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Cytokines CCL2 and CXCL1 may be potential
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Abstract. Osteoporosis is a common disorder characterized by
decreased bone mineral density (BMD) and increased fracture
risk. The current techniques detect real-time BMD precisely but
do not provide adequate information to predict early bone loss. If
bone loss could be diagnosed and predicted early, severe osteo-
porosis and unexpected fractures could be prevented, allowing
for an improved quality of life for individuals. In the present
study, an ovariectomized rat model of bone loss was established
and the serum levels of 78 potential cytokines were determined
using a protein array. The BMD of ovariectomized rats was
dynamically measured by micro-CT and the early stage of bone
loss was defined at the fourth week after surgery. The expression
of several serum protein cytokines was indicated to be altered in
the ovariectomized rats during an 8-week time-course of bone
loss. Linear regression analysis revealed that the serum levels of
C-C motif chemokine ligand 2 (CCL2, also known as monocyte
chemoattractant protein 1) and C-X-C motif chemokine ligand 1
(CXCL1) were significantly associated with a reduction in BMD.
The significance of these two factors in indicating bone mass
reduction was further verified by analyzing serum samples from
24 patients with BMD using ELISA and performing a linear
regression analysis. The serum levels of CCL2 and CXCLI1
were inversely correlated with the bone mass. Therefore, the
cytokines CCL2 and CXCLI1 may be potential novel predictors
of early bone loss and may be clinically relevant for the early
diagnosis and prevention of osteoporosis.

Correspondence to: Dr Liu Yang or Dr Xiaojuan Shi, Department
of Orthopedic Surgery, Xijing Hospital, The Fourth Military
Medical University, 127 Changle West Road, Xi'an, Shaanxi 710032,
P.R. China

E-mail: yangliu@fmmu.edu.cn

E-mail: shixj6166@163.com

“Contributed equally

Key words: bone loss, prediction, cytokines, C-C motif chemokine
ligand 2, C-X-C motif chemokine ligand 1

Introduction

Osteoporosis is a common orthopedic disease featuring a
decrease in bone mass and an increase in bone fragility. It is
characterized by low bone mineral density (BMD), which is
usually measured by traditional Dual energy X-ray methods
or optimized methods (1). These classical methods are able
to provide accurate BMD data; however, they cannot provide
information that predicts early bone loss. On the other hand,
if the early decline of bone mass can be identified, improved
measures to prevent the occurrence and development of
osteoporosis may be taken. Certain studies have focused
their attention on exploring new measures to predict BMD by
assessing bone turnover markers (2), C-C motif chemokine
ligand (CCL)11/eotaxin-1 (3), calcium isotope (4), circular
RNAs (5), metabolites (6), gene expression microarray
analyses (7) and transforming growth factor-p3 (8). If any of
these factors were revealed to be able to indicate premature
bone loss, they would hold great promise for the prevention of
0Steoporosis.

Inflammatory reactions are frequently accompanied by
the occurrence of bone loss. The term osteoimmunology was
adopted by Arron and Choi (9). Subsequently, it was demon-
strated that interleukin (IL)-1p (10), IL-6 (11-15), IL-10 (16,17)
and IL-13 (18) are closely linked to osteoporosis. Other
biomarkers were also indicated to be associated with BMD.
For instance, early bone loss is frequently accompanied
by changes in the body microenvironments, in particular,
changes in serum cytokine levels, such as CC motif ligand 4
(CCL4)/macrophage inflammatory protein-1p (MIP-1p) (19),
sclerostin (20) and neuropeptide vasoactive intestinal
peptide (21). Based on this serum screening method, the
present study explored which of the various cytokines may be
used as predictors of early bone loss.

In the present study, a rat model of ovariectomy-induced
bone loss was successfully established to represent early
osteoporosis in humans. The animals demonstrated progres-
sive bone loss starting from four weeks after surgery. In the
protein array screening, several cytokines in the rat serum
were noted to be associated with the development of osteo-
porosis. Specifically, increased serum levels of CCL2 and
C-X-C motif chemokine ligand 1 (CXCL1) were significantly
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associated with decreased BMD. Validation in clinical patient
samples demonstrated that the cytokines CCL2 and CXCL1
were also significantly associated with reduced BMD in
humans. Through linear regression analysis, linear regression
equations between these two cytokines and changes in bone
mass were obtained, from which the change in bone density
may be predicted. Overall, the present study suggested that
serum levels of CCL2 and CXCLI could be used to predict the
decline in BMD at an early stage in individuals in a rapid and
non-invasive manner.

Materials and methods

Establishment of rat model of early bone loss. Female Sprague
Dawley rats (n=24; age, 12 weeks; body weight, 240+16.9 g)
were purchased from the Experimental Animal Center of
the Fourth Military Medical University (Xi'an, China). The
rats were housed with free access to food and water (12 h
light/dark cycle, 20°C and 50-55% humidity). The rats were
randomly divided into two groups: An ovariectomy group
(OVX, n=12) and a sham group (Sham, n=12). To establish the
early bone loss model, all 12 rats in the OVX group underwent
ovariectomy following anesthetization by intraperitoneal
injection of pentobarbital at a dose of 40 mg/kg. All 12 rats
in the sham group underwent ovary ablation following the
same anesthetization method. At 2, 4, 6 and 8 weeks after
the surgical procedures, serum samples were collected from
the animals in each group. All animal experimental proce-
dures were approved by the Ethics in Experimental Animal
Center of the Fourth Military Medical University (permission
code IACUC-20190112).

Confirmation of early bone loss by uCT. At 2-week intervals
over 2 months following the ovariectomy or sham operations
(time-points of 2, 4, 6 and 8 weeks), each rat was anesthetized
with pentobarbital at a dose of 40 mg/kg during #CT scan-
ning. The American Society for Bone and Mineral Research
recommendations for small-animal yCT (22) were followed
during the process of yCT analysis. A pre-clinical Inveon ¢CT
system (Siemens Healthineers) with a resolution of 8 mm, tube
current of 0.1 mA and tube voltage of 50 kV was used to scan
distal femurs. The three-dimensional quantitative analyses
were performed using the uCT system (Inveon Research
Workplace 2.2; Siemens Healthineers). Scanning regions were
confined from the distal metaphysis and extended 2.0 mm
proximally from the proximal tip of the primary spongiosa.
The following three-dimensional indices in the defined
region of interest were determined: BMD, trabecular thick-
ness (Tb.Th) and relative bone volume over the total volume
(BVITV, %). The examiner performing the scan analyses was
blinded to the experimental group of the subjects.

Serum cytokine array analyses. Blood samples (1 ml) were
obtained from the retro-orbital veins of each animal at 2, 4, 6
and 8 weeks following surgery. Rat serum samples collected
every two weeks post-surgery were assessed for the presence
of 78 cytokines (Table SI) using the Quantibody Rat Cytokine
Array kit (RayBiotech Inc.) according to the manufacturer's
protocol (Fig. S1). In brief, antibody array membranes were
blocked with Tris-buffered saline supplemented with 5%
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skimmed milk and 0.05% Tween-20 for 1 h, followed by the
addition of rat serum to obtain final 10-fold dilutions. The
fluorescence brightness was detected and quantified on a fluo-
rescent scanner (Axon GenePix; Molecular Devices, LLC) to
determine the cytokine expression levels.

Human BMD detection and blood serum sample collec-
tion. A total of 24 individuals aged 15-75 years from Xijing
Hospital (Xi'an, China) were recruited and provided informed
signed consent, prior to being enrolled in the present study
as human subjects. The experiment was approved by the
Ethics Committee of Xijing Hospital of Fourth Military
Medical University (Xi'an, China; permission code:
XJYYLL-2014076). The demographic data of the patients
are presented in Table SII. The patients had a normal hepa-
torenal function and were excluded if they had a history of
cardiovascular disease, cancer or diabetes mellitus. Each
human subject signed an informed consent document prior to
study enrollment. None of the subjects had been diagnosed
with any metabolic bone diseases nor had they been treated
with any medications known to affect bone metabolism.
In each subject, the BMD of the lumbar spine (L1-4) was
measured using dual-energy X-ray absorptiometry scanners
(QDR4500; Hologic, Inc.). Blood samples were collected in
non-anticoagulated blood collection tubes at 4°C to obtain
serum supernatants, which were then stored at -80°C for
further evaluation using ELISA.

Human serum ELISA and KEGG pathway maps. Human
serum cytokine expression levels (CCL2 and CXCLI1) were
measured with ELISA assay kits (cat. nos. P13500 and
P09341; RayBiotech, Inc.) according to the manufacturer's
protocols. The total concentration of each cytokine was esti-
mated using the Bradford protein assay method. In addition,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis was used to identify possible pathways related to
CCL2 and CXCLI signaling in osteoporosis (23-25).

Statistical analysis. Statistical analyses were performed with
SPSS software, version 22 (IBM Corp.). Quantitative data are
expressed as the mean + standard deviation. Statistical tests
were performed by two-way analysis of variance (ANOVA).
ANOVA followed by the Bonferroni post-hoc test was
performed for comparisons among multiple groups. A Pearson
correlation was employed to determine the linear correlation
between two variables. P<0.05 was considered to indicate a
statistically significant difference.

Results

Confirmation of early bone loss in an ovariectomized rat
model. In order to track the occurrence of early bone loss, the
BMDs and other bone parameters of rats were measured at two
weeks following surgery. The rat distal femur structure was
reconstructed based on CT scan images (Fig. 1A). At the fourth
week after surgery, the BMD of the rats in the ovariectomized
group began to decrease significantly. At the eighth week, the
BMD decreased by >15% (Fig. 1B). In the sham group, the
BMD of rats did not change significantly at these time-points.
Along with the decrease of BMD, quantitative analysis of
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Figure 1. Establishment and confirmation of early osteoporosis in ovariectomized rat models. (A) #CT analysis within the metaphyseal distal femur region
at 2,4, 6 and 8 weeks following sham surgery or ovariectomy (original magnification, x40). Dynamic alterations of (B) BMD, BV/TV and Tb.Th in rats that
received either sham surgery or ovariectomy. "P<0.05 and “P<0.01, sham vs. OVX group (n=5). BMD, bone mineral density; BV/TV, relative bone volume over

the total volume; Tb.Th, trabecular thickness; OVX, ovariectomy group.

further bone parameters in the ovariectomized group revealed
a significant decrease in BV/TV at 4-8 weeks (Fig. 1B) and
Tb.Th at 6-8 weeks (Fig. 1B) post-surgery (P<0.05).

Screening for cytokines associated with early bone loss by
protein array. A total of 78 serum cytokines were included
in the protein array screening assay. By analysis of fluores-
cence intensities, it was revealed that in the OVX group,
20 serum cytokines increased or decreased steadily from
2 weeks post-surgery, while they remained unchanged in the
Sham group. A total of 10 cytokines [proopiomelanocortin,
B-catenin, CCL2, CXCLI1, tumor necrosis factor super family
member 6, follistatin-like 1, colony-stimulating factor 2,
CXCL6, matrix metalloproteinase (MMP)-8 and hypocretin
neuropeptide precursor] were increased following ovariectomy
(Fig. 2A), whereas another 10 cytokines (brain-derived neuro-
trophic factor, C-C motif chemokine receptor 4, C-X-C motif
chemokine receptor 4, GDNF family receptor a4, IL-2, growth
hormone 1, MMP-13, resistin-like 3, Toll-like receptor 4 and
IL-3) exhibited the opposite trend (Fig. 2B, Table SIII). The
other 58 cytokines assessed showed insignificant changes
between the OVX and the Sham group over the time-course
(Fig. S2).

Linear regression analyses of cytokines and bone mass loss in
the ovariectomized rat models. After protein array screening,
20 cytokines were noted to be elevated or decreased in the
serum during the early stage of bone loss in the present model.
However, whether they were also correlated with bone loss
progression remained to be elucidated. To verify the associa-
tion of these 20 cytokines with the progression of early bone
loss, the correlation between the cytokine levels and BMD of

ovariectomized rats was analyzed. Among the 20 cytokines,
CCL2 and CXCLI1 were inversely correlated with the BMD of
the ovariectomized rats (P<0.05, Fig. 3). By contrast, the other
18 cytokines did not exhibit any significant correlations with
BMD (P>0.05; Fig. S3, Table SIV).

Utility of CCL2 and CXCLI in reflecting early bone mass
reduction in human serum array. To further verify the
clinical significance of the serum cytokines of CCL2 and
CXCLI as potential predictors of early bone loss, the present
study detected the serum levels of human CCL2 and CXCLI
in clinical patients (mean age, 52.87 years old; female/male
patients, 18/6; BMD for the subjects is provided in Table SII, 9
individuals had osteoporosis, 12 postmenopausal females were
included) using commercially available ELISA kits. Linear
regression analysis between CCL2 and CXCL1 levels and
human BMD was then performed. The results demonstrated
that these two candidate cytokines, CCL2 and CXCLI1, were
positively correlated with bone loss in humans (P<0.05; Fig. 4).
The linear regression equation between CCL2 and BMD was
Y (BMD, mg/cm?)=1,207.375-43.0247*X (CCL2, pg/ml). The
linear regression equation between CXCL1 and BMD was Y
(BMD, mg/cm?)=2,025.413-1,085.2*X (CXCLI, pg/ml). When
the serum levels of CCL2 and CXCLI1 increase to 6.2 and
1.0 pg/ml, respectively, the BMD drops below 940 mg/cm?
(T-value <-1), which is considered to be indicative of early
bone loss in the clinic. Applying these equations, CCL2 and
CXCLI1 serum levels may be used to deduce an individual's
BMD value and predict premature bone loss in humans. In
addition, KEGG pathway analysis revealed the involvement
of typical osteoporosis-associated ILs in the same signaling
pathways as CCL2 and CXCL1 (Figs. 5 and S4). Furthermore,
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Figure 2. Screening results of bone loss-associated biomarkers using protein array. Dynamic alterations of serum cytokines in the sham or ovariectomized rats
at 2,4, 6 and 8 weeks following surgery. Each sample was repeatedly measured in three wells in the protein array. The fluorescence intensity was normalized
by means of 8 control wells. (A) The cytokines that increased following ovariectomy. (B) The 10 cytokines that decreased following ovariectomy. "P<0.05,
"P<0.01, ""P<0.001 vs. sham group (n=3). OVX, ovariectomy group; CCL2, C-C motif chemokine ligand 2; CXCL1, C-X-C motif chemokine ligand 1;
CXCR4, C-X-C motif chemokine receptor 4; MMP, matrix metalloproteinase; TLR, Toll-like receptor; IL, interleukin; BDNF, brain-derived neurotrophic
factor; GFR, GDNF family receptor; CSF, colony-stimulatory factor; POMC, proopiomelanocortin; FSTLI1, follistatin-like 1; HCRT, hypocretin neuropeptide
precursor; TNSF; tumor necrosis factor superfamily member; GH, growth hormone.

according to the present results, these ILs were associated with
decreased bone mass (Fig. S4).

Discussion

Osteoporosis is a common and severe degenerative disease.
If osteoporosis were to be identified at its early stage, its
development could be delayed and it would be possible to
avoid substantial economic losses. In the present study,
serum protein array screening in an ovariectomy-induced
rat model of bone loss revealed that a total of 20 serum

cytokines were aberrantly expressed in parallel with the
development of early bone loss. Of the 20 potential markers,
CCL2 and CXCLI1 were further validated to be correlated
with bone loss in the ovariectomy-induced osteoporosis rat
model (resembled postmenopausal osteoporosis in humans).
Postmenopausal osteoporosis is one of the most common
skeletal diseases, for which practical methods for early diag-
nosis are lacking (3). Of note, in the present study, CCL2 and
CXCLI increased with the progression of postmenopausal
osteoporosis, which may provide an effective and promising
way to predict postmenopausal early bone loss. Further
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Figure 5. CCL2, CXCLI and certain ILs are jointly involved in certain pathways. (A) Pathway information. (B) Rheumatoid arthritis pathway. Red solid box:
CCL2 and CXCLI1 (linear correlation with BMD significantly). Blue dotted boxes denote IL-1p and IL-6 (insignificant changes over the time-course).
CCL2, C-C motif chemokine ligand 2; CXCL1, C-X-C motif chemokine ligand 1; IL, interleukin.

statistical analysis of results obtained with human subjects
suggested that this novel prediction method may be used
for early diagnosis of osteoporosis, which may assist in the
implementation of interventions for osteoporosis in a timely
manner. The human subjects of the present study were not
only patients with postmenopausal osteoporosis, but the
cohort reflected age-associated osteoporosis, indicating that
these two predictive markers may be universally applicable
for age-associated osteoporosis.

CCL2 and CXCLI belong to the superfamily of chemo-
kines. CCL2 (also known as monocyte chemoattractant
protein 1) is a secreted protein involved in immunoregulatory
and inflammatory processes. CCL2 has roles in systemic
inflammation (26), enhancing the efficacy of immuno-
therapy (27) and also promoting the migration of tumor cells
and macrophage-like cells (28). CXCLI is a member of the
CXC subfamily of chemokines and has a role in inflammation
as a chemoattractant for neutrophils. CXCL1 may promote the
proliferation of neural stem cells (29), restore neutrophil migra-
tion (30) and inhibit paclitaxel-induced peripheral neuropathy

in mice (31). In the inflammatory response, these two factors
may be detected simultaneously, suggesting that they may also
function together. Respective induction of CXCL1 and CCL2
in spinal cord astrocytes and neurons may contribute to neuro-
pathic pain (32). Neuroinflammation in chronic pain conditions
involves CCL2 and CXCLI and recent studies suggested that
bone marrow stem cells (BMSCs) produced potent analgesic
effects in animal models of inflammatory pain, neuropathic
pain and cancer pain (33). Microglia-derived IL-13 promoted
CCL2 and CXCLI expression by Miiller cells in focal retinal
degeneration (34).

Current bone-associated studies have indicated a defi-
nite relationship between bone marrow/BMSCs and CCL2.
Enhanced levels of CCL2 were discovered in the bone marrow
of septic mice (35). B-cell acute lymphoblastic leukemia
cell-derived CCL2 was reported to increase periostin levels
in BMSCs (36). The present study also confirmed the role of
CCL2 in bone, as the serum levels of CCL2 reflected changes
in bone loss. Furthermore, a linear correlation between
CXCLI1 and the decline in BMD was revealed in the present



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

study, while there are currently only a few reports on the
correlation between CXCL1 and bone mass (37). The speci-
ficity of CCL2 and CXCL2 for osteoporosis may be limited,
as they are general chemokines that may not be specific for
osteoporosis. This research should be further assessed in
the future. Through retrieval of pathway information from
KEGG, it was revealed that CCL2, CXCL1 and numerous
ILs are involved in certain pathways together. Previous
studies indicated that IL-1f3 and IL-6 are significantly associ-
ated with osteoporosis (38). In the serum cytokine array of
the present study, they all displayed a significant decreasing
trend from two to six weeks after surgery, followed by an
increasing trend through to the eighth week. From these
results, it may be expected that during the process of bone
loss, the body's inflammatory response also changes from
an initial decrease to a delayed rise, and finally, there would
be significant inflammation during osteoporosis (39,40).
However, this phenomenon requires to be evidenced in future
studies.

Estrogen deficiency, systemic inflammation and these two
cytokines (CCL2 and CXCLI) are closely linked and these
two cytokines have been reported to respond to systemic
inflammation (26,41). Although estrogen deficiency may
induce higher CCL2 expression levels (42), the present study
revealed that the trends of these two cytokines were still
present in age-associated osteoporosis. Accordingly, it may be
more likely that CCL2 and CXCLI are indicators of systemic
inflammation rather than estrogen deficiency. Furthermore,
studies demonstrated that CCL2 and CXCL1 were involved
in physiological bone remodeling, CCL2 was primarily
expressed by bone-forming osteoblasts (43) and these two
cytokines mediated osteoclastogenesis and accelerated osteo-
clast maturation (37,44-46). These results may explain why the
progress of bone loss was accompanied by increasing serum
levels of CCL2 and CXCLI in the present study.

In previous studies exploring BMD prediction methods,
the genetic risk score was assessed (47) and a genome-wide
association study was performed (48), which were costly
and DNA sequencing was tedious. Certain studies have also
made rigorous attempts to identify associations between
serum markers and bone loss. In a 10-year follow-up study
based on a large cohort of human subjects, investigators
failed to identify a significant association between serum
testosterone and bone mass loss (49). The present trial was
based on a small cross-sectional cohort of 24 subjects and
there were limitations of validation and long-term follow-up.
Verification of the present method in a large-sample popu-
lation and application of clinical testing in the future may
improve the quality of life of patients while lowering costs
and save time.

In previous studies on osteoporosis, real-time bone density
was measured, but there is currently a lack of tools to monitor
its changes, making it difficult to provide accurate predictions
on osteoporosis development. If it were possible to use serum
cytokines for predicting bone mass reduction, this may provide
advantages of convenience, accuracy and efficiency, while
avoiding the risk of radiation damage from other methods.
The present results suggested that serum levels of CCL2 and
CXCL1 may be used as a novel tool for early diagnosis and
early intervention of osteoporosis.
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