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A B S T R A C T

Aims: In this study, we evaluate the effects of glucagon-like peptide 2 (GLP-2) on bone microarchitecture, bone
turnover markers (BTMs) and inflammation markers in ovariectomized (OVX) rats.
Material and methods: In total, 31 Sprague-Dawley rats were divided into the following three groups: sham
(control sham-operated with vehicle, n=7), OV (OVX with vehicle, n=12), and GLP-2 (OVX with GLP-2,
n= 12). Intervention began at the 12th week after surgery and lasted for 4 weeks. The dosage of the GLP-2 was
160 μg/kg/d through subcutaneous injections, and normal saline was used as the vehicle agent. After 4 weeks of
treatment, serum BTM and inflammation marker levels were measured by ELISA, and femora samples were
analyzed by qRT-PCR, micro-CT, histology and histomorphometry.
Key findings: After 4 weeks of treatment, serum TRAcP-5b and RANKL levels as well as the CTX-1/P1NP ratio in
the GLP-2 group decreased, and ALP activity, P1NP level, and OPG/RANKL ratio increased significantly; qRT-
PCR analysis showed that mRNA levels of RANKL decreased, and Runx2, ALP, and Col-1 levels as well as the
OPG/RANKL ratio increased significantly in the GLP-2 group compared with the OV group. In bone histology
analysis, GLP-2 significantly decreased the AV/MV, Oc.N and Oc.S but increased the Ob.N, BFR and MAR.
Analysis with μ-CT showed that the BMD, BV/TV, Tb.N and Conn.D increased significantly in the GLP-2 group
compared with the OV group. The levels of serum inflammation markers TNF-α, IL-1β and IL-6 decreased, and
TGF-β levels increased in the GLP-2 group compared with the OV group.
Significance: GLP-2 may have a positive impact on osteoporosis by promoting bone formation, inhibiting bone
resorption and decreasing circulatory inflammation in ovariectomized rats.

1. Introduction

Osteoporosis is the reduction of bone mass and destruction of bone
microarchitecture that is caused by the imbalance between bone for-
mation and bone resorption. Postmenopausal osteoporosis is char-
acterized by strong bone resorption relative to bone formation and bone
mass loss accelerated during the late stage of menopause and is con-
tinued at a rapid pace for the next two decades [1]. At present, the
treatment of osteoporosis is mainly to regulate bone resorption and
bone formation balance; currently, the main treatments of osteoporosis
are bone resorption inhibitors, and only full-length and truncated
parathyroid hormones have been approved as anabolic agents for os-
teoporosis treatment [2]. Therefore, agents which could regulate bone

resorption and bone formation simultaneously are needed in the future.
In recent years, some gastrointestinal hormones have been sug-

gested as modulators of bone remodeling. Among these hormones,
glucagon-like peptide 2 (GLP-2) plays crucial roles in this process.
Glucagon-like peptide 2 (GLP-2) is a 33 amino acid single-chain peptide
secreted by intestinal L cells, and it is a specific growth factor of gas-
trointestinal epithelium. The gastrointestinal growth-promoting effects
of GLP-2 lead to significant enhancements in both small intestinal
weight and crypt-villus height in mice [3].GLP-2 can also improve in-
testinal blood flow, improve absorption of nutrients [4], reduce in-
testinal permeability, reduce inflammatory reactions [5], and regulate
glucose and lipid metabolism [6]. Therefore, GLP-2 plays a benefit role
in gastrointestinal barrier, glucose and lipid metabolism. Because of the
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intimate connection between bone and gastrointestinal barrier, which
the gastrointestinal barrier disruption could lead to the bone loss, GLP-2
might play a benefit role in bone turnover regulation [7]. Several stu-
dies have shown that GLP-2 transiently decreased the serum levels of C-
telopeptide of type I collagen (CTX-1) [8–10]. Henriksen D.B. et al.
found that after GLP-2 treatment, the serum level of CTX-1 decreased,
but the levels of osteocalcin (OCN) and procollagen 1 amino-terminal
propeptide (PINP) were unchanged in postmenopausal osteoporosis
women [11,12]; after 4months of continuous GLP-2 treatment, the
bone mineral density (BMD) increased [13]. Our previous study showed
that GLP-2 induced osteoclast apoptosis through the transforming
growth factor β (TGF-β)-Smad 2/3 signaling pathway, inhibited the
proliferation of osteoclasts [14] and promoted the transformation of
osteosarcoma cells to osteoblasts in vitro [15]. However, until now,
studies on the effects of GLP-2 in postmenopausal bone turnover were
limited. Several studies from Henriksen D.B. et al. were limited by the
small sample size; furthermore, their studies merely researched changes
in the bone mineral density (BMD) and the serum levels of CTX-1, OCN
and P1NP, but the detection of bone microstructure and other turnover
markers (BTMs) were never investigated [12,13]. The experiments of
Lu Y. et al. were only in vitro, but the effects of GLP-2 on osteoclasts or
osteoblasts might be different in vivo and vitro. Therefore, the effect of
GLP-2 on bone microstructure, BTMs and the anti-osteopenia me-
chanism in vivo are still unclear.

It was found that GLP-2 ameliorated inflammation in the treatment
of Crohn's disease and inflammatory bowel disease (IBD) [16,17].
Furthermore, postmenopausal osteoporosis has been shown to be in
close association with increased levels of inflammation [18,19].
Moreover, a number of studies have proved that an imbalanced ratio of
nuclear factor kappa B receptor activator ligand (RANKL)/osteoprote-
gerin (OPG) caused by chronic inflammation is an important promoting
factor of osteopenia [20–22]. Therefore, we suspected the anti-osteo-
penia effects of GLP-2 may be related to the amelioration of chronic
low-grade inflammation. However, there has been no study on the anti-
inflammation effects of GLP-2 in postmenopausal osteoporosis patients.

In this study, we used GLP-2 to detect changes in bone micro-
structure and morphology as well as serum levels of BTMs and in-
flammatory markers in ovariectomized rats and demonstrated the im-
portant role of GLP-2 in the treatment of osteoporosis.

2. Methods

2.1. Animals and material

2.1.1. Animal models
In total, 31 six-month-old Sprague-Dawley female rats (body weight

259.67 ± 15.42 g) were obtain from SIPPR/BK Laboratory (Shanghai,
China) and raised at the experimental animal center of the Shanghai
Medical College of Fudan University. The rats were housed under
controlled ambient conditions (12-hour light/dark cycles, lights on at
6:00 a.m.) and had access to distilled water and the standard rodent diet
ad libitum. All experimental procedures were approved by the
Zhongshan Hospital Fudan University Animal Care and Use Committee,
the ethical approval number is ZS20150212032.

After one week, the rats were randomly assigned into one of the
following three groups: sham operation (sham, n=7); ovariectomy
(OVX) with GLP-2 (GLP-2) intervention (n= 12); and OVX with vehicle
(OV, n=12). All of the rats were anesthetized by an intraperitoneal
(ip) injection of pentobarbital sodium (40mg/kg) for the dorsal bi-
lateral ovariectomy or control sham operation. The rats in the OV and
GLP-2 group underwent bilateral ovary removal, and the sham group
underwent a control sham operation that was the same as the ovar-
iectomy surgical procedure but preserved the ovaries.

2.1.2. Intervention
Intervention began at the 12th week after surgery and lasted for

4 weeks. Rat GLP-2 was obtained from Tocris bioscience (Minneapolis,
MN, USA) and was dissolved in normal saline (NS). The dosage of GLP-2
(160 μg/kg, daily subcutaneously injection) in the GLP-2 group were
selected based on previous data in other trials [11]; NS was used as the
vehicle agent. Equal volumes of NS were subcutaneously injected in the
rats of the OV group and sham group. For the bone formation rate (BFR)
and mineral apposition rate (MAR) analyses, the rats were treated with
tetracycline (25mg/kg, subcutaneous injection) 10 days before eu-
thanasia and calcein (5mg/kg, subcutaneous injection) 3 days before
euthanasia. All of the interventions were performed at 10:00 a.m. After
4 weeks of treatment, one day before euthanasia, the animals were
fasted for 12 h Then, rats in each group were anesthetized by pento-
barbital sodium (50mg/kg, ip injection) and then euthanatized by over
collection of blood. The right femurs were prepared for micro-CT and
dynamic histomorphometry analysis. The left femurs were prepared for
HE staining, TRAP staining and toluidine blue staining. The bilateral
tibias of all rats were prepared for qRT-PCR. The uterus was weighed to
confirm the success of the ovariectomy. Centrifugation (3000 rpm,
15min, 4 °C) was used to prepare the serum samples, and the serum/
tissue samples were stored at −80 °C until they were needed for la-
boratory tests. A schematic timeline of the experimental procedure is
shown in Fig. 1.

2.2. Biochemical analysis

Serum calcium (S-Ca) and phosphorous (S-P) concentrations were
analyzed by an automated biochemistry analyzer (lei du biotechnology,
Shen Zhen, China), Serum levels of BTMs and inflammation markers
were measured by commercially available kits. Briefly, the following
kits were included in this study: serum alkaline phosphatase (ALP)
activity (BioAssay Systems, Hayward, CA USA); ELISA for procollagen 1
amino-terminal propeptide (P1NP, cusabio, Wuhan, Hubei, China);
osteocalcin (OCN, ImmunoWay, Plano, TX, USA); serum C-terminal
cross-linked telopeptides of type I collagen (CTX-1, ImmunoWay, Plano,
TX, USA); tartrate-resistant acid phosphatase-5b (TRAcP-5b, AMEKO,
Shanghai, China); osteoprotegerin (OPG, Cusabio, Wuhan, Hubei,
China); and nuclear factor kappa B receptor activator ligand (RANKL
Shanghai Jining, Shanghai, China). ELISA kits (Multisciences,
Hangzhou, Zhejiang, China) of the following serum inflammatory
markers were also included: tumor necrosis factor α (TNF-α), inter-
leukin-1β (IL-1β), interleukin-6 (IL-6), and transforming growth factor
β (TGF-β).

2.3. Bone analysis

2.3.1. Quantitative real-time polymerase chain reaction (qRT-PCR)
The bilateral tibias were dissected from the rats and cleaned with

0.1 M cold PBS (pH 7.2–7.4); the connective tissue and muscle were
removed for RNA extraction and qRT-PCR, and then they were snap-
frozen in liquid nitrogen to facilitate breakage. To collect the mRNA, all
bones were homogenized separately in liquid nitrogen with a ceramic
grinder. Total RNA was extracted using Trizol (Invitrogen, USA) ac-
cording to the instructions and was reverse-transcribed using the Prime
Script RT reagent kit with DNA Eraser (Takara Bio, Shiga, Japan); qRT-
PCR was performed using SYBR-Green premix (Yeasen, Shanghai,
China) and primers (Sangon Biotech, Shanghai, China) in a real-time
detection system (ABI7500, USA). The relative expression level of
mRNA was normalized to that of the endogenous control β-actin by
using the 2−ΔΔCt method. Table 1 shows the primer sequences of
RANKL, OPG, RANK, OCN, ALP, runt-related transcription factor 2
(Runx2), collagen type I (Col-1), and β-actin.

2.3.2. Micro-computed tomography
All of the right femurs were dissected from the soft tissue, cleaned,

fixed in 4% paraformaldehyde and transferred to 70% ethanol; then,
they were studied by a SkyScan-1176 microcomputed tomography (μ-
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CT) system (Bruker micro-CT, Belgium). The scans were acquired using
an 18 μm voxel size, 75 kV, 333 μA and 0.6 degree rotation steps (180
degrees angular range). For trabecular bone, the μ-CT evaluation was
performed on a 2mm3 region of metaphyseal spongiosa in the distal
femur. The regions were located 0.8mm above the (femur) growth
plate. NR econ software version 1.6 was used for the 3D reconstruction
and visualization of the images. After the 3D reconstruction, version
1.13 of the CT software was used for bone analysis. The index of bone
mineral density (BMD), bone volume fraction (BV/TV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), trabecular separation
(Tb.Sp), trabecular pattern factor (Tb.Pf), and connectivity density
(Conn.D) were calculated or directly measured for the trabecular bone.

2.3.3. Histology and histomorphometry
For the bone histology and histomorphometry analyses, we used

paraffin sections and double-labeled undecalcified bone sections. To

Fig. 1. Schematic timeline of the experimental procedure.
After raised in the animal center for one week, 31 six-month-old Sprague-Dawley female rats were divided into 3 groups: sham (sham-operated group, n=7); OV
(OVX with vehicle, n= 12); GLP-2 (OVX with GLP-2 intervention, n=12). All rats in 3 groups were anesthetized (pentobarbital sodium, 40mg/kg, ip injection) for
operation. Sham group were underwent control sham operation, GLP-2 and OV group were bilateral ovariectomized. Then, all rats were raised in the same condition
as before. Intervention began at 12th week after the surgery and lasted for 4 weeks. GLP-2 group were treated with GLP-2 (160 μg/kg, daily subcutaneous injected),
OV group and sham group were treated with NS (Equal volume of vehicle, daily subcutaneous injected). 10 days before euthanasia rats were treated with tetracycline
(25mg/kg, subcutaneous injection) and 3 days before euthanasia, rats were treated with calcein (5mg/kg, subcutaneous injection). At week 16, one day before
euthanasia all rats in three groups were fasted for 12 h, then, the rats were anesthetized by pentobarbital sodium (50mg/kg, ip injection) and euthanatized by over
collection of blood. Serum was collected for ELISA, bilateral tibias for qRT-PCR analysis, right femurs for micro-CT and dynamic histomorphometry.

Table 1
The sequence of primers used in this study.

Primers Primer sequence (5′–3′) Product length (bp)

ALP Forward ACTTCCCCAGCCCTTACTACCG 381
Reverse TCAGCACATAGCCCACACCG

RANKL Forward TTGTGGAGCCTTAGCATGGA 134
Reverse TACAGGGTCGAGAGAGGACC

OPG Forward GGAGAGTGAGGCAGGCTATTTGA 375
Reverse CTACAAATGGGATAAGGCTCGTG

Runx2 Forward AGTCCCAACTTCCTGTGCT 243
Reverse GGTGAAACTCTTGCCTCGTC

Col 1 Forward AACTTTGCTTCCCAGATGTCC 334
Reverse AGCCTCGGTGTCCCTTCA

OCN Forward TGCTCACTCTGCTGACCCTG 109
Reverse TTATTGCCCTCCTGCTTG

β-Actin Forward GCAGGAGTACGATGAGTCCG 74
Reverse ACGCAGCTCAGTAACAGTCC
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paraffinize the sections, all the left femurs from the rats were fixed in
4% paraformaldehyde (PFA), decalcified in 10% ethylenediaminete-
traacetic acid (EDTA, pH 7.0, Sangon Biotech, China) as per the pro-
tocol, then embedded in paraffin and sectioned into five-μm-thick
slices. The sections were stained with toluidine blue (solarbio, Beijing,
China) to detect osteoblasts and calculated osteoblast number per
millimeter trabecular surface (Ob.N), Tartrate-resistant acid phospha-
tase (TRAP, Sigma-Aldrich, USA) to detect osteoclasts, and calculated
osteoclast number per millimeter trabecular surface (Oc.N) and osteo-
clast surface per millimeter trabecular surface (Oc.S), hematoxylin-
eosin staining (HE, solarbio, Beijing, China) was used to evaluate the
adipocyte volume per total bone marrow volume (AV/MV) [23]. These
sections were photographed by an Olympus fluorescent microscope
system.

For the bone formation rate (BFR) and mineral apposition rate
(MAR) analyses, we used double-labeled undecalcified bones sections.
The right distal femurs were separated, fixed in 70% ethanol, and
embedded in methyl methacrylate. Finally, thirty-μm-thick double-la-
beled undecalcified sections were photographed by an Olympus fluor-
escent microscope system to analyze the MAR and BFR [23]. All of the
primary measurements were measured by Imagine Pro Plus 6.0.

2.4. Statistical analysis

The data were expressed as the mean ± standard error of the mean
(SEM) and analyzed using GraphPad Prism 7.0 (GraphPad Software,
Inc., USA). Statistical significance was determined by one-way ANOVA
followed by Dunnett's post hoc multiple comparisons test or the
Kruskal-Wallis statistic followed by Dunn's post hoc multiple compar-
isons test. The sham group and GLP-2 group were each compared with
the OV group. Differences were considered significant at p < 0.05.

3. Results

3.1. Body weight and uterus index

As shown in Fig. 2, after OVX operation (1–12 week), the body
weight increase rate in OV group and GLP-2 group was higher than that
in sham group (p < 0.01), and there was no significantly difference
between OV and GLP-2 group (p > 0.05). During the GLP-2 inter-
vention (12–16week), the body weight increase rate significantly in-
creased at week 14, 15and 16 in GLP-2 group, compared with OV group
(p < 0.01). The estrogen deficiency induced by OVX resulted in
atrophy of the uterus, and the uterus index significantly decreased in
the OV group and GLP-2 group compared with sham group (p < 0.01).
GLP-2 treatment did not change the uterus index in the GLP-2 group
compared with OV group.

3.2. The effects of GLP-2 on bone

3.2.1. Effects of GLP-2 treatment for 4 weeks on BTMs
Table 2 shows the effects of GLP-2 treatment on bone turnover

markers. The S-Ca and S-P levels were not significantly changed in any
group. Compared with the sham operation, the OVX nearly had no in-
fluence on serum bone formation markers, ALP activity and P1NP level
in the OV group (p > 0.05) but increased the OCN level significantly
compared with the sham group (p < 0.05). GLP-2 treatment in the
GLP-2 group significantly increased the level of ALP activity and P1NP
compared with the OV group (p < 0.05); however, GLP-2 treatment
had almost no effect on OCN levels. The OVX significantly increased the
levels of the bone resorption markers CTX-1, TRAcP-5b and RANKL as
well as the CTX-1/P1NP ratio in the OV group compared with the sham
group (p < 0.05 or p < 0.01), but the difference in the OPG level and
OPG/RANKL ratio was not significant (p > 0.05). GLP-2 treatment had
no influence on serum CTX-1 and OPG levels but significantly decreased
the levels of TRAcP-5b and RANKL as well as the CTX-1/P1NP ratio and
significantly increased the levels of ALP and P1NP as well as the OPG/
RANKL ratio in the GLP-2 group compared with the OV group
(p < 0.05 or p < 0.01).

3.2.2. GLP-2 affected the expression of genes related to bone formation and
bone resorption

As shown in Fig. 3A, the expression of Runx2, ALP, Col-1 and OC
mRNA were detected in all groups after 4 weeks of intervention. In the
OV group compared with the sham group, the mRNA levels of Col1 and
OCN were significantly increased, and the mRNA level of Runx2 was
significantly decreased (p < 0.05 or p < 0.01), but the difference in
ALP activity was not significant (p > 0.05). GLP-2 treatment sig-
nificantly increased the mRNA levels of Runx2, Col1 and ALP in the
GLP-2 group compared with the OV group (p < 0.05 or p < 0.01), but
the difference in the mRNA level of OCN was not significant compared
with the OV group (p > 0.05).

As shown in Fig. 3B, the expression of OPG and RANKL as well as
the OPG/RANKL ratio were observed after 4 weeks of intervention. The
mRNA levels of OPG and RANKL were significantly increased in the
sham group compared with the OV group (p < 0.05 or p < 0.01), but
the ratio of OPG/RANKL mRNA levels in the OV group was not sig-
nificantly different from that of the sham group (p > 0.05). GLP-2
treatment reduced the mRNA level of RANKL, increased the mRNA
level of OPG and increased the OPG/RANKL ratio in the GLP-2 group
compared with the OV group (p < 0.05 or p < 0.01).

3.2.3. Bone histology and histomorphometry
As shown in Fig. 4, the effects of GLP-2 treatment on osteoblasts,

osteoclasts and adipocytes were observed by histomorphometry. TRAP
staining shows more positive cells in the OV group, compared with
GLP-2 group (A). And toluidine blue staining shows more osteoblasts in

Fig. 2. Body weight and uterus index in
ovariectomized rats. A: body weight in-
crease rate Arrow a shows the time when
the OVX began, arrow b shows the time
when the GLP-2 treatment began. B: uterus
index, uterus weight/body weight at week
16 (mg/g). 31 female SD rats were ran-
domly divided into sham: sham-operated
group. Values are means ± SEM OV: OVX
treated with vehicle (n= 12); GLP-2: OVX
treated with GLP-2 (n=12). Values are
expressed as means ± SEM. *p < 0.05,
**p < 0.01, sham group compared with
OV group, #p < 0.05, ##p < 0.01, GLP-
2 group compared with OV group. &
p < 0.05, &&p < 0.01, GLP-2 group
compared with sham group.
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GLP-2 group, compared with OV group (B), HE staining shows more
and larger adipocytes in OV group, compared with GLP-2 group (C).
After GLP-2 intervention, the width between the two labels increased
(D). The quantified results show that GLP-2 treatment significantly
decreased the Oc.N, Oc.S and AV/MV but increased the Ob.N, MAR,
and BFR in the GLP-2 group compared with the OV group (p < 0.05 or
p < 0.01) (E).

3.2.4. GLP-2 was beneficial to trabecular bone microarchitecture
Fig. 5 shows representative samples of the three-dimensional images

of the femoral metaphysis, in which differences in the trabecular mi-
croarchitecture can be observed. In these results, the OVX group had a
lower amount of trabecular bone and more broken trabecular bone in
the distal femurs compared with sham group. After GLP-2 treatment,
structure of the trabecular bone was significantly improved in the GLP-
2 group compared with the OV group.

Table 3 shows the analysis of parameters that affect trabecular
microarchitecture. Compared with the sham procedure, the BMD, BV/
TV, Tb.N, and Conn.D in the OV group decreased significantly by
62.77%, 59.12%, 56.04%, and 69.68%, respectively; and the Tb.Sp and
Tb.Pf increased significantly by 114.29% and 56.30%, respectively
(p < 0.01). After GLP-2 treatment, the BMD, BV/TV, Tb.N, and Conn.D
in the GLP-2 group increased significantly by 34.29%, 29.94%, 22.06%,
and 38.3%, respectively, compared with the OV group (p < 0.05 or
p < 0.01), The Tb.Pf decreased significantly by 15.73% (p < 0.01) in
the GLP-2 group compared with the OV group, but the difference in
Tb.Sp was not significant between the two groups (p > 0.05).

3.3. Serum inflammation markers

As shown in Table 4, there was no significant difference in the
serum TNF-α，IL-1β，and IL-6 levels (p > 0.05) between the sham
and OV groups, but the level of TGF-β was significantly decreased in the
OV group compared with the sham group (p < 0.01). GLP-2 treatment
significantly decreased the TNF-α, IL-1β, and IL-6 levels in the GLP-2
group compared with the OV group (p < 0.05) and increased the TGF-
β level in the GLP-2 group compared with the OV group (p < 0.05).

4. Discussion

Some studies have shown that GLP-2 participates in the regulation
of postprandial serum bone turnover markers [9,24]. However, asso-
ciations between osteoporosis and GLP-2 are less established. So far, to
the best of our knowledge, no study has analyzed the microarchitecture
of bone tissue and detailed changes of BTMs after GLP-2 intervention in
postmenopausal osteoporosis yet. Therefore, we performed a study to

explore the relationship of GLP-2 on BTMs, microarchitecture of tra-
becular bone and inflammation markers that are related to osteo-
porosis.

In our study, the analysis of serum BTMs showed that GLP-2 treat-
ment decreased serum bone resorption markers TRAcP-5b and RANKL
but increased the ratio of serum OPG/RANKL levels. As far as we know,
this is the first time these BTM levels have been measured after GLP-2
treatment. TRAcP-5b is considered as a marker of osteoclastic activity,
and OPG is a decoy receptor that inhibits the activity of RANKL, which
promotes osteoclast genesis; therefore, the ratio of OPG/RANKL ex-
pression is also believed to be a key in osteoclastogenic activity [25].
Our results showed that GLP-2 might inhibit osteoclast activity, which
in turn inhibits bone resorption. However, to our surprise, we found
that the level of CTX-1 remained unchanged in our study, which is
different from a previous report that GLP-2 administration reduced
serum CTX-1 levels [9,12,13]. According to Carsten Askov-Hansen et al.
[11], serum CTX-1 concentrations were significantly decreased between
2 h to 6 h after subcutaneous injections of exogenous GLP-2. However,
all of the rats in our experiment were anatomized 24 h after the last
GLP-2 intervention; therefore, the transitional decrease of serum CTX-1
levels might not be observed. Furthermore, these three studies
[9,12,13] were all conducted in humans; there has been no report on
the effect of GLP-2 on CTX-1 suppression in rodents until now. The
precise sites of GLP-2R expression in different animals and in humans
are controversial, and the localization of GLP-2R in humans and rats
might differ [26]; the different expression patterns of GLP-2R might
lead to differences in the mechanism of GLP-2 between humans and
rats, but the mechanism remain unclear and further studies are still be
needed. In terms of the bone formation markers, our results showed
GLP-2 increased the activity of bone formation markers P1NP and ALP
and decreased the ratio of CTX-1/P1NP. This suggests that GLP-2 might
increase bone formation; however, the expression of another bone
formation marker, OCN, did not change significantly, which is a result
that was also reported in the study from Henriksen D.B. et al. [13].
P1NP is related to the synthesis of bone collagen, while OCN is mainly
related to bone mineralization [27,28]. Therefore, our results suggest
that GLP-2 might only promote the synthesis of collagen in osteoblasts
but does not promote bone mineralization. The ratio of CTX-1/P1NP is
related to the relative rate of bone collagen degradation and synthesis
and thus our result shows that the synthesis of bone collagen was
promoted after GLP-2 treatment. Therefore, our analysis of serum levels
of BTMs suggests that GLP-2 might participate in the anti-osteopenia
process through both the suppression of bone resorption and promotion
of bone formation.

To confirm the bone turnover-modulating effect of GLP-2 on gene
expression level, we measured the mRNA levels of markers that are

Table 2
Effects of 4 weeks treatment with GLP-2 on BTMs.

Sham, n=7 OV, n= 12 GLP-2, n=12

S-Ca (mmol/L) 2.53 ± 0.0079 2.51 ± 0.00054 2.52 ± 0.0064
S-P (mmol/L) 1.92 ± 0.094 1.85 ± 0.075 1.91 ± 0.084
ALP activity (IU/L) 53.58 ± 6.33 57.220 ± 4.92 76.920 ± 8.78#
OCN (pg/ml) 2245 ± 166.7* 2832 ± 181.1 2669 ± 126.7
P1NP (pg/ml) 1306 ± 54.49 1185 ± 71.32 1497 ± 106.85#
CTX-1 (pg/ml) 4.946 ± 0.15** 6.685 ± 0.21 6.490 ± 0.25
TRAcP-5b (pg/ml) 104.200 ± 3.84* 116.400 ± 3.45 90.980 ± 4.18##
OPG (pg/ml) 84.730 ± 8.661 114.800 ± 30.510 171.800 ± 22.37
RANKL (pg/ml) 73.620 ± 5.83** 113.800 ± 4.10 89.790 ± 5.68##
OPG/RANKL 1.570 ± 037 1.236 ± 0.154 2.071 ± 0.36#
CTX-1/P1NP 0.003892 ± 0.00024** 0.005985 ± 0.00045 0.004593 ± 0.000282#

Values are mean ± SEM. S-Ca: serum calcium; S-P: serum phosphorous; ALP activity: serum alkaline phosphatase activity; OCN: osteocalcin; P1NP: procollagen 1
amino-terminal propeptide; CTX-1: type 1 collagen C-terminal peptide; TRAcP-5b: tartrate-resistant acid phosphatase-5b; OPG: osteoprotegerin; RANKL: receptor
activating factor of nuclear κ B factor ligand; OPG/RANKL: OPG/RANKL ratio; CTX-1/P1NP: CTX-1/P1NP ratio. 31 female SD rats were randomly divided into sham:
sham-operated group (n= 7) OV: OVX treated with vehicle (n= 12); GLP-2: OVX treated with GLP-2 (n= 12). *p < 0.05, **p < 0.01, sham group compared with
OV group and #p < 0.05, ##p < 0.01, GLP-2 group compared with OV group.
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related to bone formation and bone resorption by qRT-PCR. Our data
show that GLP-2 decreased osteoclast genesis and the related ratio of
OPG/RANKL mRNA levels and increased osteoblast genesis and the
related mRNA levels of Runx2, Col1, and ALP but did not change OCN
levels, which is consistent with the results from the analysis on serum
BTM levels. Runx2 is a transcription factor that regulates osteoblast and
lipocyte differentiation from BMMSCs [29]; ALP and Col1 are the early-
stage markers of osteoblast genesis, and OCN is the late-stage marker
[30]. Our results show that GLP-2 promotes bone formation in the early
stage of osteoblast genesis, but GLP-2 may not have an effect in the late
stage; furthermore, GLP-2 might inhibit osteoclast genesis by regulating
the OPG/RANKL ratio at the mRNA level.

Inflammation is a factor in osteoporosis deterioration, but the anti-
inflammation effect of GLP-2 in postmenopausal osteoporosis has not

yet been reported. Therefore, we detected the changes in serum in-
flammatory marker levels in our subjects after 4 weeks of GLP-2 treat-
ment. It was found that GLP-2 could decrease the serum levels of TNF-
α, IL-1β, and IL-6 and increase the level of TGF-β, which is consistent
with previous studies on the effect of GLP-2 on inflammatory bowel
disease (IBD) [31–33]. Numerous previous studies have shown that
increased levels of TNF-α, IL-1β, and IL-6 promotes bone resorption
[20,21]. TGF-β is hypothesized to play an important role in promoting
the development and proliferation of early osteoblasts, but inhibits
osteoblast maturation and osteoclast proliferation [21]; therefore, the
changes in serum inflammation marker levels may lead to the change of
bone turnover-related gene expression in bone tissue. Thus, our results
suggest that GLP-2 might benefit osteoporosis by regulated circulating
inflammatory factors.
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Fig. 3. mRNA level of bone formation
and bone absorption related gene.
After treated with GLP-2 for 4 weeks,
rats' tibias were analyzed by qRT-PCR.
A. (a) Runt-related transcription factor
2 (Runx2); (b) collagen type 1(Col1);
(c) alkaline phosphatase (ALP); (d)
osteocalcin (OCN); B. (a) (OPG) os-
teoprotegerin; (b) receptor activating
factor of nuclear κB factor ligand
(RANKL); (c) OPG/RANKL ratio. 31
female SD rats were randomly divided
into sham: sham-operated group.
Values are expressed as means ± SEM
OV: OVX treated with vehicle
(n= 12); GLP-2: OVX treated with
GLP-2 (n=12). Values are expressed
as means ± SEM. *p < 0.05,
**p < 0.01, sham group compared
with OV group and #p < 0.05,
##p < 0.01, GLP-2 group compared
with OV group.
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To confirm the effect of GLP-2 on the bone density and micro-
architecture of bone, we used μ-CT and found that the BMD increased
34.29% after 4 weeks of GLP-2 intervention; GLP-2 also improved the
microstructure of trabecular bone and its parameters. The effects of
GLP-2 on BMD were consistent with Henriksen D.B. et al. [13]; low

BMD and deteriorated microarchitecture in trabecular bone were as-
sociated with aggravated osteoporosis and an increased bone fracture
risk [34,35]. This μ-CT analysis indicated that GLP-2 protected against
deterioration of the trabecular bone structure, which could be of benefit
to osteoporosis. Then, we further examined the generation of

Fig. 4. Bone histology and histomorphometry analyzation. (A) Tartrate-resistant acid phosphatase (TRAP) staining, osteoclasts were stained in red. Scale bar, 800 μm
(B) toluidine blue staining Scale bar, 800 μm (C) hematoxylin and eosin staining, Scale bar,800 μm, (D) double-labeling with tetracycline and calcein. Scale bar,
400 μm (E): (a) Oc.N: the number of osteoclasts per millimeter trabecular surface was calculated (N/mm) (b): Oc.S: Oc. osteoclast surface per millimeter trabecular
surface. (c) Ob.N: the numbers of osteoblasts per millimeter of trabecular bone surface (BS) were counted. (d) AV/MV: adipocyte volume per total bone marrow
volume (e): mineral apposition rate (MAR); (f) bone formation rate (BFR). Values are expressed as means ± SEM. 31 female SD rats were randomly divided into
sham: sham-operated group (n= 7). OV: OVX treated with vehicle (n=12); GLP-2: OVX treated with GLP-2(n= 12). *p < 0.05, **p < 0.01, sham group com-
pared with OV group and #p < 0.05, ##p < 0.01 GLP-2 group compared with OV group. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. 3-Dimensional reconstruction image of bone μ-CT. (A) Transverse scan of distal femur. (B) Coronal scan of distal femur. Sham: sham-operated group; OV: OVX
treated with vehicle; GLP-2: OVX treated with GLP-2.

Table 3
μCT assessment of trabecular microarchitecture after GLP-2 treatment.

Sham, n= 7 OV, n=12 GLP-2, n= 12

BMD 0.094 ± 0.0015** 0.035 ± 0.0035 0.047 ± 0.0025#
BV/TV (%) 23.890 ± 0.34** 9.766 ± 0.80 12.690 ± 0.65#
Tb.Th (mm) 0.109 ± 0.00076 0.111 ± 0.0017 0.111 ± 0.0020
Tb.Sp (mm) 0.385 ± 0.0099** 0.825 ± 0.046 0.738 ± 0.024
Tb.N (1/mm) 2.186 ± 0.020** 0.961 ± 0.065 1.173 ± 0.057#
Tb.Pf (1/mm) 7.607 ± 0.33** 11.890 ± 0.53 10.020 ± 0.25##
Conn.D (mm3) 0.00031 ± 0.000012** 0.000094 ± 0.0000087 0.00013 ± 0.0000090#

Values are mean ± SEM. BMD: bone mineral density, BV/TV: bone volume fraction; Tb.Th: trabecular thickness: Tb.Sp: trabecular spacing; Tb.N: trabecular
number; Tb.Pf: trabecular pattern factor; Conn.D: connectivity density. Sham: sham-operated group(n= 7); OV: OVX treated with vehicle (n=12); GLP-2: OVX
treated with GLP-2 (n=12) *p < 0.05, **p < 0.01, OV group compared with sham group and #p < 0.05, ##p < 0.01 GLP-2 group compared with OV group.

Table 4
Effects of 4 weeks treatment with GLP-2 on inflammation markers.

Sham, n= 7 OV, n=12 GLP-2, n= 12

TNF-α (pg/ml) 2.386 ± 0.11 2.574 ± 0.09 2.206 ± 0.072#
IL-1β (pg/ml) 304.800 ± 67.35 526.100 ± 118.44 208.400 ± 46.800#
IL-6 (pg/ml) 593.800 ± 37.62 924.200 ± 36.98 537.900 ± 21.59#
TGF-β (pg/ml) 10,945.000 ± 762.35** 7165.000 ± 445.14 8431.000 ± 280.1#

Values are mean ± SEM. Tumor necrosis factor α (TNF-α), interleukin 1 β (IL-1β), transforming growth factor β (TGF-β), interleukin 6 (IL-6). During the
course of treatment, 31 female SD rats were randomly divided into sham: sham-operated group (n= 7) OV: OVX treated with vehicle (n= 12); GLP-2: OVX
treated with GLP-2 (n=12) *p < 0.05, **p < 0.01, sham group compared with OV group and #p < 0.05, ##p < 0.01, GLP-2 group compared with OV
group.
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osteoblasts and osteoclasts on the surface of trabecular bone. GLP-2
decreased Oc.N, Oc.S and the AV/MV but increased Ob.N, BFR, and
MAR in the bone histology analysis. These results might be caused by
changes at the mRNA level of bone turnover-related genes that we
measured above. Therefore, the analysis of the bone histology further
confirmed that GLP-2 alleviates osteopenia by decreasing bone re-
sorption and increasing bone formation.

Furthermore, we found that GLP-2could increase the body weight
increase rate in ovariectomized rats, which is a result that was also
reported in the study from Lu Y. et al. [14]. Weight increase has been
considered as one of the positive factors for anti-osteopenia and in-
creasing bone strength [36,37]. The reason may be that moderate
mechanical loading can promote bone formation [38].

However, though we found GLP-2 could participate in the anti-os-
teopenia process, the mechanism was still unclear and whether GLP-2R
exists on the surface of osteoblasts or osteoclasts remains uncertain
[26]. According to our previous vitro study, GLP2 could decrease the
number of osteoclasts induced from RAW264.7 cells and induce the
apoptosis of osteoclasts [14]. The mechanism might be that GLP2 sti-
mulates nitric oxide (NO) in osteoclasts and directly promotes osteo-
clast apoptosis through the TGF-β-Smad 2/3 signaling pathway [14]; if
GLP-2R is located in enteric neurons in the wall of the small intestine,
the GLP-2 signal might be transmitted via sympathetic or para-
sympathetic sensory neurons to activate neurons that innervate bone
[11]. In addition, GLP-2 could improve intestinal barrier functions and
absorption of nutrients [26]; an estrogen deficiency may cause the
function of the intestinal barrier to deteriorate [19], so we suspected
that GLP-2 may also alleviate postmenopausal osteoporosis by im-
proving intestinal barrier functions and nutrition absorption. Therefore,
GLP-2 may affect bone formation and resorption through direct or in-
direct pathways. The exact mechanism of GLP-2 still needs further in-
vestigation.

5. Conclusion

In conclusion, these findings show that GLP-2 treatment was bene-
ficial to bone metabolism and its microstructure; GLP-2 may have a
positive impact on osteoporosis in OVX rats by promoting bone for-
mation and inhibiting bone resorption. We are also the first to show
that GLP-2 decreased circulatory inflammation in OVX rats, which may
benefit bone turnover. However, the anti-osteopenia mechanism of
GLP-2 remains unclear, and further studies are still needed in the fu-
ture.
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