
Journal of Orthopaedic Translation (2017) 10, 42e51
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http: / /ees.e lsevier.com/jot
ORIGINAL ARTICLE
Investigation of bioeffects of G
protein-coupled receptor 1 on bone
turnover in male mice

Jian Li a,1, Liang Xiang b,1, Xiaotong Jiang c,1, Bin Teng a,d,
Yutao Sun a, Guanlian Chen a, Jie Chen b, Jian V. Zhang b,*,
Pei-Gen Ren a,*
a Center for Translational Medicine Research and Development, Shenzhen Institutes of Advanced
Technology, Chinese Academy of Sciences, Shenzhen 518055, Guangdong, China
b Laboratory for Reproductive Health, Shenzhen Institutes of Advanced Technology, Chinese Academy
of Sciences, Shenzhen 518055, Guangdong, China
c College of Animal Science and Technology, Shandong Agricultural University, Tai’an 271018,
Shandong, China
d Shenzhen College of Advanced Technology, University of Chinese Academy of Sciences, Shenzhen
518055, Guangdong, China
Received 5 March 2017; received in revised form 30 April 2017; accepted 2 May 2017
Available online 25 May 2017
KEYWORDS
bone loss;
G protein-coupled
receptor 1;

inflammation;
osteoporosis;
testosterone
* Corresponding authors. Professor
Advanced Technology, Chinese Acad
Reproductive Health, Shenzhen Institu

E-mail addresses: jian.zhang@siat
1 These authors contributed equally

http://dx.doi.org/10.1016/j.jot.2017
2214-031X/ª 2017 The Authors. Publis
access article under the CC BY-NC-ND
Summary Maintenance of healthy bone quality and quantity requires a well-coordinated bal-
ance between bone formation by osteoblasts and bone resorption by osteoclasts. Chemerin is a
novel adipokine with known functions such as regulating immunity and energy homeostasis
through activation of chemokine-like receptor 1 (CMKLR1). G protein-coupled receptor 1
(GPR1) is the second mammalian chemerin receptor with similar binding affinity as CMKLR1.
In male GPR1e/e mice, a phenotype with significantly low bone mineral density was observed.
We hypothesise that GPR1 might participate the process of bone remodelling. In this study, we
investigated the role of GPR1 in regulating bone mass maintenance in male mice, and for the
first time, revealed that GPR1e/e male mice manifested seriously trabecular bone loss and
lower serum testosterone levels compared to the wild type animals. Accordingly, the mRNA
expression of biomarkers related to both osteoblast [collagen type I alpha 2 (Col1A2), osteocal-
cin (OCN)] and osteoclast [tartrate-resistant acid phosphatase (TRAP), Cathepsin K, NFATc1]
were significantly decreased or increased in GPR1e/e mice relative to the wild type, respec-
tively. However, other osteogenic markers, Osterix and ALP levels, were increased.
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Microcomputed tomography scanning and histological analyses proved that there was a myriad
of trabecular bone loss in GPR1e/e mice. In the meantime, GPR1e/e mice presented a
significant decrease in serum testosterone level. Taken together, these findings suggested that
chemerineGPR1 signalling might be directly or indirectly communicated with testosterone syn-
thesis on bone turnover regulation. Further detailed studies are required to unveil how chemer-
ineGPR1 participates in bone metabolism.

The translational potential of this article: More studies and knowledge about GPR1 regulating
function in bone turnover might supply a novel therapeutic target for osteoporosis in the future.
ª 2017 The Authors. Published by Elsevier (Singapore) Pte Ltd on behalf of Chinese Speaking
Orthopaedic Society. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Bone is a dynamic connective tissue consisting of different
cell types, including osteoblasts, which are bone-forming
cells involved in bone mineralisation; osteoclasts, which
are multinucleated bone-resorbing cells in the body pos-
sessing the ability to degrade both the inorganic calcium
matrix and the organic collagen matrix; and osteocytes,
which build the basis of bone and appear to be able to
regulate the activity of both osteoblasts and osteoclasts
actively [1e4]. Maintenance of the healthy bone quality
and quantity requires a highly coordinated regulation
among the cells [5]. If the balance between bone formation
and bone resorption is disrupted, it will lead to metabolic
bone diseases, such as osteoporosis [1,3,6]. Normally, the
development and function of bone-forming and bone-
resorbing cells are tightly regulated by signalling mole-
cules such as sex hormones and other molecules.

Osteoporosis is a chronic disease characterised by low
bone mineral density (BMD), deterioration of bone struc-
ture, ultimately leading to reduced bone strength, and
increased risk of fractures at multiple skeletal sites,
particularly at the spine, hip, or wrist in humans [7e9]. It
has been estimated that more than 9 million osteoporotic
fractures occurred worldwide in the year 2000 [10]. Oste-
oporosis stems from various causes, including gonadal
dysfunction and ageing in both males and females [11].
Although osteoporosis is more prevalent in women, male
osteoporotic fracture patients are subjected to a greater
rate of mortality and second fracture compared to their
female counterparts [6,12]. It is well known that decreased
serum testosterone levels are associated with reduced BMD
[11,13]. Testosterone exhibits a direct and indirect impact
via conversion with oestrogen on those cells regulating
bone remodelling [14]. Moreover, the evidence has
demonstrated that testosterone deficiency affects calcium
metabolism by increasing excretion of calcium from the
skeletal compartment [15]. However, the pathogenesis of
male osteoporosis remains to be elucidated, especially, the
relationships among testosterone, oestrogen, sex hormone-
binding globulin, age, and bone turnover.

Chemerin, previously called tazarotene-induced gene 2
(TIG2) or retinoic acid receptor responder protein 2
(RARRES2), was initially identified as a chemoattractant
ligand for the G protein-coupled receptor (GPCR), called
chemokine-like receptor 1 (CMKLR1) or chemerin receptor
23 (ChemR23) [16,17]. It was also identified as a novel
adipocytokine with functions for adipocyte differentiation
[18], osteoblastogenesis [19], and energy homeostasis
[20,21]. It is secreted mainly from white adipocytes and is
highly expressed in multiple tissues, except for in liver and
white adipose tissue, also in placenta, skin, adrenal gland,
lung, intestine, pancreas, and ovary [22]. After it is
released as an 18-kDa inactive precursor protein called
prochemerin, chemerin is quickly converted to its active
form by proteolytic cleavage of its C terminus [16,23].

To date, chemerin has been known to bind to three GPCR
receptors: CMKLR1, CC-motif chemokine receptor-like 2
(CCRL2), and G protein-coupled receptor 1 (GPR1) [24].
CCRL2 does not stimulate calcium mobilisation or ligand
internalisation after binding, but could increase the local
concentration of chemerin and improve the interaction
between chemerin and CMKLR1 [25,26] to trigger functions
such as intracellular calcium mobilisation, receptor and
ligand internalization, and cell migration [16,27]. GPR1 is
the closest homologue of CMKLR1 with more than 40%
amino acid sequence identity [27]. Unlike CMKLR1, there
are only a few studies about chemerineGPR1 and their
physiological functions. It has been reported that GPR1 is
expressed in the central nervous system, skin, adipose tis-
sue, and skeletal muscle, as well as in few cell types
including Leydig cells and granulosa cells [27,28].

GPR1 signalling has been investigated on glucose ho-
meostasis and reproduction [28,29], but to date there has
been no study related to GPR1 and bone metabolism. In this
study, we will present our preliminary findings on the role
GPR1 in bone metabolism in vivo.

Materials and methods

Reagents

Acid Phosphatase, Leukocyte (TRAP) Kit was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Anticollagen I mouse
polyclonal antibody and anti-F4/80 mouse monoclonal
antibody were purchased from Abcam (Cambridge, UK).
Unless specified, all cell culture reagents were obtained
from Thermo Fisher Scientific Inc. (Cleveland, OH, USA).

Animals

GPR1�/� mice (C57BL/6 genetic background, 12 months old)
were bred in our certified animal facility with age-matched
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wild type (WT) C57BL/6 mice as controls (animal ethics
approval number: SIAT-IRB-170305-YGS-LIJ-A0313). Mice
were maintained under specific pathogen-free conditions at
25�C on a 12-hour light/12-hour darkness cycle with access
to food and water ad libitum. Animal care was in compli-
ance with the Guide for the Care and Use of Laboratory
Animals of Guangdong province. All procedures were per-
formed under the supervision and approval of the Ethics
Committee for Animal Research, Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences,
Shenzhen, China.

Microcomputed tomography scanning and analysis

The femora of 12-month-old WT (NZ 15) and GPR1�/� male
mice (N Z 6) were microcomputed tomography (microCT)
scanned (SkyScan 1176; Bruker, Kontich, Belgium) after
dissection of the animals that were euthanised by CO2

inhalation. The scanning protocol used was as follows: 9 mm
resolution, 0.5 mm aluminium filter, 60 kV voltage, and
425 mA current. All imaging data were acquired and recon-
structed using the commercial software provided by the
company. After three-dimensional reconstruction, the
major parameters for bone quantity and quality eval-
uationdincluding BMD, the ratio of bone volume to tissue
volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp), degree
anisotropy (DA), structure model index (SMI), and trabecular
pattern factor (Tb.Pf)dwere calculated.

Biochemical assays

Bloodwas obtained from the retro-orbital sinus of euthanised
mice using unheparinised capillaries and collected into 1.5-
mL centrifuge tubes after overnight fasting of animals. Serum
was prepared by centrifugation for 30 minutes at 2000 rpm,
aliquoted, and stored at �80�C until assay. The serum level
of testosterone and estradiol was measured using commer-
cial iodine [125I] radioimmunoassay (RIA) Kits by Beijing North
Biotechnology Research Institute, Beijing, China. The serum
concentration of interleukin (IL)-1b, IL-6, and tumour ne-
crosis factor alpha (TNF-a) were measured using enzyme-
linked immunosorbent assay kits (Dakewe, Beijing, China),
respectively.

Cells

Isolation, culture, expansion, and differentiation of bone
marrow-derived mesenchymal stem cells
The isolation and culture of bone marrow-derived mesen-
chymal stem cells were performed as previously described
[30]. Briefly, bone marrow was collected from 14-week-old
male mice that were euthanised by cervical dislocation
after CO2 anaesthesia. After the femora and tibiae were
dissected away from attached muscle and soft tissue, both
ends were cut. The bone marrow cells were extruded by
inserting a 21-gauge needle into the shaft of the bones and
flushing with 2 mL of Dulbecco’s modified Eagle’s medium-
low glucose (DMEM-LG) and filtered through 40 mesh nylon
and plated overnight in DMEM-LG supplemented with 10%
(v/v) foetal bovine serum, 2mM L-glutamine, and 100 units/
mL penicillinestreptomycin at 37�C under 95% humidity
with 5% CO2. After 48 hours, the medium containing non-
adherent haematopoietic cells were removed by changing
the medium, and the adherent cells were harvested by
trypsinisation (0.25% trypsineEDTA; Gibco, Carlsbad, CA,
USA) when reaching about 80% confluence and then repla-
ted. The culture medium was replaced twice per week. The
phenotype of cell population was identified by the pres-
ence of bMSC surface molecular markers (CD90, CD44, and
CD105) and the absence of the haematopoietic lineage
molecular markers, CD34 and CD45, by flow cytometric
immunophenotyping (data not shown). Osteogenic and
adipogenic differentiation capacity of MSCs were examined
based on established methods [31]. For osteogenic differ-
entiation, deposition of a calcium phosphate mineralised
matrix was detected by staining with alizarin red S, and
quantification was according to established protocols [32].
For adipogenic differentiation, cells were fixed in 4%
paraformaldehyde and stained with a filtered 0.3% solution
of oil red O in 60% isopropanol for 15 minutes (data not
shown). The third or fourth passages of pure bMSCs were
used for the following experiments.

Gene expression analysis

Total RNA was extracted from the whole long bones using
TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. cDNA was synthesised using
the Reverse Transcription Kit (Takara, Tokyo, Japan). The
mRNA levels for interested genes were measured by real-
time quantitative polymerase chain reaction (RT-qPCR)
using the SYBR Green Detection System with a Light-
CyclerV480 instrument (Roche, Basel, Switzerland). All ex-
periments were done in triplicate, and the primers are
listed in Table 1. RT-qPCR was performed for amplification
according to the following cycling conditions: initial dena-
turation at 95�C for 30 seconds, followed by 40 cycles of
95�C for 5 seconds and 60�C for 30 seconds. Post-PCR
melting curves confirmed the specificity of single-target
amplification, and the fold change of the gene of interest
relative to b-actin was determined.

Histological analysis

Dissected femora were fixed in 4% paraformaldehyde for 24
hours, decalcified with decalcifying solution (pH 7.2, 4�C)
for 4 weeks, embedded in paraffin, and sliced into 7-mm
sections (Leica RM2235; Leica Microsystems, Wetzlar, Ger-
many). Haematoxylineeosin (H&E, C0105; Beyotime, Bei-
jing, China), TRAP, and immunohistochemistry (IHC)
staining for collagen I and F4/80 were performed, respec-
tively. Images were taken by using an Olympus IX71 mi-
croscope (Olympus, Tokyo, Japan).

Statistical analyses

Data are presented as means � standard error of the mean,
and statistical significance was assessed by either one-way
analysis of variance followed by Bonferroni or two-tailed
Student t test; a p value < 0.05 means statistically signifi-
cant difference in this study.



Table 1 Primer sequences for real-time quantitative polymerase chain reaction.

Gene Primer (50e30)

Forward Reverse

Osterix ATGGCTCGTGGTACAAGGC GCAAAGTCAGATGGGTAAGTAGG
ALP GCCCTCCA GATCCTGACCAA GCAGAGCCTGCTGGTCCTTA
Col1A2 CTGGAACAAATGGGCTCACTG CAGGCTCACCAACAAGTCCTC
OCN ACAAA’GCCTTCATGTCCAAG TTTAGGGCAGCACAGGTC
TRAP GCAACATCCCCTGGTATGTG GCAAACGGTAGTAAGGGCTG
Cathepsin K GAAGAAGACTCACCAGAAGCAG TCCAGGTTATGGGCAGAGATT
NFATc1 CCGTTGCTTCCAGAAAATAACA TGTGGGATGTGAACTCGGAA
TNF-a CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
IL-6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
IL-1b GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
GPR1 GTCTCCCAGCTTCCCCGCTG CAAGCTGTCGTGGTGTTTGA
chemerin TACAGGTGGCTCTGGAGGAGTTC CTTCTCCCGTTTGGTTTGATTG
AR CTGGGAAGGGTCTACCCAC GGTGCTATGTTAGCGGCCTC
b-actin GTATCCATGAAATAAGTGGTTAC AGG GCAGTACATAATTTACACAGAAG CAAT
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Results

GPR1 deficiency results in bone loss and low sex
hormones in male mice

High-resolution microCT scanning was performed to
compare the skeletal phenotype of 12-month-old WT and
GPR1�/� male mice. GPR1�/� mice exhibited deterioration
of trabecular bone at distal femora compared to WT mice,
with obviously decreased bone mass (Figure 1A), as shown
in BMD, BV/TV, Tb.N, and Tb.Th (Figure 1B). In addition,
the parameters representing osteoporotic potential
increased in GPR1�/� mice relative to the control, as shown
by DA, Tb.Sp, SMI, and Tb.Pf (Figure 1B). Along with the
fact that GPR1 deficiency leads to male bone loss in vivo,
serum levels of testosterone and estradiol were obviously
decreased in male GPR1�/� mice (Figure 2).

GPR1, chemerin, and androgen receptor
expression exists in bMSC osteogenesis

To understand the roles of GPR1echemerin in bone meta-
bolism, we investigated the expression of chemerin, GPR1,
and androgen receptor (AR) in bMSCs. We compared their
expression at different differentiating stage of bMSCs, from
Day 0 to Day 11. Prior to this, bMSCs’ osteogenic differen-
tiation was verified by alizarin red S staining, and extra-
cellular matrix calcium nodules were quantified. In Figures
3A and 3B, the bMSCs successfully differentiated into
osteoblast-like cells, which started to deposit mineral in
the extracellular matrix at Day 11. Then mRNA expression
of the related genes was investigated in these osteoblastic
differentiated bMSCs. GPR1 mRNA expression increased
continuously with cell osteoblastic differentiation and
summited on Day 5 with about a 9-fold increase compared
to Day 0 (Figure 3C), whereas the mRNA level of chemerin
decreased all along during osteoblastic differentiation of
bMSCs. As for mRNA expression of AR, there was almost no
change during the process (Figure 3C).
GPR1 affects osteoblast and osteoclast
development in vivo

In order to evaluate how GPR1 affects osteoblast and oste-
oclast function,we examined the related genes of osteoblast
and osteoclast biomarkers in GPR1-deficient and WT male
mouse bone tissue. The osteoclast markers TRAP, Cathepsin
K, and NFATc1 significantly increased in GPR1�/�mice bones
(Figure 4A), whereas the osteoblast markers Col1A2 and OCN
significantly decreased (Figure 4B). Surprisingly, in GPR1�/�

mice, the other osteoblast markers including ALP and
Osterix’s mRNA expression significantly enhanced
(Figure 4B). Histomorphologic analysis was performed to
obtain more information about GPR1 and bone metabolism.
Femoral boneH&E staining showedobvious trabeculae lost in
GPR1�/� mice when compared to WT mice (Figure 5). In
Figure 5, TRAP staining indicates that there were more os-
teoclasts in the femora of GPR1�/� mice than in the femora
of WT mice. Corresponding with osteogenic biomarkers’
mRNA expression, IHC staining revealed lower collagen I
level in GPR1�/� mice than in WT mice (Figure 6).

Enhanced inflammation correlates with GPR1
deficiency

We performed macrophage/monocyte marker F4/80 IHC
staining, and we found more positive staining in the GPR1�/

� group (Figure 6). Then several major inflammatory cyto-
kines’ existence was analysed in bone. The RT-qPCR results
showed that the mRNA expression of TNF-a, IL-6, and IL-1b
increased to some extent in GPR1�/� bone as compared to
WT bone (Figure 7A). The enzyme-linked immunosorbent
assay results supported the mRNA expression data
(Figure 7B).

Discussion

Bone remodelling is a dynamic process requiring the well-
coordinated action of bone formation and bone resorption



Figure 1 GPR1�/� deficiency male mice have much lower bone mineral density. (A) MicroCT images of secondary spongy bone of
the metaphysis of distal femora from GPR1�/� and WT control mice. (B) The quantitative microCT bone parameters BMD, BV/TV,
Tb.Th, Tb.N, DA, SMI, Tb.Pf, and Tb.Sp. Statistical significance was assessed with two-tailed Student t test; **p < 0.01 versus WT,
***p < 0.001 versus WT, NWT Z 15, NGPR1

�/� Z 6. BMD Z bone mineral density; BV/TV Z ratio of bone volume to tissue volume;
DA Z degree anisotropy; GPR1 Z G protein-coupled receptor 1; microCT Z microcomputed tomography; SMI Z structure model
index; Tb.N Z trabecular number; Tb.Pf Z trabecular pattern factor; Tb.Sp Z trabecular separation; Tb.Th Z trabecular
thickness; WT Z wild type.
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[4]. If the bone cells respond wrongly to the signalling
carried by hormones, cytokines or minerals, and so on,
dysregulation of the remodelling process could happen and
a net bone loss could be detected [33], and chronic bone
loss disorders such as osteoporosis occurred [7,34]. Chem-
erin is a novel adipocyte-derived signalling protein already
known to be involved in adipogenic differentiation of MSCs
[19] and other biofunctions such as glucose homeostasis
through activation of CMKLR1 [35]. GPR1 binds chemerin
with a similar affinity as CMKLR1; however, there are only a
few studies about chemerin and GPR1 physiological func-
tions [23,36]. In this study, we investigated the function of
GPR1 in regulating bone metabolism in vivo and in vitro in
male mice.
The apparent bone loss in GPR1�/� mice was detected by
microCT scanning, presented by histological staining, and
also reflected by the fragility of the bones during processing.
For example, we opted for 7-mm sections instead of the
usually used thinner ones owing to the fragility of the GPR1
null mice bone samples. Because of the insufficiency of the
null mice and their tissues, unfortunately, in this study we
had no chance to study female mice and to do mechanical
analysis on the bones. According to the data presented, the
significant deterioration of trabeculae in bone of GPR1�/�

mice indicates that GPR1 should be important in bone
metabolism, and could be related to osteoporosis.

A paralleled notable phenotype with osteoporosis in
male GPR1�/� mice is the dramatically low testosterone



Figure 2 Serumal levels of testosterone and estradiol in male GPR1�/� and WT male mice (14 weeks old) measured by RIA. Sta-
tistical significance was assessed using two-tailed Student t test; *p< 0.05 versus WT, ***p< 0.001 versus WT, NWTZ 12, NGPR1

�/�Z 3.
GPR1 Z G protein-coupled receptor 1; RIA Z radioimmunoassay; WT Z wild type.

Figure 3 GPR1, chemerin, and AR expression in osteogenic differentiated bMSCs isolated from WT mice. (A) Alizarin Red S
staining of ECM of bMSCs, photomicrographs (�4). (B) Quantification of ECM mineralisation by measuring Alizarin Red S extracted in
10% CPC solution. Statistical significance was assessed by the two-tailed Student t test; ***p < 0.001 versus control in each day;
N Z 3. (C) RT-qPCR analysis of mRNA levels for GPR1, chemerin and AR during WT MSC osteogenesis. All values are expressed
relative to the mRNA levels measured on Day 0 and represent the mean � standard error of the mean. Statistical significance was
assessed by one-way ANOVA followed by Bonferroni; *p < 0.05 versus Day 0, N Z 3. ANOVA Z analysis of variance; AR Z androgen
receptor; bMSCs Z bone marrow-derived mesenchymal stem cells; ECM Z extracellular matrix; GPR1 Z G protein-coupled re-
ceptor 1; RT-qPCR Z real-time quantitative polymerase chain reaction; WT Z wild type.
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and relatively low estradiol level. Steroid sex hormones
play a key role in bone growth and development in child-
hood and adolescence [37], and are also essential for the
maintenance of bone health in an adult male or female
[38]. Evidence indicated that reduced BMD is correlated
with decreased serum testosterone levels [13]. In this
study, it is possible that the reduced estradiol level could
be a consequence of the extremely lowered testosterone
level as mentioned by others [11,13]. It has been reported
that GPR1 could activate Gai/o, ERK1/2, p38, and RHOA/
ROCK-dependent signalling [16]. However, the molecular
mechanisms underlying the effects of chemerineGPR1 in
inhibiting testosterone secretion are not yet clear. How
chemerineGPR1 plays its role in the regulation of testos-
terone and estradiol is an interesting topic to be elucidated
in our future studies. We investigated the expression of



Figure 4 RT-qPCR analysis of the mRNA expression of biomarkers related to both (A) osteoclast including TRAP, Cathepsin K,
NFATc1; and (B) osteoblast including CoL1A2, ALP, Osterix, and OCN. Statistical significance was assessed using two-tailed Student t
test; **p < 0.01 versus WT, ***p < 0.001 versus WT, NWT Z 15, NGPR1

�/� Z 6. CoL1A2 Z collagen type I alpha 2; OCN Z osteocalcin;
RT-qPCR Z real-time quantitative polymerase chain reaction; TRAP Z tartrate-resistant acid phosphatase; WT Z wild type.

Figure 5 Histomorphologic analysis. H&E and tartrate-resistant acid phosphatase (TRAP) staining of distal femora sections from
male GPR1�/� and control WT mice (14 weeks old). GPR1 Z G protein-coupled receptor 1; H&E Z haematoxylineeosin; WT Z wild
type.
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GPR1, chemerin, and AR in differentiated WT bMSCs, but
we were unable to do so in GPR1�/� mice bMSCs. For un-
known reasons, bMSCs isolated from GPR1�/� mice could
not be successfully cultured in vitro for further investiga-
tion. We are interested in the unculturable characteristic of
the GPR1 null mice bMSCs, and we believe this is important
for revealing the mechanism behind the osteoporosis
phenotype of the null mice.
Unculturable bMSCs of GPR1�/� mice might be able to
result in lower BMD, but confusingly, not all the osteoblast
biomarkers that have been investigated were reduced in
our study. Besides the ubiquitously expressed bone forma-
tion marker ALP, Osterix is known as a master driver in the
early stages of differentiation of bMSCs into preosteoblasts
[39]. The upregulated Osterix in this study might give us a
new clue of their new functions under GPR1 deficiency and



Figure 6 Immunohistochemical staining with collagen I and F4/80-specific antibody of the bone tissue from male GPR1�/� and
control WT mice (14 weeks old). GPR1 Z G protein-coupled receptor 1; WT Z wild type.

Figure 7 Analyses of the mRNA and protein levels of IL-1b, IL-6, and TNF-a in bone tissues and serum from male GPR1�/� and WT
mice (12 months old), respectively. (A) RT-qPCR analysis and (B) enzyme-linked immunosorbent assay (ELISA) analysis. Statistical
significance was assessed using two-tailed Student t test; *p < 0.05 versus WT, NWT Z 15, NGPR1

�/� Z 6. GPR1 Z G protein-coupled
receptor 1; IL Z interleukin; RT-qPCR Z real-time quantitative polymerase chain reaction; TNF-a Z tumour necrosis factor alpha;
WT Z wild type.
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extremely low testosterone conditions. As expected, three
investigated osteoclast biomarkers increased at different
levels, in agreement with histological information. At pre-
sent, we cannot attribute the imbalance of bone turnover
to osteoblasts or osteoclasts, either number- or function-
wise [3,40]. However, what is certain is that in GPR1�/�

mice, the bone mass is dramatically decreased.
In addition to osteoblasts, bone marrow bMSCs can also

give rise to adipocytes. Generally, factors that promote
bMSC adipogenesis inhibit osteoblastogenesis and thereby,
reduce bone formation. Chemerin was reported as a regu-
lator that stimulates adipogenesis of bMSCs [18]. Maybe this
explains why chemerin expression kept going down during
the differentiation of bMSCs to osteoblast. Osteoporosis is a
chronic disease usually accompanied by inflammation, so
we detected the inflammatory cell, macrophage/monocyte
biomarker. We also found that several inflammatory factors
were upregulated significantly in GPR1�/� mice. These



50 J. Li et al.
inflammatory cytokines might help to enhance bone
resorption through stimulation of osteoclastogenesis,
leading to bone loss in GPR1�/� mice, too [41].

In conclusion, in this study, we reported that GPR1
deficiency in mice would result in severe osteoporosis
associated with lower sex hormones in serum. To the best
of our knowledge, this is the first time that chemerineGPR1
signalling is being connected with bone metabolism.
Another bone-regulating factor, sex hormones’ involve-
ment, makes the story more interesting and complicated.
To elucidate the mechanisms of chemerineGPR1 and sex
hormone on bone metabolism, more detailed studies are
necessary before we can unveil them.
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