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Purpose: Fractures in patients with type 2 diabetes mellitus are at a high risk of delayed union or non-union. Previous studies have
shown a protective effect of liraglutide on bone. In the present study, we aimed to investigate the effects of a combination of liraglutide
and insulin on fracture healing in a rat model of diabetes and the mechanisms involved.

Materials and Methods: Closed femoral mid-shaft fractures were established in male Sprague-Dawley rats with or without diabetes
mellitus, and the diabetic rats were administered insulin and/or liraglutide. Six weeks after femoral fracture, the femoral callus was
evaluated by immunohistochemistry, histology, and micro-computed tomography. Additionally, the effects of liraglutide on high-
glucose-stimulated MC3T3-E1 cells were analyzed by Western blotting.

Results: Micro-computed tomography and safranin O/fast green staining showed that fracture healing was delayed in the diabetic
rats, and this was accompanied by much lower expression of osteogenic markers and greater osteoclast activity. However, treatment
with insulin and/or liraglutide prevented these changes. Liraglutide in combination with insulin treatment resulted in lower blood
glucose concentrations and significantly higher osteocalcin (OCN) and collagen I (Col I) expression six weeks following fracture.
Western blot analysis showed that liraglutide prevented the low expression of the bone morphogenetic protein-2, osterix/SP7, OCN,
Col I, and B-catenin in high-glucose-stimulated MC3T3-E1 cells.

Conclusion: These results demonstrate that insulin and/or liraglutide promotes bone fracture healing in the DF model. The
combination was more effective than either single treatment, which may be because of the two drugs’ additive effects on the
osteogenic ability of osteoblast precursors.
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Introduction
Skeletal fracture is a rapidly growing problem that seriously affects human health. Type 2 diabetes mellitus (T2DM) is
a common chronic metabolic disease that accounts for >90% of cases of diabetes. With recent changes in lifestyle, the
prevalence of T2DM is increasing annually.'! T2DM impairs bone formation by affecting osteoblast survival and
suppressing the expression and function of osteogenic factors.” It has also been recognized to inhibit tissue healing,
cause poor fracture healing, and induce other complications in patients.®

Fracture healing normally progresses through inflammatory, reparative, and remodeling phases. An inflammatory
reaction is activated immediately after a fracture has occurred, and activated immune cells subsequently interact with
bone cells. The bone fragments are bridged, which is followed by a slow bone reconstruction process.* This series of
biological events is affected by numerous factors. For example, negative effects of T2DM on fracture healing have been

documented,”*® which include disorders of both bone resorption and formation, characterized by the presence of fewer
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osteoblasts and larger numbers of osteoclasts. However, osteoclast-mediated bone resorption is an important component
of bone remodeling.” Hyperglycemia, glycation end-products, and oxidative stress lead to delayed fracture healing or
even non-union.’

Insulin previously has been shown to promote fracture healing in patients with T2DM.*'° Glucagon-like peptide-1
(GLP-1) has effects in a variety of organs through binding to its receptors and promoting insulin release. Nuche-
Berenguer et al showed that GLP-1 treatment ameliorates the high level of anisotropy in trabecular bone that
characterizes T2DM and insulin resistance in rats.'' Liraglutide is a long-acting GLP-1 receptor agonist drug that
can reduce the incidence of fracture.'? However, although the switch from the use of a dipeptidyl peptidase-4 inhibitor
(DPP-4i) to a GLP-1RA is associated with better glycemic control, it is less beneficial for bone than continuing DPP-
4i use."’ In some previous animal studies, liraglutide treatment has been shown to improve bone mineral density
(BMD) and ameliorate bone microstructural damage in diabetic rats by stimulating the expression of the osteogenic
marker osteocalcin (OCN).'* However, to the best of our knowledge, there have been no studies of the efficacy of
treatment with a combination of liraglutide and insulin on fracture healing in T2DM. Therefore, in the present study,
we aimed to determine whether liraglutide in combination with insulin would promote better fracture healing in

diabetic rats.

Materials and Methods

Animals and Diet

Eight-week-old male Sprague-Dawley rats (HFK Biological Technology Co., Ltd., Beijing, China) were used in
the present study. The experiment was approved by the North China University of Science and Technology
Animal Ethics Committee and conducted in the Laboratory Animal Center of North China University of Science
and Technology, Tangshan City, Hebei province. Six rats were assigned to a control (CF) group and fed a standard
diet (1025, HFK Biological). The remaining 24 rats were fed a high-fat diet (HFD) (H10141, HFK Biological).
All the rats received feed and water ad libitum. After ecight weeks, the HFD-fed rats were injected with
streptozotocin (STZ) (35 mg/kg) (18,883—66-4, Sigma, Chemical Company, St. Louis, MO, USA) and one week
later, their non-fasting blood glucose concentrations were measured. The rats were regarded as having diabetes
when they had blood glucose concentrations of >16.7 mmol/L at this time.'> Oral glucose tolerance testing was
also performed (50% glucose, 2 g/kg), and a combination of fasting blood glucose concentrations >7 mmol/L and
2-hour concentrations >11.1 mmol/L was regarded as indicative of diabetes. The diabetic rats were randomly
allocated to a diabetic (DF, n = 6) group, an insulin-treated DF (DFI, n = 6) group, a liraglutide-treated DF (DFL,
n = 6) group, and an insulin and liraglutide-treated DF (DFIL, n = 6) group. The fasting blood glucose
concentration and body mass of each rats were measured every week. Insulin (Novolin N, Novo Nordisk A/S,
Copenhagen, Denmark) was injected subcutaneously at doses of 2—4 iu and 4-6 iu in the morning and evening,
respectively, adjusted according to the blood glucose concentration. Liraglutide (Novo Nordisk) was injected

subcutaneously at a daily dose of 0.6 mg/kg.'®"”

Surgical Procedure

On successful establishment of the diabetes model, femoral fracture was induced. A simple transverse or short oblique
closed fracture of the femur, based on the Einhorn closed fracture modeling method, was created in each animal.'®%°
This procedure was performed under inhalation anesthesia with isoflurane. Through the femoral intercondylar fossa,
which was exposed by a 1-cm incision over the stifle, a 0.45-mm Steinmann pin was retrogradely inserted to fix the
femoral fracture. After closing the incision, a femoral fracture was established using the blunt trauma equipment
introduced by Einhorn. The fracture status was confirmed by X-ray, and rats with comminuted fractures were excluded.
The DFI, DFL, and DFIL groups were administered liraglutide, insulin, or both drugs subcutaneously, and the insulin
dose was adjusted according to the blood glucose concentrations of the rats. In addition, the DF and CF groups were

administered subcutaneous injections of normal saline. Six weeks after fracture, the rats were anesthetized with isoflurane
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(2% in oxygen) and euthanized using CO2. The fractured femur was collected after removal of the surrounding soft
tissue.

Micro-Computed Tomography (Micro-CT)

The femoral fracture area was scanned using a micro-CT system (SkyScan 1176, Bruker, Kontich, Belgium). The BMD,
percentage bone volume, trabecular number (TB.N), and trabecular separation (TB.SP) were calculated using the analysis
software provided with the machine (CT Analyser 1.17.7.2, Data Viewer 1.5.1.2, CTvox 3.0.0 r1114, Bruker micro-CT)
to characterize the bone structure.

Safranin O/Fast Green Staining

Femurs were suspended in 0.5 mmol/L. EDTA solution at room temperature for eight weeks for decalcification, and the
solution was replaced every week. Following decalcification, the femurs were dehydrated, wax-embedded, and sectioned
at 6 um. The tissue sections were deparaffinized and rehydrated, then safranin O/fast green staining was performed.
Using Image-Pro Plus 6.0, the percentage mineralized area per unit periosteal callus area and the cartilage area per unit
periosteal callus area were calculated after manual delineation.>!

Tartrate-Resistant Acid Phosphatase (TRAP) Staining
TRAP staining was carried out according to the manufacturer’s instructions (G1492, Solarbio, Beijing, China). The area
of the callus was defined as the region of interest. TRAP-positive cells were counted using image analysis software.?

Alkaline Phosphatase (ALP) Staining
A BCIP/NBT kit was used to stain the sections for ALP activity (ZD315, Zoman Biotechnology Co., Ltd., Beijing,
China) and Image-Pro Plus 6.0 was used to count the osteoblasts.

Immunohistochemical Analysis

Immunohistochemical staining was performed using commercially available antibodies against Col I, OCN, and
B-catenin. Six-micrometer-thick sections of decalcified bone were incubated overnight at room temperature with
anti-Col I (1:200, ab34710; Abcam, Cambridge, UK), anti-OCN (1:200, ARG65886, Arigo, Shanghai, China), or
anti-B-catenin (1:200, 612536, BD, Franklin Lakes, NJ, USA) monoclonal antibodies. The sections were then
incubated at 37°C for 30 min with peroxidase-conjugated goat anti-rabbit antibody (PV-6000, Zhongshan Jinqgiao,
Beijing, China), after which diaminobenzidine (ZLI-9018; Zhongshan Jinqiao) was used to visualize the immu-
noreactivity. The proportion of immunohistochemically positive cells was determined by counting under
a microscope (BX53 Optical Microscope and DP80 CCD Image Acquisition System, Olympus, Tokyo, Japan).
Yellow-brown granules in the cytoplasm were used to identify positive cells and semi-quantitatively assess
expression levels.

Cell Culture and Treatment

The MC3T3-E1 murine embryonic osteoblast precursor cell line was obtained from the Chinese Academy of Sciences
cell library (Shanghai, China) and cultured in a-MEM medium (8121506, Gibco, Waltham, MA, USA). Cells were
seeded into 25-cm?2 flasks and treated with or without one or both of 10—3 mmol/L liraglutide and 22.4 mmol/L
D-glucose (S11022, Yuanye, Shanghai, China) for 24 h.

Alizarin Red S (ARS) Staining

Following osteoblast induction and differentiation, the cells were fixed at room temperature for 15 minutes with 4%
paraformaldehyde, then washed three times with phosphate-buffered saline. The cells were stained with alizarin red S at
pH 4.2. Image-Pro Plus 6.0 was used to count the osteoblasts.
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Western Blotting

We performed Western blot analysis as previously described.”® The primary antibodies used were polyclonal rabbit
antibodies against BMP2 (ARGS57829, Arigo), osterix/SP7 (ARG65886, Arigo), OCN (ARG65886, Arigo), Col
I (ab34710, Abcam), B-catenin (612536, BD), and a-tubulin (AF7010, Affinity Biosciences, Cincinnati, OH, USA), at
a dilution of 1:1000 at 4°C overnight. Subsequently, incubation was performed with anti-mouse or goat anti-rabbit
secondary antibodies at a dilution of 1:5000 in blocking buffer at room temperature for 40 minutes. ECL Prime Western
Blotting Detection Reagent was used to visualize specific bands (ZD310A, Zoman, Biotechnology Co., Ltd.). The band
intensities corresponding to the target proteins were normalized to the corresponding control group and the a-tubulin
expression.

Statistical Analysis

We used SPSS v.20.0 (IBM, Inc., Armonk, NY, USA) for statistical analysis. The Shapiro—Wilk test was used to
evaluate the distribution of each dataset and Levene’s test was used to evaluate the homogeneity of variance.
ANOVA was used to analyze normally distributed data, followed by the LSD test, as appropriate; and the
Kruskal-Wallis test was used to analyze non-normally distributed data. The data are expressed as mean =+ standard
deviation, and p<0.05 was taken to indicate statistically significant differences.

Results

Blood Glucose Concentration and Body Mass

Six weeks after fracture induction, the blood glucose concentration of the DF group was significantly higher than that of
the other groups. The blood glucose concentrations of the DFI and DFL groups were significantly lower than that of the
DF group, and the blood glucose concentration of the DFIL group was significantly lower than those of the DFI and DFL
groups (Figure 1A).

The rats that were injected with STZ showed immediate reductions in body mass, but this had slightly increased three
weeks later. At the end of the study period, the body mass of the CF group was significantly higher than those of the other
groups, and the DF had the lowest mass, which was much lower than those of the other groups (p<0.05). There were no
significant differences in the masses of the DFIL, DFI, and DFL groups (Figure 1B).

Liraglutide Promotes Osteoblast Formation and Inhibits Osteoclast Differentiation in
Diabetic Rats

Safranin O/fast green staining and ALP staining of rat bone tissue (Figure 2A and C) six weeks after fracture showed that
the transformation from cartilage callus to mineralized callus was delayed in the DF group versus the CF group, because
the Cg.Ar/Ps.CL Ar of the DF group was significantly higher than that of the CF group. The DFL, DFI, and DFIL groups
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Figure | (A) Blood glucose concentrations during the study. Data are expressed as mean+SD. *p<0.05 vs the CF group; #p<0.05 vs the DF group; “p<0.05 DFIL group vs
the DFI group; ¥p<0.05 DFIL group vs the DFL group. (B) Body masses during the study. Data are expressed as meanSD. *p<0.05 vs CF group; *p<0.05 DFI group vs DF
group; “p<0.05 DFL group vs DF group; ¥p<0.05 DFIL group vs DF group.
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Figure 2 (A) Safranin Offast green-stained longitudinal sections of calluses six weeks after fracture. Woven bone is stained green and cartilage tissue is stained red. Black
bars, 2 mm. (B) TRAP-stained longitudinal sections of calluses 6 weeks after fracture. TRAP-positive multinucleated cells are stained red in the callus. Black bars, 100 pm.
(C) ALP-stained longitudinal sections of calluses 6 weeks after fracture. Osteoblasts are stained blue. Black bars, 100 um. (D and E) Mineralized area per unit periosteal
callus area: Md.Ar/Ps.Cl.Ar (%) (D) and the cartilage area per unit periosteal callus area: Cg.Ar/Ps.CLAr (%) (E) for the five groups of rats. (F) Number of Trap-positive
osteoclasts per unit callus area for the five groups. (G) Number of osteoblasts per unit callus area for the five groups. Data are expressed as mean + SD. *p<0.05 vs CF
group; #p<0.05 vs DF group; *p<0.05 vs DFI group. n = 6 per group.

had intermediate values. The Md.Ar/Ps.Cl.Ar of the DF group was less than that of the CF group, and the opposite trend
was apparent in the DFIL group (Figure 2D and E).

The ALP expression of the DF group was lower than that of the CF group, and those of the DFI, DFL, and DFIL
groups were intermediate, with the highest value in the DFIL group (Figure 2G). These results suggest that liraglutide
promotes osteoblast differentiation during fracture healing.

TRAP staining was used to quantify the number and activity of the osteoclasts. Six weeks following fracture,
there were only a few TRAP-positive cells in the CF group (Figure 2B), whereas there were a large number of
TRAP-positive cells around the healing lesion in the DF group. Insulin, liraglutide, and the combination reduced
the number of osteoclasts. Moreover, the number of TRAP-positive cells in the DFIL group was significantly
lower than that in the DFI group (Figure 2F). This suggests that liraglutide in combination with insulin is more
effective at inhibiting osteoclast formation.

Liraglutide Promotes Fracture Healing in Diabetic Rats

As shown in Figure 3, compared with the CF group, the callus associated with the femoral fracture in the DF
group was poor; the BMD, percentage bone volume, and TB.N were significantly lower; and the trabecular
separation was significantly greater. Following treatment with insulin and/or liraglutide, fracture healing was
significantly better, and the TB.N of the DFIL group was significantly higher than that of the DFI group.
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Figure 3 Bone microstructure and related parameters for each group. Data are expressed as mean % SD. *p<0.05 vs CF group; #p<0.05 vs DF group; *p<0.05 vs DFI group.
n = 6 per group.

Liraglutide Treatment Increases OCN, Col |, and -Catenin Expression in Diabetic
Rats

OCN is the most abundant collagen protein in bone and is exclusively produced by osteoblasts. Moreover, the serum
OCN concentration is regarded as a marker of bone formation.** The Col I molecule accounts for approximately 90% of
the organic matrix of bone and is an important component of bone structure.?® In addition, p-catenin plays a crucial role
in the growth and development of mineralized tissues.?® Six weeks after femoral fracture, immunohistochemical staining
showed that OCN, Col I, and B-catenin expression was significantly lower in the DF group than in the CF group,
significantly higher in the DFI and DFL groups than in the DF group, and significantly higher in the DFIL group than in
the DFI group (Figure 4A—F). These results show that osteoblast formation is inhibited following fracture in diabetic rats
and that osteoblast formation is increased by the combination treatment.
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Figure 4 (A, C, and E) Immunohistochemical staining for Col I, OCN, and B-catenin in the callus of the five groups. Black bars, 100 um. OCN (B), Col | (D), and B-catenin
(F) expression in the callus of the five groups. Data are expressed as mean * SD. *p<0.05 vs CF group; *p<0.05 vs DF group; *p<0.05 vs DFI group. n = 6 per group.
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Figure 5 Effects of liraglutide in MC3T3 cells. (A and B) ARS-stained MC3T3 cells treated with a high glucose concentration and/or liraglutide. (C~H) Assessment of the
effects of D-glucose (C and D) and liraglutide (E and F) on the protein expression of BMP2, SP7, OCN, Col |, and B-catenin in MC3T3-E| cells, using Western blotting.
(G and H) Liraglutide increased the BMP2, SP7, OCN, Col I, and B-catenin expression in D-glucose-treated MC3T3-E| cells. *p<0.05 vs C group. Data are expressed as
mean * SD. n = 3 per group.

Liraglutide Activates D-Glucose-Inhibited Osteoblast Signaling in MC3T3-El Cells

To confirm a direct effect of liraglutide on osteoblast differentiation, MC3T3-E1 cells were treated with a high concentration
of glucose and/or liraglutide. The area of ARS-positive cells was reduced by D-glucose administration and increased by
liraglutide treatment (Figure SA and B). Western blot analysis was performed to quantify the expression of the osteoblast
markers BMP2, SP7, OCN, and Col I. D-glucose dose-dependently reduced the expression of BMP2, SP7, OCN, Col I, and
B-catenin in MC3T3-El1 cells (Figure 5C and D) and liraglutide dose-dependently increased the expression of all of these
proteins (Figure 5E and F). Following pretreatment with liraglutide, stimulation of MC3T3-E1 cells with D-glucose was
associated with significantly higher BMP2, SP7, OCN, Col I, and -catenin expression, compared with D-glucose treatment
alone (Figure 5G and H). These results suggest that liraglutide promotes osteoblast differentiation.

Discussion
In the present study, we have provided in vivo and in vitro evidence that diabetes impairs fracture healing in rats, and that
liraglutide alone or in combination with insulin ameliorates these defects. Moreover, the use of a combination of insulin
and liraglutide had significant advantages over that of insulin alone.

Patients with T2DM are characterized by hyperglycemia and high circulating concentrations of advanced glycation
end-products, which increase the number of osteoclasts and affect osteoblast formation, and thereby have an adverse
impact on fracture healing.?” High glucose concentrations induce higher expression of proinflammatory factors, reduce
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the activity of osteoblasts, increase the apoptosis of osteoblasts, interfere with matrix mineralization, and can directly
affect fracture healing.”®>°

In the present study, a rat model of T2DM was established by feeding an HFD and administering STZ."> A series
of findings confirmed that fracture healing in diabetic rats is significantly delayed. Micro-CT examination showed
lower BMD, which was consistent with the results of previous studies;*'*? and safranin O/fast green staining showed
that there was less bony callus in the DF rats. TRAP staining, a marker of osteoclast activity, was previously shown to
be high in a rat model of T2DM.** OCN is a marker of endochondral ossification and Col I is the main component of
fibrous collagen in bone matrix, and both are secreted by osteoblasts and are markers of osteoblast activation.'*** In
addition, p-catenin is essential for osteoblast differentiation.®> The transformation from cartilage into bone is the
crucial process in fracture healing; this involves the orderly apoptosis of hypertrophic chondrocytes and the transition
from chondrocytes to osteoblasts.>*® In the present study, safranin O/fast green staining showed the presence of more
cartilage callus in the DF group, which indicates that apoptosis and the transformation of hypertrophic chondrocytes
into osteoblasts in diabetic rats was disrupted, indicating the presence of delayed fracture healing in this animal model.
Further analysis using immunohistochemical staining showed that OCN and Col I expression was lower in DF rats,
providing molecular evidence for the effect of diabetes on osteogenesis during fracture healing. In summary, the delay
of fracture healing in diabetic rats was found to be principally due to the disruption of osteogenesis and the
mineralization of cartilage callus.

Insulin treatment improves the bone mineral composition and bone mass of diabetic rats.>* Moreover, insulin
treatment increases the BMD of middle-aged male patients with T2DM.*’ In the present study, the BMD of diabetic
rats was lower. Although one study showed that insulin use was negatively associated with BMD, this finding may have
been the result of the presence of other confounding factors.*' In addition to regulating glucose metabolism, insulin
increases osteoblast activity and the area of new bone.** In the present study, the expression of OCN, Col I, and B-catenin
was high in the DFI group. In addition, the extent of TRAP staining was lower, suggesting that insulin may also reduce
the activity of osteoclasts. This evidence indicates that insulin pretreatment promotes fracture healing in diabetic rats.
However, in the clinical context, insulin can only be used therapeutically, and not preventatively.

Liraglutide is an effective therapy for T2DM, and it has also been shown to reduce fracture risk in patients with
T2DM in some clinical studies and animal experiments.”’43 However, to date, little research has been undertaken
regarding the effects of liraglutide on fracture healing in diabetic rats. Therefore, we hypothesized that liraglutide
treatment would promote healing in diabetic rats with bone fracture. We tested this hypothesis by administering
liraglutide alone or in combination with insulin to diabetic rats with femoral fracture, and found that both treatments
promoted the fracture healing, increased OCN, Col I, and B-catenin expression, and reduced TRAP activity. Similar
findings were made in previous studies: liraglutide was found to increase the expression of osteoblast markers and inhibit
osteoclastogenesis in ovariectomized rats.'”** In addition, another GLP-1 receptor agonist, exendin-4, had the same
effects.*> More importantly, the combination treatment had superior effects to liraglutide or insulin alone in terms of bone
mass, microarchitecture parameters, and histological and immunohistochemical parameters. This set of findings show
that combination-treated rats had more mature callus than the DF group or rats treated with single agents. Considering the
effects of high serum glucose concentrations on bone cells and thereby the process of fracture healing, the superior
effects of combination treatment may be at least in part the result of more stable circulating glucose concentrations in the
combination group than in the rats treated with liraglutide or insulin alone. Similar findings were made in the study by
Sassenrath et al, which showed that the combination of insulin and a GLP-1RA improves blood glucose control and
reduces the dose of insulin required, without increasing the incidence of hypoglycemia.*

To further evaluate the effects of liraglutide on osteoblast function, we pretreated MC3T3-E1 cells with liraglutide
and then stimulated them with glucose. The expression of the osteoblast markers BMP2 and SP7 was significantly higher
in the liraglutide-treated group. Furthermore, we have provided preliminary data regarding the molecular mechanism
whereby liraglutide protects osteoblasts against the effects of a high glucose concentration. We found that the Wnt
signaling pathway may be involved in this, because the expression of B-catenin was reduced by high-glucose stimulation,
and this was markedly ameliorated by liraglutide treatment, either alone or in combination with insulin. A previous study
of the effects of liraglutide on MC3T3-E1 cells also showed effects on B-catenin, which is involved in cell differentiation
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and proliferation.*’” Further study is needed to determine the importance of the canonical Wnt signaling pathway in the
protective effects of liraglutide on osteoblasts.

Finally, using the doses and timing stated in the present study, the combination of insulin and liraglutide had superior
effects to insulin treatment alone. In the DFIL group, the number of osteoblasts was significantly higher and the number
of osteoclasts was significantly lower. In the clinical setting, the combination of insulin and liraglutide may provide
additional glycemic control with fewer adverse events in patients with poorly controlled diabetes who are being
administered a GLP-1 RA or basal insulin alone.*® In addition, other GLP-1 RAs, such as lixisenatide, in combination
with insulin have been shown to have similar therapeutic effects in clinical trials.*” Thus, this strategy may be an
effective choice for the treatment of patients with T2DM who experience fracture.

Conclusion

Diabetes causes delayed fracture healing, and numerous factors may be involved in this. We have shown that insulin or
liraglutide treatment alone improves fracture healing in diabetic rats. In addition, compared with treatment with insulin or
liraglutide alone, a combination of liraglutide and insulin has superior effects to improve fracture healing in diabetic rats.
However, the combined use of liraglutide and insulin in patients requires further study, to evaluate its potential
applications for the treatment of patients with diabetes and fracture.
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