaphysis strength in rats
with OP fracture by promoting bone stiffness and ultimate load.

GLP-1R-deficient mice exhibit bone breakdown,
suggesting an important role of GLP-1R signaling in OC
inhibition and bone resorption. Therefore, GLP-1 signaling
inhibits bone resorption (15) and promotes bone anabolic
activity. GLP-1R activation promotes bone regeneration in rats
with streptozotocin-induced diabetes and fructose-triggered
insulin resistance (36). In a previous study, reverse transcrip-
tion PCR showed the expression of GLP-1IR mRNA within
mouse calvaria osteoblasts, bone marrow cells and bone after
culture for 28 days (18). Mature osteoblasts express differ-
entiated osteoblast markers and lead to in vitro bone nodule
formation (37). GLP-1R expression can be detected in OCs of
an in vitro bone resorption model, in which OCs are cultured
on dentin disks to stimulate cell activity and differentiation to
mimic the in vivo environment (18). The present study assessed
the effects of LIRA on in vivo OC formation. We found that
LIRA suppressed OC production in the OP fracture rat model.

In conclusion, the GLP-1R agonist LIRA inhibited OC
production and bone resorption in the OP fracture rat model.
Furthermore, GLP-1 RA promoted trabecular bone architec-
ture and mass, thereby improving the biomechanical strength
of bones. GLP-1 RAs may be useful for the treatment of OP
fractures, particularly in patients with DM.
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