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Abstract
Objective  This study aimed to investigate the effects of liraglutide on bone metabolism markers in rat models with gluco-
corticoid-induced osteoporosis (GIOP), including the effects on bone mass, bone tissue microstructure, bone biomechanics, 
and bone turnover markers.
Method  Thirty male Sprague–Dawley rats aged 8 weeks were randomly divided into three groups: the control group (n = 10) 
was intramuscularly injected with an equal volume of 0.9% sodium chloride, the dexamethasone group (n = 10) was intra-
muscularly injected with dexamethasone at 1 mg/kg (twice a week) to induce GIOP, the dexamethasone plus liraglutide 
group (n = 10) was subcutaneously injected with liraglutide at 200 μg/kg daily, simultaneously. The bilateral femurs and 
the fifth lumbar vertebrae were collected after 12 weeks to perform micro-computed tomography and bone biomechanical 
examinations. Also, tartrate-resistant acid phosphatase (TRACP), cross-linked carboxy-terminal telopeptide of type I col-
lagen (CTX-I), alkaline phosphatase (ALP), and osteocalcin (OC) were tested.
Results  The bone mineral density (BMD), bone microstructure, and bone biomechanical markers reduced significantly in 
the dexamethasone group compared with the control group. The bone resorption indicators (TRACP and CTX-I) increased, 
while the bone formation indicators (ALP and OC) decreased. After liraglutide treatment, BMD, bone microstructure, and 
bone biomechanical markers improved significantly. Moreover, TRACP and CTX-I decreased significantly, while ALP and 
OC increased compared with the dexamethasone group.
Conclusions  Liraglutide improved BMD, bone microstructure, and bone strength and reversed GIOP, primarily through the 
reduction of bone resorption and promotion of bone formation.
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Introduction

Osteoporosis is a metabolic bone disease characterized 
by decreased bone mass, impaired bone microstructure, 
increased bone fragility, and increased risk of bone fracture. 
The incidence rate of osteoporosis is increasing in the aging 
population worldwide. The incidence rate of bone fracture 
associated with osteoporosis has been estimated to be about 
40% in older women and about 13% in men worldwide [1]. 
The pain and bone fracture induced by osteoporosis seri-
ously affect the quality of life of patients. Osteoporosis 

imposes a great burden on families and the society and has 
become a worldwide problem. Glucocorticoids are widely 
used clinically due to their anti-inflammatory and immuno-
suppressive effects. Changes in the ratio of osteoprotegerin 
to receptor activator of nuclear factor-κB ligand during cor-
ticosteroid treatment lead to increased bone resorption dur-
ing the first 3–6 months, resulting in particularly prominent 
adverse reactions for osteoporosis and increased risk of bone 
fracture [2]. Glucocorticoid-induced osteoporosis (GIOP) 
ranks first among secondary osteoporosis.

Glucocorticoids can also affect the process of glucose 
metabolism by antagonizing insulin. In recent years, studies 
have demonstrated a correlation between bone metabolism 
and glucose metabolism [3, 4]. A prospective study [5] has 
revealed that the risk of bone mineral loss in male patients 
with type 1 diabetes is similar to that in female patients with 
type 2 diabetes, which is higher than that in the relevant 
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control groups, and may be associated with increased bone 
resorption or decreased bone formation [6]. Another study 
[7] has shown that GLP-1 receptor agonists have osteopro-
tective effects on postmenopausal osteoporosis. However, 
a few studies are available on GIOP. Therefore, this study 
aimed to discuss the role and mechanism of liraglutide as 
a novel hypoglycemic agent for bone metabolism in GIOP.

Materials and methods

Experimental animals and drug and reagent 
intervention

Thirty 8-week-old specific pathogen free, male 
Sprague–Dawley (SD) rats weighing about (220 + 10) g were 
purchased from the Anhui Experimental Animal Center, 
China. All procedures on the animals were approved by the 
Institutional Animal Care and Use Committee of The sec-
ond Affiliated Hospital of Anhui Medical University. Dexa-
methasone (Shiyao Yinhu Pharmaceutical Co., Ltd., China; 
batch number: H14022567) and liraglutide (Novo Nordisk, 
Norway; batch number: J20160037) were used. Food for the 
rats was purchased from Xietong Organism, Jiangsu, China. 
The detection kits of tartrate-resistant acid phosphatase 
(TRACP), cross-linked carboxy-terminal telopeptide of 
type I collagen (CTX-I), and alkaline phosphatase (ALP), 
together with osteocalcin (OC) enzyme-linked immunosorb-
ent assay (ELISA) kit, were purchased from Yuanye Bio-
technology (Shanghai) Co., Ltd (China).

Animal grouping and modeling

All male SD rats were adaptively fed for 1 week, and then 
fasting blood glucose (FBG) was measured. The rats were 
randomly divided into three groups with ten rats in each 
group: (1) The control group (Con group) (n = 10) was 
intramuscularly injected with 0.1 mL of saline. (2) The 
dexamethasone group (DEX group) (n = 10) was intramus-
cularly injected with 0.1 mL of dexamethasone solution 
at a dose of 1 mg/kg (twice a week). (3) The dexametha-
sone plus liraglutide group (DEX + Lir group) (n = 10) was 
injected with 0.1 mL of dexamethasone solution twice a 
week. Simultaneously, a subcutaneous injection of lira-
glutide at 200 μg/kg was administered daily. Rat models 
of GIOP were established by continuous intervention with 
dexamethasone for 3 months. Meanwhile, liraglutide was 
subcutaneously injected until the end of the experiment. 
Two rats died in the DEX + Lir group due to a significant 
reduction in their weight. Before being killed, the FBG 
of the rats was measured. The peripheral serum, bilateral 
femurs, and the fifth lumbar vertebrae were collected. 

The bilateral femurs and the fifth lumbar vertebrae were 
wrapped in saline gauze and placed in the refrigerator at a 
temperature of − 20 °C.

Evaluation of bone density, bone tissue 
microstructure, and reconstruction images using 
micro‑CT

The left femur and lumbar vertebrae were thawed at room 
temperature and fixed in a sample holder for micro-com-
puted tomography (micro-CT) scanning using SCANCO 
uCT80. The scanner was set at a voltage of 50 kVp, cur-
rent of 200 μA, and resolution of 15 μm/pixel. After scan-
ning, the tissues and structures were reconstructed to obtain 
reconstructed images. Then, the parameters of bone micro-
structure, including bone mineral density (BMD), tissue 
BMD (TMD), number of trabecular bone (Tb.N), trabecular 
thickness (Tb.Th), bone volume/total volume (BV/TV), the 
relative bone surface (BS/TV), trabecular separation (Tb.
Sp), and connectivity density (Conn.D), were determined 
by quantitative analysis using a built-in software.

Biomechanical testing of femur

After the right femur was thawed at room temperature, a 
three-point bending test was performed. Corresponding fix-
tures were made according to different sizes of bone speci-
mens. When performing the test, the femur was horizon-
tally placed on the surface of the machine and the probe was 
slowly lowered. The loading direction was perpendicular to 
the test platform, acting on the central axis of the bone with 
a loading speed of 2 mm/min. The load–displacement curve 
was automatically recorded by the software specific to the 
computer connected to the test machine; the maximum load 
along with the elastic modulus was obtained.

Detection of serum bone turnover metabolic 
markers

The serum TRACP, CTX-I, ALP, and OC levels of rats 
were detected using kits, and the operations were strictly 
performed according to the manufacturer’s instructions on 
the kit. Blood harvested from the inferior vena cava was cen-
trifuged at 3000 rpm for 10 min to extract the supernatant. 
The levels of serum TRACP, CTX-I, ALP, and OC were 
detected using the ELISA kit. The optical density value was 
measured on a microplate after the following steps: appli-
cation of samples, discarding the fluid, addition of enzyme 
conjugate working solution, discarding the fluid, addition 
of substrate solution, and finally addition of the stop buffer.
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Statistical analysis

Statistical analysis was performed using SPSS 17.0. Nor-
mal distribution was presented by (x̄ ± s). Group-wise com-
parison was performed using the least significant difference 
test, and multiple groups were compared using the one-way 
analysis of variance. The continuous data of nonnormal dis-
tribution and heterogeneity of variance were analyzed using 
the rank-sum test.

Results

Growth status of rats and FBG changes

After 12 weeks of intervention, the body weight of rats in 
the DEX group was significantly lower than that in the Con 
group (P < 0.05). However, no significant difference in the 

body weight was observed between the DEX + Lir and DEX 
groups. No statistical differences in FBG were observed 
among the three groups (Table 1).

Micro‑CT 3D image, 2D sectional images, and bone 
microparameters

A three-dimensional reconstruction of the region of interest 
was performed using micro-CT (Fig. 1). The 2D sectional 
images of the femur and the lumbar vertebrae are shown 
in Fig. 2. The microparameters of the lumbar vertebrae are 
provided in Table 2 and those of the femur in Table 3. Com-
pared with the Con group, BMD, TMD, Conn.D., Tb.Th, and 
Tb.Sp of the lumbar vertebrae decreased significantly in the 
DEX group (P < 0.05). BMD, TMD, Conn.D, Tb.N, Tb.Th, 
and Tb.Sp were significantly increased in the DEX + Lir 
group compared to the DEX group (P < 0.05). Likewise, 
the left femur of DEX group showed a significant decrease 

Table 1   Body weight and blood 
glucose of rats ( ̄x ± s)

*P < 0.05, versus the Con group

Items Con group
n = 10

DEX group
n = 10

DEX + Lir group
n = 8

F value P value

Weight (g) 448.96 ± 3.91 353.55 ± 3.24* 341.57 ± 4.34 24.72 0.00
Blood glucose 

(mmol/L)
3.86 ± 0.84 3.85 ± 0.58 4.34 ± 0.59 1.27 0.30

Fig. 1   Changes in micro-CT 3D images for the left femur and the lumbar vertebrae
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of BMD, TMD, Conn.D, Tb.N, Tb.Th, Tb.Sp, and BS/TV 
compared with the Con group (P < 0.05). BMD, Conn.D, 
and Tb.Th of the left femur were significantly higher in the 
DEX + Lir group compared with the DEX group (P < 0.05).

Biomechanical changes in femur

The three-point bending test of the femur showed that the 
maximum load and elastic modulus in the DEX + Lir group 
were higher than those in the DEX group, with statisti-
cally significant difference between the groups (P < 0.05) 
(Table 4).

Changes in serum ALP, OC, TRACP, and CTX‑I

The indicators of serum bone formation, including ALP 
and OC, decreased significantly (P < 0.05), while the 
bone resorption indicators, including TRACP and CTX-I, 
increased significantly (P < 0.05) in the DEX group com-
pared with the Con group. The indicators of serum bone 
formation, including ALP and OC, increased significantly 
(P < 0.05), while bone resorption indicators, including 
TRACP and CTX-I, decreased significantly (P < 0.05) in the 
DEX + Lir group compared with the DEX group (Table 5).

Fig. 2   Changes in the micro-CT 2D sectional images of the left femur and lumbar vertebrae

Table 2   Micro-CT results of the 
lumbar vertebrae of rats ( ̄x ± s)

*P < 0.05, versus the Con group
# P < 0.05,versus the DEX group

Items Con group
n = 10

DEX group
n = 10

DEX + Lir group
n = 8

F value P value

BMD (mg HA/ccm) 349.83 ± 35.10 258.31 ± 28.69* 358.47 ± 81.52# 4.64 0.04
TMD (mg HA/ccm) 828.01 ± 16.74 776.43 ± 8.44* 829.61 ± 19.13# 15.59 0.00
BV/TV (%) 0.41 ± 0.71 0.31 ± 0.02 0.41 ± 0.07 4.03 0.05
Conn.D, (1/mm3) 110.19 ± 13.75 74.80 ± 28.00* 111.80 ± 17.08# 4.54 0.04
Tb.N (1/mm) 4.48 ± 0.26 3.68 ± 0.26 4.87 ± 0.93# 4.87 0.03
Tb.Th (mm) 0.17 ± 0.05 0.08 ± 0.01* 0.15 ± 0.06# 4.53 004
Tb.Sp (mm) 0.22 ± 0.11 0.26 ± 0.02* 0.19 ± 0.04# 6.89 0.01
BS/TV (1/mm) 25.00 ± 2.63 24.42 ± 6.08 26.21 ± 3.51 0.19 0.83
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Discussion

Osteoporosis is a bone metabolic disease with a high inci-
dence rate. GIOP has leapt to the first place in secondary 
osteoporosis. The prevalence of GIOP was obviously higher 
in rheumatoid arthritis with glucocorticoid group (41.6%), 
compared with rheumatoid arthritis without glucocorticoid 
group (29.4%) in China [8]. Vertebral fractures are the most 
common fractures associated with glucocorticoids. Data 
from published studies indicate that the risk of vertebral 
fracture increases 3 months after the initiation of treatment 
and peaks at 12 months. The risk of fracture in patients who 
continuously received GCs is strongly associated with daily 
dose of oral GCs [9]. Therefore, osteoporosis has gained 
increasing attention of researchers. The current treatment 
is mainly anti-bone resorption drugs, such as bisphospho-
nates, denosumab [10], and calcitonin. However, few drugs 
promote bone formation as well. Therefore, new therapeutic 
drugs for GIOP need to be explored.

Our study showed that no significant differences were 
observed between control and DEX group with regard to 
FBS in 8-week-old rats. This finding was similar to the 
results of the previous study [11] that FBS levels were not 
modified by the DEX treatment in 3-month-old rats, whereas 
older rats developed a marked hyperglycemia. On the other 
hand, DEX treatment rapidly induced a twofold increase of 
plasma insulin levels in young rats, and a 4 ~ 5-fold increase 
in older rats. A moderate hyperinsulinemia is sufficient to 
inhibit the increase of plasma glucose levels in young rats, 
whereas older rats may be at risk for the development of age-
related failure of the adaptive mechanisms regulating glu-
cose homeostasis. Therefore, the impacts of GCs on the FBS 
in rats are dependent on the age of rats [11] and dosing regi-
men of GC administration [12]. Next, we found that the body 
weight of rats in the DEX group was significantly lower 
than that in the Con group. Our findings were similar to the 
results of the previous studies [12, 13] that treating adult 
male rats (approximately 3 months old) with dexamethasone 

Table 3   Micro-CT results of the 
left femur of rats ( ̄x ± s)

*P < 0.05, versus the Con group
# P < 0.05,versus the DEX group

Items Con group
n = 10

DEX group
n = 10

DEX + Lir group
n = 8

F value P value

BMD (mg HA/ccm) 282.29 ± 49.02 187.57 ± 44.69* 280.16 ± 66.08# 4.24 0.04
TMD (mg HA/ccm) 801.97 ± 38.34 735.45 ± 26.11* 772.37 ± 25.05 5.01 0.03
BV/TV (%) 0.32 ± 0.08 0.20 ± 0.08* 0.24 ± 0.07 4.83 0.03
Conn.D, (1/mm3) 132.38 ± 15.08 68.75 ± 11.28* 119.28 ± 25.27# 15.02 0.00
Tb.N (1/mm) 4.94 ± 0.15 3.32 ± 0.15* 4.19 ± 1.13 6.87 0.01
Tb.Th (mm) 0.20 ± 0.06 0.07 ± 0.01* 0.19 ± 0.04# 10.74 0.03
Tb.Sp (mm) 0.20 ± 0.01 0.30 ± 0.01* 0.24 ± 0.09 4.17 0.05
BS/TV (1/mm) 31.22 ± 5.21 33.20 ± 5.21 30.10 ± 5.19 0.50 0.62

Table 4   Three-point bending 
test results of the right femur of 
rats ( ̄x ± s)

*P < 0.05, versus the Con group
# P < 0.05, versus the DEX group

Items Con group
n = 10

DEX group
n = 10

DEX + Lir group
n = 8

F value P value

Bending load (n) 167.24 ± 28.25 102.03 ± 12.40* 139.41 ± 1.16# 10.11 0.01
Elastic modulus (MPa) 7295.1 ± 835.95 4262.5 ± 830.86* 5789.5 ± 470.60# 12.85 0.01

Table 5   Results of ALP, CTX-I, 
OC, and ACP of rats ( ̄x ± s)

*P < 0.05, versus the Con group
# P < 0.05,versus the DEX group

Items Con group
n = 10

DEX group
n = 10

DEX + Lir group
n = 8

F value P value

ALP (ng/mL) 59.86 ± 4.27 40.07 ± 2.45* 57.59 ± 1.02# 101.24 0.000
ACP (μmol/L) 43.49 ± 4.21 51.65 ± 4.93* 44.48 ± 1.63# 10.54 0.001
CTX-I (pg/mL) 10.35 ± 3.39 193.31 ± 43.42* 21.52 ± 3.41# 142.82 0.000
OC (pg/mL) 337.20 ± 36.78 239.97 ± 30.26* 311.28 ± 17.71# 23.34 0.000
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is known to induce a significant reduction in both body mass 
and food intake during treatment. This reduced body mass in 
the GC-treated rats is partially explained by their hypophagic 
behavior. GC-induced hypophagy may be a result of ano-
rexigenic insulin and leptin effects on the hypothalamus, 
as the concentration of both hormones is elevated in adult 
dexamethasone-treated rats [14].

Liraglutide is a synthetic glucagon-like peptide-1 receptor 
agonist and is currently clinically used as a novel type 2 dia-
betes hypoglycemic drug. Under hyperglycemic conditions 
in humans, GLP-1 stimulates insulin secretion and normal-
izes blood glucose levels, whereas GLP-1 does not stimulate 
insulin secretion at normal glucose levels [15]. Therefore, 
glucose lowering effect with liraglutide treatment was absent 
in our study. A recent meta-analysis of 16 RCTs showed that 
liraglutide, as a hypoglycemic agent, could reduce the risk 
of bone fracture in patients with diabetes (odds ratio = 0.38) 
[16]. It also indicated that liraglutide might have a posi-
tive effect on both bone and glucose metabolism. In a ran-
domized controlled study of 37 obese women with body 
mass more than 34 kg/m2, Eva et al. [17] showed that bone 
formation increased by 16% and bone loss due to the low-
calorie diet could be effectively avoided after 52 weeks of 
continuous subcutaneous injection of liraglutide. Besides, 
receptor knockout animal experiments demonstrated that 
GLP-1 was essential for bone metabolism. Male mice with 
GLP-1R knockout underwent three-point bending test, 
quantitative X-ray micrography, and micro-CT. The results 
revealed that the maximum load, fracture load, and stiff-
ness of the animals lacking GLP-1R decreased significantly. 
Moreover, the bone cortex, outer diameter of the bone, and 
bone strength decreased. Further, in a mouse ovariectomy 
model of osteoporosis, intervention using GLP-1 receptor 
agonists, including liraglutide and exenatide, was performed 
for 4 weeks. The results suggested that liraglutide and exena-
tide could significantly improve the volume, thickness, and 
quantity of trabecular bones and increase the connectivity, 
which was especially significant for liraglutide, compared 
with the castrated mice [7]. The aforementioned studies sug-
gested that the GLP-1 receptor agonists were closely related 
to bone metabolism.

An assessment of bone metabolism includes two main 
aspects: bone mass and bone quality. The most common 
indicator of bone mass is BMD. BMD is also a necessary 
condition for the diagnosis of osteoporosis. In the present 
study, the bone density of femur and lumbar vertebrae of rats 
in the DEX group was found to decline significantly using 
micro-CT, suggesting that the modeling was successful. 
However, liraglutide increased the BMD in rats, which had 
consistent performances in the lumbar vertebrae and femur. 
The bone quality included the material composition of bone 
at the molecular level, bone microarchitecture at the tissue 
level, and integrity of bone microstructure. A micro-CT 

examination of diabetic mice modeled by Sity Aishah et al. 
[18] using streptozotocin, which were killed after 21 days 
of intervention with liraglutide, revealed a decreasing trend 
of BV/TB and Tb.N without statistical significance. Moreo-
ver, no significant change was noted after intervention with 
liraglutide, which might be because the action time of drug 
was too short to affect the bone microparameters. Micro-CT 
examinations in previous studies also demonstrated that after 
16 weeks of intervention with exenatide-4 in rat ovariectomy 
models of osteoporosis, BV/TV, Tb.N, Tb.Th, Tb.Sp, and 
Conn.D in the femur and lumbar vertebrae increased signifi-
cantly compared with the dexamethasone group [19], con-
sistent with the results of the present study. After the treat-
ment of GIOP rats with liraglutide, BV/TV, Tb.N, Tb.Th, 
and Conn.D showed an increasing trend compared with the 
DEX group, indicating that the microstructure of trabecular 
bones was improved.

The bone structure mechanical index test in bone bio-
mechanics is the most direct method to understand the risk 
of osteoporotic fracture. It is also the comprehensive mani-
festation of bone strength, bone structure, and bone mass. 
However, observation of bone histomorphology and meas-
urement of bone density alone cannot fully reflect the bone 
quality. Evaluation of the efficacy of interventions using 
mechanical properties is irreplaceable by other methods 
in treating osteoporosis. In the present study, a three-point 
bending test suggested that the maximum load and elastic 
modulus of the DEX group were significantly lower than 
those of the control group, and liraglutide treatment could 
significantly improve the fracture resistance of bone tissue in 
rats. These findings were similar to the results of the previ-
ous studies that bone biomechanical indicators in rats lack-
ing GLP-1 receptors decreased significantly [20].

Serum CTX-I is a degradation product of type I colla-
gen in bone. Its specific structure protects it from kidney 
degradation. Moreover, it is stable in serum. Detection of 
serum CTX-I content can specifically reflect the absorption 
activity of osteoclasts. TRACP is mainly produced by non-
collagen proteins released by osteoclasts, which are secreted 
outside the cells together with collagen metabolites. There-
fore, TRACP and CTX-1 levels were positively correlated 
with bone resorption. A previous study demonstrated that 
8 weeks of intervention with liraglutide could significantly 
reduce serum CTX-I and osteoclast number in ovariecto-
mized rats with streptozotocin-induced diabetes [21], which 
was consistent with the results of the present study, sug-
gesting that liraglutide could inhibit osteoclast activity and 
protect bone tissue by reducing bone loss. Osteoblasts can 
secrete bone-specific ALP, which is an important component 
of total ALP and can reflect the state of bone formation. OC 
is the most abundant marker in the bone matrix, which is 
released by the osteoblasts to the outside of cells, reflecting 
the state of bone formation. A previous study demonstrated 
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that GLP-1 receptors were expressed in osteoblasts, 
increased type 1 collagen expression and ALP activity, and 
promoted bone anabolism [22]. In addition, a study by Sun 
et al. [23] revealed that after 4 weeks of subcutaneous injec-
tion of liraglutide in nonobese spontaneously hyperglycemic 
GK rats in the early stage of life, the bone density of rats 
improved. Moreover, the bone formation markers, including 
the expression of OC, ALP, and collagen 1, also increased 
significantly. The results of the present study were consistent 
with the aforementioned findings, suggesting that liraglutide 
might promote osteoblast activity and protect bone tissue by 
promoting bone formation in rats with GIOP.

In summary, liraglutide improved BMD, bone micro-
structure, and bone strength and reversed GIOP, primarily 
through the reduction of bone resorption and promotion of 
bone formation. Liraglutide may become a new drug for 
treating osteoporosis. Further studies should investigate 
the mechanism underlying the effect of liraglutide on bone 
metabolism.
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