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of sclerostin by osteocytes and targeting 
sclerostin promotes spinal fusion at early stages
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Abstract 

Background  Despite extensive research, there is still a need for safe and effective agents to promote spinal fusion. 
Interleukin (IL)-1β is an important factor which influences the bone repair and remodelling. The purpose of our study 
was to determine the effect of IL-1β on sclerostin in osteocytes and to explore whether inhibiting the secretion of 
sclerostin from osteocytes can promote spinal fusion at early stages.

Methods  Small-interfering RNA was used to suppress the secretion of sclerostin in Ocy454 cells. MC3T3-E1 cells were 
cocultured with Ocy454 cells. Osteogenic differentiation and mineralisation of MC3T3-E1 cells were evaluated in vitro. 
SOST knock-out rat generated using the CRISPR-Cas9 system and rat spinal fusion model was used in vivo. The degree 
of spinal fusion was assessed by manual palpation, radiographic analysis and histological analysis at 2 and 4 weeks.

Results  We found that IL-1β level had a positive association with sclerostin level in vivo. IL-1β promoted the expres-
sion and secretion of sclerostin in Ocy454 cells in vitro. Inhibition of IL-1β-induced secretion of sclerostin from Ocy454 
cells could promote the osteogenic differentiation and mineralisation of cocultured MC3T3-E1 cells in vitro. The 
extent of spinal graft fusion was greater in SOST-knockout rats than in wild-type rats at 2 and 4 weeks.

Conclusions  The results demonstrate that IL-1β contributes to a rise in the level of sclerostin at early stages of bone 
healing. Suppressing sclerostin may be an important therapeutic target capable of promoting spinal fusion at early 
stages.

Keywords  Sclerostin, Spinal fusion, Osteocyte, Osteoblast, IL-1β

Introduction
Spinal fusion is one of the most commonly used opera-
tions to treat spinal instability and spinal degenerative 
diseases. The number of lumbar spinal fusion procedures 
performed in the United States between 2004 and 2015 
has increased by 62.3% and the costs also increased [1]. 
Autologous iliac crest bone graft is the “gold standard” of 
spinal fusion. But even with autologous graft. But even 
with autologous graft, the efficacy of spinal fusion is not 
always satisfactory [2, 3].

A number of osteogenic agents that stimulate bone 
growth have been identified. Bone morphogenetic pro-
tein (BMP) is a growth factor necessary for bone tis-
sue development and repair [4, 5]. Bone morphogenetic 
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protein-2 (BMP-2) has been approved by the US Food 
and Drug Administration (FDA) for anterior lum-
bar fusion in the spine, but safety concerns including 
postoperative associated adverse effects, ectopic bone 
formation, osteoclast-mediated bone resorption and 
inappropriate adipogenesis have emerged [6–9]. Small 
molecules that can stimulate the differentiation of human 
bone marrow-derived mesenchymal stromal cells (hBM-
SCs) into osteoblasts or enhance the effects of BMP2 
on hBMSCs have been developed, but there is currently 
no evidence that these small molecules promote bone 
growth in vivo [10–13]. Therefore, it is necessary to iden-
tify safe and effective osteogenic agents that promote spi-
nal fusion.

Sclerostin, which is encoded by the SOST gene, is a 
negative regulator of bone formation. Sclerostin is pri-
marily secreted by mature osteocytes. Sclerostin is 
retained in the bone compartment by binding to the 
low-density lipoprotein receptor-related protein (LRP4) 
receptor located on the osteoblast membrane. Sclerostin 
also binds to LRP5/6 and inhibits canonical Wnt sig-
nalling, thereby exerting its negative regulatory effects 
[14, 15]. The negative regulatory effects of sclerostin 
include inhibition of canonical Wnt signalling to sup-
press the proliferation and differentiation of osteoblasts/
pre-osteogenic cells; suppression of mature osteoblast 
activity; promotion of osteoblast apoptosis; and inhibi-
tion of bone mineralisation [16–18]. Studies have shown 
sclerostin increase dramatically in the early stages of the 
healing process, which may have potential problems for 
the development of successful spinal fusion [19, 20]. But 
the factors fueling this rise are not fully known.

Inflammation is an important factor affecting spinal 
fusion. Similar to the fracture healing process, bone graft 
healing involves an early stage of inflammation, in which 
inflammatory cytokines such interleukin-1β (IL-1β) and 
tumour necrosis factor-α (TNFα) are attracted to the 
bone graft site and help regulate the repair and resorp-
tion (i.e. remodelling) of skeletal tissues [21–23]. Increas-
ing evidence supports the notion of IL-1β-mediated 
bone loss [24, 25]. IL-1β has also been proven to inhibit 
osteogenic differentiation of mesenchymal stem cells and 
induce cell apoptosis, resulting in decreased bone volume 
and mechanical strength and ultimately impairing bone 
healing [26]. Therefore, the influence of inflammation on 
spinal fusion should not be ignored.

Growing evidences have shown that IL-1β is signifi-
cantly increased at early stages of bone healing, which 
is similar to sclerostin [27, 28]. But it is unclear whether 
IL-1β is a cause of increased sclerostin. In addition, 
considering the proven efficacy of romosozumab (an 
anti-sclerostin antibody) in osteoporosis treatment, anti-
sclerostin treatment may effectively promote the healing 

of the vertebrae [29, 30]. But sufficient evidence is still 
lacking [31]. Therefore, we conducted the current experi-
ment to determine the connection between IL-1β and 
sclerostin in osteocytes and to explore whether inhibiting 
the secretion of sclerostin from osteocytes promotes spi-
nal fusion at early stages.

Materials and methods
Cell culture and coculture experiments
Ocy454 cells, a murine osteocyte line, were kindly pro-
vided by Prof. Paola Divieti Pajevic (Boston Univer-
sity, Henry M. Goldman School of Dental Medicine). 
MC3T3-E1 cells were purchased from The Cell Bank of 
Type Culture Collection of the Chinese Academy of Sci-
ences. Ocy454 cells were differentiated in α-minimum 
essential medium (α-MEM, Gibco; Thermo Fisher Scien-
tific, Inc.) containing 10% fetal bovine serum (Gibco) at 
37  °C for 10  days. Cells were then trypsinised and sub-
cultured in 6-well plates (2 × 105 cells per well) or 96-well 
plates (1 × 104 cells per well) for 12 h before subsequent 
experiments. For coculture experiments, Ocy454 cells 
were seeded onto 0.4-mm-thick polycarbonate inserts 
(Costar Corning, Life Sciences, Acton, MA, USA) in 
24-well plates while MC3T3-E1 cells were plated in 
24-well plates in α-MEM medium. Ocy454 and MC3T3-
E1 cells were cocultured in a mixed medium (α-MEM 
and osteogenic differentiation medium, 1:1 ratio; Cyagen) 
for 28 days. The medium was replaced every 2 days, and 
the inserts seeded with Ocy454 cells were replaced every 
4 days to prevent unwanted effects associated with exces-
sive cell density.

Cell viability
Cell viability was assessed using a Cell Counting Kit-8 
(CCK-8) assay (Beyotime Institute of Biotechnology, 
Nanjing, China). Briefly, Ocy456 and MC3T3-E1 cells 
were seeded in 96-well plates (1 × 104 cells per well). Fol-
lowing exposure to different concentrations of IL-1β (0, 
1, 5, 10, or 20 ng/ml) for 24 h, the cells were incubated 
with 100 µl of serum-free α-MEM containing 10% CCK-8 
solution for 2 h at 37 °C. The absorbance at 450 nm was 
measured using a microplate reader (Epoch; BioTek 
Instruments, Inc.).

Small‑interfering RNA (siRNA) and cell transfection
Three siRNA sequencies specifically targeting SOST were 
designed and synthesised by RiboBio (RiboBio Co. Ltd., 
Guangzhou, Guangdong, China): 5ʹ-CTG​AGA​ACA​ACC​
AGA​CCA​T-3ʹ (siRNA1), 5ʹ-ATC​CCT​ATG​ACG​CCA​
AAG​A-3ʹ (siRNA2) and 5ʹ-ACA​CCC​GCT​TCC​TGA​
CAG​A-3ʹ (siRNA3). SOST-siRNA was transfected into 
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Ocy454 cells using Lipofectamine 2000 (Thermo Fisher 
Scientific, Inc.). After 48 h of culture, the cells were col-
lected for future experiments.

Enzyme‑linked immunosorbent assay (ELISA)
The level of sclerostin secreted by Ocy454 cells and the 
levels of IL-1β and sclerostin in rat bone tissues of trans-
verse process were measured using a sclerostin ELISA 
kit (SU-B31033, Kenuodi, Quanzhou, China) and a IL-1β 
ELISA kit (SU-B30419, Kenuodi, Quanzhou, China) 
according to the manufacturer’s instructions. Trans-
verse processes of at L4 and L5 in rats were decorticated 
using a drill. Decorticated bone tissues were harvested 
at day 1, 3, 7, 14 and 28. Transverse processes of L4 and 
L5 in unoperated rats were used as control (day 0). Equal 
weight of bone tissue was repeatedly crushed in 5 ml PBS 
and the supernatant was collected as previously reported 
[32, 33]. The standard samples, experimental samples and 
antibody were added to a microplate. After three washes, 
the 3,3′,5,5′-tetramethylbenzidine colourimetric reagent 
and the stop solution were added to the wells in succes-
sion. The absorbance at 450  nm was measured using a 
microplate reader. The concentrations of IL-1β and scle-
rostin were calculated from standard curves.

Alkaline phosphatase (ALP) staining and activity 
measurement
ALP was stained using a BCIP/NBT alkaline phosphatase 
color kit (C3206, Beyotime). After 7  days osteogenic 
induction, cells were fixed with 4% paraformaldehyde and 
subjected to ALP staining according to manufacturer’s 
instructions. The ALP activity of MC3T3-E1 cells was 
measured using an alkaline phosphatase assay kit (P0321S, 
Beyotime). The cells were lysed using radioimmunoprecip-
itation (RIPA) lysis buffer and centrifuged at 3000 rpm for 
20 min. The supernatant was then transferred to a 96-well 
plate and incubated at 37  °C for 30  min in the presence 
of p-nitrophenol and the reaction substrates. ALP activ-
ity was determined after measuring the absorbance of the 
p-nitrophenyl substrate at 405 nm on a microplate reader.

Real‑time polymerase chain reaction (PCR) assay
After 7 days of coculture, total RNA was extracted from 
MC3T3-E1 cells using TRIzol reagent. The concentra-
tion and quality of the extracted RNA were measured 
by a Nanodrop spectrophotometer (DeNovix, Wilming-
ton, DE, USA). cDNA was synthesised from 1 µg of RNA 
using Reverse Transcript Master Mix (Thermo Fisher 
Scientific, Inc.). Quantitative PCR amplification was 
performed using an Applied Biosystems QuantStudio 5 
Real-Time PCR System with qPCR Master Mix Kit and 
the following thermocycling conditions: melting at 95 °C 
for 10 s, annealing at 95 °C for 5 s and extension at 60 °C 

for 20  s for 45 cycles. The cycle threshold values were 
normalised for the expression of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH). The forward and reverse 
primer sequences used are listed in Table 1.

Western blot assay
The total protein fraction was extracted from MC3T3-
E1 cells (7  days after coculture) and Ocy454 cells (48  h 
after transfection) using RIPA assay buffer (Beyotime). 
The protein concentrations were measured using a bicin-
choninic acid protein assay kit (Thermo Fisher Scientific, 
Inc.). Total protein (20 µg per sample) was separated by 
sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis on a 12% gel and then transferred to a nitrocel-
lulose membrane (EMD Millipore). The membranes were 
incubated overnight at 4 °C with the following antibodies: 
ALP (1:1,000; ab229126, Abcam, Cambridge, MA, United 
States), osteocalcin (OCN; 1:1,000; 23,418–1-AP, Pro-
teintech, Wuhan, China), osteopontin (OPN; 22,952-AP, 
1:1,000; Proteintech), Runt-related transcription factor 2 
(Runx2; 1:1,000; #12,556, Cell Signaling Technology, Dan-
vers, MA, United States), sclerostin (1:1,000; ab85799, 
Abcam) and β-actin (1:2,000; #4970, Cell Signaling Tech-
nology). Membranes were washed with Tris-buffered 
saline containing Tween (0.05%) for 30 min, followed by 
incubation with anti-rabbit secondary antibody (1:5,000; 
Cell Signaling Technology) for 2 h at room temperature. 
The protein signals were visualised using an Enhanced 
Chemiluminescence Plus kit (Tanon Science and Tech-
nology Co., Ltd.). Densitometry analysis was performed 
using ImageJ software (version 1.8.0; National Institutes 
of Health, Bethesda, MA, USA).

Alizarin red staining
After 21 days of coculture, the MC3T3-E1 cells were gen-
tly washed with phosphate-buffered saline (PBS) twice 
and fixed in 4% paraformaldehyde solution for 20  min. 

Table 1  Primers’ Sequences Used in the Real-Time PCR (5’—3’)

Name Forward Reverse

GAPDH AAG​GTC​GGT​GTG​AAC​GGA​TT TGA​GTG​GAG​TCA​TAC​TGG​
AACAT​

Sclerositn CGT​GCC​TCA​TCT​GCC​TAC​
TTGT​

CGG​TTC​ATG​GTC​TGG​TTG​TTCT​

ALP ACG​GCG​TCC​ATG​AGC​AGA​
ACTA​

CAG​GCA​CAG​TGG​TCA​AGG​
TTGG​

OCN CCA​AGC​AGG​AGG​GCA​ATA​
AGGT​

CTC​GTC​ACA​AGC​AGG​GTT​
AAGC​

OPN AGC​AAG​AAA​CTC​TTC​CAA​
GCAA​

GTG​AGA​TTC​GTC​AGA​TTC​
ATCCG​

Runx2 CCC​AGG​CAG​TTC​CCA​AGC​
ATTT​

GGT​AGT​GAG​TGG​TGG​CGG​
ACAT​
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The cells were then washed with PBS twice to remove 
residual paraformaldehyde solution. The cells were 
stained with Alizarin red S staining solution for 30 min, 
washed with PBS and dried naturally. Five images were 
taken of each sample using an Olympus fluorescence 
microscope at a magnification of 40 × . The mineralised 
modules were quantified using Image J software.

Production of SOST−/− rats
Animal study was approved by the Ethics Committee of 
Fudan University Zhongshan Hospital. SOST-knockout 
(SOST−/−) Sprague–Dawley (SD) rats were established 
by Jiangsu GemPharmatech Co., Ltd (Nanjing, China) 
using the CRISPR-Cas9 system. Transcript SOST-201 
(ENSRNOT00000028238.2) was selected to produce 
SOST − / − rats. SOST-201 gene has 2 exons, with the 
ATG start codon in exon1 and TAG codon in exton2. 
Cas9 mRNA and sgRNA were co-injected into zygotes. 
sgRNA direct Cas9 endonuclease cleavage in intron 1–2 
and downstream of exton2, and created a double-strand 
break. Such breaks would be repaired by non-homolo-
gous end joining and result in disruption of SOST gene. 
The pups were genotyped by PCR, followed by sequence 
analysis. The sequences of genes and sgRNAs were pro-
vided in the Additional file 1.

Animal models
12 male SOST−/− rats and 12 male SD rats (wild-type, 
WT, obtained from Shanghai SLAC Laboratory Animal 
Company, Shanghai, China) were used in the current 
study. All rats were used at the age of 12  weeks. Lum-
bar spine bone mineral density (BMD), femur BMD and 
total BMD (skull excluded) of rats were measured with 
dual X-ray absorptiometry (iNSiGHT VET DXA; Osteo-
Sys, Seoul, Korea) for bone phenotype assessment. The 
rats were then divided into four experimental groups 
(n = 6 per group): 2-week WT rats, 2-week SOST−/− rats, 
4-week WT rats and 4-week SOST−/− rats. Rats were 
anesthetized using sodium pentobarbital. Bilateral pos-
terolateral intertransverse process lumbar fusion sur-
gery was performed using autologous iliac crests. The L4 
and L5 levels were identified with reference to the iliac 
crests. A single midline skin incision and two paramed-
ian fascial incisions were made to expose the transverse 
processes of L4 and L5. The fusion site was decorticated 
using a drill. The autologous iliac grafts (a quarter of each 
ilium from each rat) were then placed over the bed space 
(L4 to L5) on both sides of the spine. After surgery, the 
rats were monitored to detect neurological symptoms or 
infections. The rats were sacrificed at 2 or 4 weeks after 
surgery, according to the allocated group.

Manual palpation
The soft tissues were carefully removed from around 
the spine, and three observers (blinded to the experi-
mental groups) manually palpated the spine, and scored 
it as follows. Compared with adjacent joints, an oper-
ated joint with no reduction in motion was scored as 
0. An operated joint with reduced mobility, indicating 
partial fusion, was scored as 1. An operated joint that 
was immobile, indicating complete fusion, was scored 
as 2 [34].

Radiographic analysis
Micro-computed tomography (micoCT) scans of the 
spines were preformed using SCANCO 50 (Switzerland). 
Three-dimensional reconstructed images of the fused 
spine segment were generated. The CT images were eval-
uated by three radiologists (blinded to the experimental 
groups) and scored as follows for each side of the fusion 
mass. Robust fusion between L4 and L5 was scored as 2. 
A continuous, but narrow fusion mass, indicating partial 
fusion, was scored as 1. A discontinuous fusion mass, 
indicating no fusion, was scored as 0 [34]. Fusion-mass 
volume on microCT was calculated using ImageJ soft-
ware and the Volumest (VOLUMe ESTimation) plugin.

Histological analysis
Rat spines were harvested and fixed with 4% paraform-
aldehyde overnight. The spines were decalcified in 10% 
ethylenediaminetetraacetic acid (EDTA) for 4  weeks 
and embedded in paraffin. The paraffin-embedded tis-
sues were cut into 4  μm paraffin sections. Hematoxylin 
and eosin (H&E) staining and Masson trichrome stain-
ing were conducted to evaluate the formation of bone 
according to standard histological protocols as described 
previously [35, 36]. The slides were scanned using an 
Olympus BX51 microscope (Olympus, Tokyo, Japan).

Statistical analysis
In vitro experiments were independently carried out 
three times. Data are presented as the mean ± stand-
ard deviation. Statistical comparisons among multiple 
groups were performed using one-way analysis of vari-
ance (ANOVA) followed by Bonferroni’s multiple com-
parison test or a Kruskal–Wallis test (nonparametric, 
manual palpation score and micro-CT fusion score). Two 
group comparisons were done using Student’s t-test. The 
correlation analyses were performed using Pearson cor-
relation. p values of < 0.05 were considered statistically 
significant. All statistical analyses were performed using 
SPSS software (version 22.0; IBM Corp.).
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Results
IL‑1β promoted the expression and secretion of sclerostin 
from Ocy454 cells in vitro
We performed qPCR and ELISAs to measure sclerostin 
mRNA expression and secretion from Ocy454 cells. A 
CCK8 assay was used to determine the viability of Ocy454 
and MC3T3-E1 cells. We found that exposure to 1, 5 or 
10 ng/ml IL-1β significantly increased sclerostin mRNA 
expression and secretion from Ocy454 cells (Fig. 1A, B). 
Exposure to 1 ng/ml IL-1β did not affect the viability of 
Ocy454 cells. Although 5 or 10  ng/ml IL-1β decreased 
the viability of Ocy454 cells, the viability remained above 
80% (Fig.  1C). Exposure to 20  ng/ml IL-1β did not sig-
nificantly affect sclerostin mRNA expression or secretion 
compared with those in the control group. This finding 
may be explained by the marked decrease in cell viability 
(around 50%). Based on these results, we used IL-1β at 
a concentration of 10 ng/ml in subsequent experiments. 
Considering the subsequent coculture experiments, we 
also determined the effect of 10 ng/ml IL-1β on the via-
bility of MC3T3-E1 cells. In this experiment, the viability 
of MC3T3-E1 cells remained above 85% after incubation 
for 24, 48, 72 and 96 h (Fig. 1D).

SOST‑siRNA transfection inhibited sclerostin expression 
and secretion of Ocy454 cells
SOST-siRNA was transfected into Ocy454 cells and was 
confirmed to inhibit sclerostin expression and secretion, 
as determined by PCR and western blotting. Of the three 
siRNAs tested, SOST-siRNA2 elicited the greatest inhibi-
tory effects on sclerostin mRNA and protein expression 
(Additional file  2: Fig. S1A–C). Furthermore, SOST-
siRNA2 transfection significantly decreased the secretion 
of sclerostin from Ocy454 cells (Additional file  2: Fig. 
S1D). Thus, siRNA2 was used in following experiments, 
unless otherwise specified.

Inhibiting the secretion of sclerostin from Ocy454 cells 
promoted osteogenic differentiation of MC3T3‑E1 cells
To investigate whether MC3T3-E1 cells underwent oste-
ogenic differentiation, we determined the mRNA and 
protein expression levels of ALP, OPN, OCN and Runx2 
by PCR and western blotting. PCR revealed that exposure 
to 10 ng/ml IL-1β inhibited ALP, OPN and Runx2 mRNA 
expression in the MC3T3-E1 cell monoculture group. 
When cocultured with Ocy454 cells, exposure to 10 ng/
ml IL-1β decreased the mRNA expression levels of ALP, 

Fig. 1  Effects of IL-1β on the viability of Ocy454 and MC3T3-E1 cells and secretion of from Ocy454 cells. A, B Effects of exposure to different 
concentrations of IL-1β (0, 1, 5, 10, or 20 ng/ml) for 24 h on the secretion of sclerostin (A) and sclerostin mRNA expression levels (B) in Ocy454 cells. 
C Effects of exposure to IL-1β (0, 1, 5, 10, or 20 ng/ml) for 24 h on the viability of Ocy454 cells. D Effects of exposure to 10 ng/ml IL-1β for 24, 48, 72, 
or 96 h on the viability of MC3T3-E1 cells. The experiments in vitro were performed independently 3 times. *p < 0.05 and **p < 0.01 versus control 
cells (0 ng/ml IL-1β)
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OPN, OCN and Runx2 in MC3T3-E1 cells. Inhibiting the 
secretion of sclerostin from Ocy454 cells led to increased 
mRNA expression of ALP, OPN, OCN and Runx2 in 
MC3T3-E1 cells. There were no significant differences 
in the mRNA expression levels of ALP, OPN, OCN and 
Runx2 between the IL-1β group and the siRNA-negative 
control (siRNA-NC) group (Fig. 2A–D).

Western blotting revealed that exposure to 10  ng/ml 
IL-1β reduced ALP, OCN and Runx2 protein expres-
sion in the MC3T3-E1 cell monoculture group. The 
protein expression of ALP, OPN, OCN and Runx2 were 

downregulated in MC3T3-E1 cells cocultured with 
Ocy454 cells exposed to 10  ng/ml IL-1β. Inhibiting the 
secretion of sclerostin from Ocy454 cells enhanced pro-
tein expression of ALP, OCN and Runx2 in MC3T3-E1 
cells. Transfecting Ocy454 cells with siRNA-NC did not 
affect ALP, OPN, OCN or Runx2 protein expression 
compared with the cocultured cells exposed to IL-1β 
(Fig. 3A–E).

Exposure to 10 ng/ml IL-1β significantly reduced ALP 
activity in MC3T3-E1 cells in monoculture and cocul-
ture conditions. Inhibiting the secretion of sclerostin 

Fig. 2  PCR results and ALP activity determination. The mRNA expression levels of ALP (A), OCN (B), OPN (C) and Runx2 (D) in MC3T3-E1 cells. IL-1β 
decreased the mRNA levels of ALP, OPN, OCN, and Runx2 while inhibiting sclerostin by Ocy454 cells increased the mRNA levels of ALP, OPN, OCN, 
and Runx2 under IL-1β-mediated inflammatory conditions. The experiments in vitro were performed independently 3 times. *p < 0.05 and **p < 0.01. 
n.s., not significant
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from Ocy454 cells resulted in enhanced ALP activ-
ity in MC3T3-E1 cells. Transfection of Ocy454 cells 
with siRNA-NC did not affect ALP activity compared 
with the coculture group exposed to IL-1β (Fig.  3F). 
Ocy454 cells pretreated with IL-1β could also inhib-
ited the ALP, OPN, and Runx2 protein expression levels 
in MC3T3-E1 cells. However, in the absence of IL-1β, 
inhibiting sclerostin expression in Ocy454 cells did not 
have significant impacts on the ALP, OPN, OCN, and 
Runx2 protein expression levels in MC3T3-E1 cells, 
indicating that the sclerostin secreted by osteocytes 
are insufficient to suppress osteogenic differentiation 
under physiological conditions (Additional file  3: Fig. 
S2). In addition, exposure to 10  ng/ml IL-1β signifi-
cantly decreased ALP positive area of MC3T3-E1 cells. 
Inhibiting the secretion of sclerostin from Ocy454 
cells increased ALP positive area of MC3T3-E1 cells 
(Fig. 4A–C).

Inhibiting the secretion of sclerostin from Ocy454 
promoted the mineralisation of MC3T3‑E1 cells
Alizarin red S staining was used to evaluate the miner-
alisation of MC3T3-E1 cells in each coculture group. 
Of note, exposure to 10 ng/ml IL-1β significantly inhib-
ited the mineralisation of MC3T3-E1 cells. By contrast, 
inhibiting the secretion of sclerostin from Ocy454 cells 
promoted the mineralisation of MC3T3-E1 cells. Trans-
fecting Ocy454 with siRNA-NC did not affect the miner-
alisation of MC3T3-E1 cells (Fig. 4D–F).

SOST knockout promoted bone healing in the rat spinal 
fusion model
In the in vivo study, bilateral posterolateral intertrans-
verse process lumbar fusion surgery was performed 
to establish rat spinal fusion model. After operated, 
transverse processes L4 and L5 in rats were harvested. 
ELISA results showed IL-1β level was increased at 

Fig. 3  Western blotting of ALP, OPN, OCN, and Runx2 protein expression in MC3T3-E1 cells. A Representative western blots. Quantitative analysis 
of ALP (B), OPN (C), OCN (D), and Runx2 (E) protein expression levels in MC3T3-E1 cells. IL-1β suppressed the protein expression of ALP, OPN, OCN, 
and Runx2 while inhibiting sclerostin by Ocy454 cells enhanced the protein expression of ALP, OCN, and Runx2 under IL-1β-mediated inflammatory 
conditions. (F) ALP activity in MC3T3-E1 cells. The experiments in vitro were performed independently 3 times. *p < 0.05 and **p < 0.01. n.s., not 
significant
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day 1, 3, 7 and 14 and was maximal at day 3 (Fig. 5A). 
In addition, sclerostin level was increased at day 3, 
7, 14 and 28. Sclerostin level reached a peak at day 7 
(Fig.  5B). Correlation analyses showed that there was 
a statistically significant positive correlation between 
IL-1β and sclerostin levels in bone tissues (r = 0.7849, 
p < 0.0001) (Fig.  5C). These results can give us some 
hints that IL-1β is involved in the increased sclerostin 
at early stages of bone healing.

Subsequently, we construct the SOST−/− rat. Dual 
X-ray absorptiometry assessment showed the total BMD 
lumbar spine BMD and femur BMD in SOST−/− rats 
were higher than those in WT rats, indicating sclerostin 
knock-out rats were characterized by increased bone 
density (Fig. 6A–D).

The mean palpation scores in the 2-week WT, 2-week 
SOST−/−, 4-week WT and 4-week SOST−/− groups 
were 0.19 ± 0.19, 0.78 ± 0.33, 1.42 ± 0.38 and 1.92 ± 0.09, 

Fig. 4  Alizarin red S staining and ALP staining of MC3T3-E1 cells. A Representative images of ALP staining. Scale bar, 200 µm. B Representative 
photographs of ALP stained wells. C Quantification of ALP positive area normalised to the control group. D Representative images of mineralised 
nodules stained with Alizarin red S. Scale bar, 200 µm. E Representative photographs of ARS stained wells. F Quantification of calcium deposition 
normalised to the control group. The experiments in vitro were performed independently 3 times. *p < 0.05 and **p < 0.01. n.s., not significant
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respectively (Fig. 6H). The palpation scores were signifi-
cantly different between the WT and SOST−/− groups 
at 2 weeks (p = 0.0068) and at 4 weeks (p < 0.0221). Rep-
resentative two-dimensional and three-dimensional 
reconstructions of the micro-CT images are displayed in 
Fig.  6E. The mean CT fusion scores in the 2-week WT, 
2-week SOST−/−, 4-week WT and 4-week SOST−/− 
groups were 0.08 ± 0.09, 0.61 ± 0.46, 0.89 ± 0.14 and 
1.72 ± 0.31, respectively (Fig.  6G). The fusion-mass vol-
ume (Fig.  6F) and CT fusion scores were significantly 
different between the WT groups and SOST−/− groups 
at 2  weeks (p = 0.0224) and 4  weeks (p = 0.0004). H&E 
staining and Masson trichrome staining showed that the 
bone grafts were more obviously integrated with the sur-
rounding bone in SOST−/− groups compared with WT 
groups at 2 weeks and 4 weeks, respectively (Fig. 6I).

Discussion
Spinal fusion is widely used in the treatment of spi-
nal instability and spinal degenerative diseases. BMPs 
are used to promote the healing of lumbar fusion with 
degenerative disc disease, but they may cause compli-
cations such as local bone resorption, ectopic bone for-
mation and edema [6–9]. Therefore, it is necessary to 
identify safe and effective osteogenic agents.

Sclerostin, which is secreted mainly by osteocytes, 
inhibits the canonical Wnt pathway and thus inhibits 
bone formation [17, 37]. Inflammation is an important 
factor affecting spinal fusion. IL-1β is induced to high 
activities in the early phase of bone healing process [23]. 

IL-1β-mediated inflammatory conditions may affect the 
development of spinal fusion by promoting sclerostin 
levels in the bone healing environment, which could be a 
potential therapeutic target to promote spinal fusion. We 
thus conducted the current experiment to determine the 
the connection between IL-1β and sclerostin in osteo-
cytes and further explored whether inhibiting the secre-
tion of sclerostin from osteocytes promotes spinal fusion 
at early stages of bone healing.

Our study showed IL-1β and sclerostin increased in 
bone from day 1 after modeling. IL-1β level showed 
positive correlations with sclerostin level in  vivo. Previ-
ous study also showed that the sclerostin mRNA level in 
osteocytes in human trabecular bone chips was increased 
when incubated with IL-1β, but did not change when 
treated with TNF-a or IL-8 [19], suggesting IL-1β is an 
important inflammatory cytokine regulating sclerostin. 
We then explored the effects of IL-1β on osteocyte scle-
rostin expression and determined the most suitable 
concentration of IL-1β. The results of PCR and ELISA 
showed that 10  ng/ml IL-1β significantly enhanced 
the secretion of sclerostin from Ocy454 cells, partially 
accounting for the sharp increase of sclerostin in the early 
stage of bone healing process. A > sixfold increase in scle-
rostin expression was observed in transplanted iliac crest 
bone graft in the fusion bed 1  week after spinal fusion, 
suggesting that sharp increase in sclerostin during the 
bone graft healing process may have potential problems 
for the development of successful spinal fusion [20]. In 
the current study, we also found that sclerostin increased 

Fig. 5  Evaluation of the correlation of IL-1β and sclerostin in vivo. Decorticated Transverse processes of at L4 and L5 in rats were harvested at 
day 0, 1, 3, 7, 14 and 28. IL-1β and sclerostin levels were assessed using ELISA. A IL-1β level in bone tissue. B Sclerostin level in bone tissue. C The 
correlation between IL-1β and sclerostin. There were 6 male rat in each group. #p < 0.05 and ##p < 0.01 versus day 0

(See figure on next page.)
Fig. 6  Evaluation of phenotype validation of SOST−/− rats and assessment of spinal fusion. A BMD was measured by dual-energy X-ray 
absorptiometry. The total BMD (B), lumbar spine BMD (C) and femur BMD (D) in SOST−/− rats were higher than those in WT rats, respectively. 
E Representative two-dimensional and three-dimensional reconstructed CT images. F Fusion-mass volume. G CT fusion scores. H Manual 
palpation scores. I Representative images of hematoxylin and eosin staining and Masson trichrome staining in the four experimental groups four 
experimental groups (2-week WT rats, 2-week SOST−/−rats, 4-week WT rats and 4-week SOST−/− rats). Scale bar, 1 mm. Blue arrow: L4 transverse 
process. Green arrow: L5 transverse process. There were 6 male rat in each group. *p < 0.05 and **p < 0.01
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Fig. 6  (See legend on previous page.)
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in bone from day 3 after modeling. IL-1β, a prominent 
cytokine released during spinal fusion, may be an expla-
nation for the sharp risk of sclerostin [26, 38]. The effect 
of IL-1β on sclerostin at the level of mRNA and secretion 
was further verified in the current study.

A coculture system of osteocytes and osteoblasts was 
established to explore whether inhibiting IL-1β-induced 
secretion of sclerostin from Ocy454 cells promotes 
MC3T3-El cell osteogenic differentiation. We found that 
exposure to 10  ng/ml IL-1β inhibited the osteogenic 
differentiation of MC3T3-E1 cells. Exposure to 10  ng/
ml IL-1β elicited similar effects of inhibiting osteogenic 
differentiation in the coculture groups. By contrast, 
inhibiting the secretion of sclerostin from Ocy454 cells 
promoted the osteogenic differentiation of MC3T3-E1 
cells. These findings suggest that, in addition to the inhib-
itory effects of IL-1β itself on osteogenic differentiation, 
IL-1β-induced secretion of sclerostin from Ocy454 cells 
is an important regulator of MC3T3-E1 cell osteogenic 
differentiation. Furthermore, coculturing osteocytes 
with osteoblasts can promote osteogenic differentiation, 
as previously reported [39]. Alizarin red S staining at 
21 days showed that exposure to IL-1β inhibited the min-
eralisation of osteoblasts in the coculture system. This 
effect was partly abolished by inhibiting the expression 
and secretion of sclerostin. IL-1β inhibited the osteo-
genic differentiation of osteoblasts in vitro by promoting 
the secretion of sclerostin from osteocytes. Inhibiting the 
secretion of sclerostin from Ocy454 cells promotes oste-
ogenic differentiation of MC3T3-E1 cells under IL-1β-
mediated inflammatory conditions in vitro.

A rodent spinal fusion model was established in 
SOST−/− and WT SD rats to investigate whether the 
absence of sclerostin promotes bone graft healing in vivo. 
The extent of spinal graft fusion at 2 and 4  weeks after 
surgical induction was evaluated by manual palpation, 
radiography and histopathology. Of note, fusion-mass 
volume, palpation scores and CT fusion scores indicated 
that bone healing was significantly better in the SOST−/− 
rats than in the WT rats at 2 and 4  weeks. These find-
ings suggest that inhibiting the secretion of sclerostin 
from osteocytes promoted spinal fusion in  vivo. Our 
results indicate that sclerostin is a potential therapeutic 
target for promoting spinal fusion at early stages. Due to 
an insufficient number of littermates, we used WT rats 
in the current study. In addition, to avoid the influence 
of any sexual endocrine disturbance, only male rats were 
used in this study.

It should be noted prior in  vivo studies often used a 
time-point of 8  weeks. We did not use this time-point 
for several reasons: (1) IL-1β and sclerostin increase at 
early stages of bone healing, reaching peak levels at about 
1–2 weeks and returning to normal by 4 weeks [23]; (2) 

in preliminary studies, we found that the bone grafts in 
the WT rats in the control group had healed normally 
by 8 weeks, making it difficult to compare them with the 
SOST−/− rats using the available methods.

In conclusion, we have shown that IL-1β contributes 
to a rise in the level of sclerostin at early stages of bone 
healing. Inhibiting the secretion of sclerostin from osteo-
cytes effectively promotes osteogenic differentiation and 
mineralisation of osteoblasts exposed to IL-1β in  vitro 
and bone graft healing in vivo. Because we did not simu-
late long-term chronic inflammation in vivo in this study, 
future studies should assess this situation. Addition-
ally, further experiments are required to investigate the 
effectiveness of exogenous anti-sclerostin drugs, such as 
romosozumab, on bone graft healing. Nevertheless, our 
findings highlight the potential of antisclerostin treat-
ments for promoting spinal fusion at early stages.

Conclusions
The present study showed IL-1β contributes to a rise 
in the level of sclerostin at early stages of bone heal-
ing. Inhibiting the secretion of sclerostin from osteo-
cytes effectively promotes osteogenic differentiation and 
mineralisation of osteoblasts exposed to IL-1β in  vitro 
and bone graft healing in  vivo. The results suggest that 
antisclerostin treatment has the potential to effectively 
promote spinal fusion at early stages.
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medium without IL-1β. In the IL-1β pretreatment group, Ocy454 cells were 
pretreated with IL-1β for 24 h and the cocultured with MC3T3-E1 cells in 
fresh medium without IL-1β. A Representative western blots. Quantitative 
analysis of ALP (B), OPN (C), OCN (D), and Runx2 (E) protein expression 
levels in MC3T3-E1 cells. Inhibiting sclerostin expression in Ocy454 cells 
did not have significant impacts on the ALP, OPN, OCN, and Runx2 protein 
expression levels in MC3T3-E1 cells. After IL-1β pretreated, Ocy454 cells 
significantly inhibited the ALP, OPN, and Runx2 protein expression levels in 
MC3T3-E1 cells. The experiments in vitro were performed independently 3 
times. *p < 0.05. n.s., not significant.

Acknowledgements
The authors gratefully acknowledge Prof. Paola Divieti Pajevic (Boston Univer-
sity, Henry M. Goldman School of Dental Medicine) for providing Ocy454 cells 
[40].

Author contributions
YC and ZY designed the research study. ZJ and LJ performed the research. ZJ 
and CJ analyzed the data. ZJ wrote the manuscript. All authors contributed to 
editorial changes in the manuscript. All authors read and approved the final 
manuscript.

Funding
This research was funded by grants from National Natural Science Foundation 
of China (81801375, 82001471, 81871742).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Animal study was approved by the Ethics Committee of Fudan University 
Zhongshan Hospital.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Received: 17 May 2022   Accepted: 28 February 2023

References
	1.	 Martin BI, Mirza SK, Spina N, Spiker WR, Lawrence B, Brodke DS. Trends in 

lumbar fusion procedure rates and associated hospital costs for degen-
erative spinal diseases in the United States, 2004 to 2015. Spine (Phila Pa 
1976). 2019;44(5):369–76.

	2.	 Glassman SD, Howard JM, Sweet A, Carreon LY. Complications and con-
cerns with osteobiologics for spine fusion in clinical practice. Spine (Phila 
Pa 1976). 2010;35(17):1621–8.

	3.	 Hsu WK, Goldstein CL, Shamji MF, et al. Novel osteobiologics and 
biomaterials in the treatment of spinal disorders. Neurosurgery. 
2017;80(3s):S100-s107.

	4.	 Shu DY, Lovicu FJ. Insights into bone morphogenetic protein-(BMP-) 
signaling in ocular lens biology and pathology. Cells. 2021;10(10):2604.

	5.	 Sánchez-Duffhues G, Hiepen C, Knaus P, Ten Dijke P. Bone morphogenetic 
protein signaling in bone homeostasis. Bone. 2015;80:43–59.

	6.	 Schmidt-Bleek K, Willie BM, Schwabe P, Seemann P, Duda GN. BMPs in 
bone regeneration: less is more effective, a paradigm-shift. Cytokine 
Growth Factor Rev. 2016;27:141–8.

	7.	 Bal Z, Kushioka J, Kodama J, et al. BMP and TGFβ use and release in bone 
regeneration. Turk J Med Sci. 2020;50(7):1707–22.

	8.	 Carragee EJ, Hurwitz EL, Weiner BK. A critical review of recombinant 
human bone morphogenetic protein-2 trials in spinal surgery: emerging 
safety concerns and lessons learned. Spine J. 2011;11(6):471–91.

	9.	 James AW, LaChaud G, Shen J, et al. A review of the clinical side effects of 
bone morphogenetic protein-2. Tissue Eng Part B Rev. 2016;22(4):284–97.

	10.	 Lanier M, Schade D, Willems E, et al. Wnt inhibition correlates with human 
embryonic stem cell cardiomyogenesis: a structure-activity relation-
ship study based on inhibitors for the Wnt response. J Med Chem. 
2012;55(2):697–708.

	11.	 Wu X, Ding S, Ding Q, Gray NS, Schultz PG. A small molecule with 
osteogenesis-inducing activity in multipotent mesenchymal progenitor 
cells. J Am Chem Soc. 2002;124(49):14520–1.

	12.	 Darcy A, Meltzer M, Miller J, et al. A novel library screen identifies 
immunosuppressors that promote osteoblast differentiation. Bone. 
2012;50(6):1294–303.

	13.	 Park KW, Waki H, Kim WK, et al. The small molecule phenamil 
induces osteoblast differentiation and mineralization. Mol Cell Biol. 
2009;29(14):3905–14.

	14.	 Vasiliadis ES, Evangelopoulos DS, Kaspiris A, Benetos IS, Vlachos C, 
Pneumaticos SG. The role of sclerostin in bone diseases. J Clin Med. 
2022;11(3):806.

	15.	 Delgado-Calle J, Sato AY, Bellido T. Role and mechanism of action of 
sclerostin in bone. Bone. 2017;96:29–37.

	16.	 Cardinal M, Dessain A, Roels T, et al. Sclerostin-antibody treatment 
decreases fracture rates in axial skeleton and improves the skeletal phe-
notype in growing oim/oim mice. Calcif Tissue Int. 2020;106(5):494–508.

	17.	 Tanaka S, Matsumoto T. Sclerostin: from bench to bedside. J Bone Miner 
Metab. 2021;39(3):332–40.

	18.	 Yao Y, Kauffmann F, Maekawa S, et al. Sclerostin antibody stimulates 
periodontal regeneration in large alveolar bone defects. Sci Rep. 
2020;10(1):16217.

	19.	 Pathak JL, Bakker AD, Luyten FP, et al. Systemic inflammation affects 
human osteocyte-specific protein and cytokine expression. Calcif Tissue 
Int. 2016;98(6):596–608.

	20.	 Rodriguez-Feo J, Fernandes L, Patel A, et al. The temporal and spatial 
expression of sclerostin and Wnt signaling factors during the maturation 
of posterolateral lumbar spine fusions. JOR Spine. 2021;4(1): e1100.

	21.	 Schell H, Duda GN, Peters A, Tsitsilonis S, Johnson KA, Schmidt-Bleek K. 
The haematoma and its role in bone healing. J Exp Orthop. 2017;4(1):5.

	22.	 Wang X, Friis TE, Masci PP, Crawford RW, Liao W, Xiao Y. Alteration of blood 
clot structures by interleukin-1 beta in association with bone defects 
healing. Sci Rep. 2016;6:35645.

	23.	 Einhorn TA, Majeska RJ, Rush EB, Levine PM, Horowitz MC. The 
expression of cytokine activity by fracture callus. J Bone Miner Res. 
1995;10(8):1272–81.

	24.	 Nakashima T, Kobayashi Y, Yamasaki S, et al. Protein expression and 
functional difference of membrane-bound and soluble receptor activator 
of NF-kappaB ligand: modulation of the expression by osteotropic factors 
and cytokines. Biochem Biophys Res Commun. 2000;275(3):768–75.

	25.	 Tokukoda Y, Takata S, Kaji H, Kitazawa R, Sugimoto T, Chihara K. Interleu-
kin-1beta stimulates transendothelial mobilization of human peripheral 
blood mononuclear cells with a potential to differentiate into osteoclasts 
in the presence of osteoblasts. Endocr J. 2001;48(4):443–52.

	26.	 Hengartner NE, Fiedler J, Ignatius A, Brenner RE. IL-1beta inhibits human 
osteoblast migration. Mol Med. 2013;19:36–42.

	27.	 Lange J, Sapozhnikova A, Lu C, et al. Action of IL-1beta during fracture 
healing. J Orthop Res. 2010;28(6):778–84.

	28.	 Loi F, Cordova LA, Pajarinen J, Lin TH, Yao Z, Goodman SB. Inflammation, 
fracture and bone repair. Bone. 2016;86:119–30.

	29.	 Fabre S, Funck-Brentano T, Cohen-Solal M. Anti-sclerostin antibodies in 
osteoporosis and other bone diseases. J Clin Med. 2020;9(11):3439.

	30.	 Kaveh S, Hosseinifard H, Ghadimi N, Vojdanian M, Aryankhesal A. 
Efficacy and safety of Romosozumab in treatment for low bone min-
eral density: a systematic review and meta-analysis. Clin Rheumatol. 
2020;39(11):3261–76.

	31.	 Zhang Y, Jiang Y, Zou D, Yuan B, Ke HZ, Li W. Therapeutics for enhance-
ment of spinal fusion: a mini review. J Orthop Translat. 2021;31:73–9.

	32.	 Xiao H, Wen Y, Pan Z, et al. Increased H3K27ac level of ACE mediates the 
intergenerational effect of low peak bone mass induced by prena-
tal dexamethasone exposure in male offspring rats. Cell Death Dis. 
2018;9(6):638.



Page 13 of 13Jiang et al. Journal of Orthopaedic Surgery and Research          (2023) 18:162 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	33.	 Ono N, Ono W, Nagasawa T, Kronenberg HM. A subset of chondrogenic 
cells provides early mesenchymal progenitors in growing bones. Nat Cell 
Biol. 2014;16(12):1157–67.

	34.	 Ishida W, Perdomo-Pantoja A, Elder BD, et al. Effects of intraoperative 
intrawound antibiotic administration on spinal fusion. J Bone Joint Surg. 
2019;101(19):1741–9.

	35.	 Hochstim CJ, Choi JY, Lowe D, Masood R, Rice DH. Biofilm detection 
with hematoxylin-eosin staining. Arch Otolaryngol Head Neck Surg. 
2010;136(5):453–6.

	36.	 Ozawa A, Sakaue M. New decolorization method produces more infor-
mation from tissue sections stained with hematoxylin and eosin stain 
and masson-trichrome stain. Ann Anat. 2020;227: 151431.

	37.	 Mare A, D’Haese PC, Verhulst A. The role of sclerostin in bone and ectopic 
calcification. Int J Mol Sci. 2020;21(9):3199.

	38.	 Wang X, Luo Y, Masci PP, Crawford R, Xiao Y. Influence of interleukin-1 
beta on platelet-poor plasma clot formation: a potential impact on early 
bone healing. PLoS ONE. 2016;11(2): e0149775.

	39.	 Nishikawa Y, Akiyama Y, Yamamoto K, et al. Osteocytes up-regulate the 
terminal differentiation of pre-osteoblasts via gap junctions. Biochem 
Biophys Res Commun. 2015;456(1):1–6.

	40.	 Li N, Liu F, Yang P, et al. Aging and stress induced beta cell senescence 
and its implication in diabetes development. Aging. 2019;11(21):9947–59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	IL-1β contributes to the secretion of sclerostin by osteocytes and targeting sclerostin promotes spinal fusion at early stages
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell culture and coculture experiments
	Cell viability
	Small-interfering RNA (siRNA) and cell transfection
	Enzyme-linked immunosorbent assay (ELISA)
	Alkaline phosphatase (ALP) staining and activity measurement
	Real-time polymerase chain reaction (PCR) assay
	Western blot assay
	Alizarin red staining

	Production of SOST−− rats
	Animal models
	Manual palpation
	Radiographic analysis
	Histological analysis
	Statistical analysis

	Results
	IL-1β promoted the expression and secretion of sclerostin from Ocy454 cells in vitro
	SOST-siRNA transfection inhibited sclerostin expression and secretion of Ocy454 cells
	Inhibiting the secretion of sclerostin from Ocy454 cells promoted osteogenic differentiation of MC3T3-E1 cells
	Inhibiting the secretion of sclerostin from Ocy454 promoted the mineralisation of MC3T3-E1 cells
	SOST knockout promoted bone healing in the rat spinal fusion model

	Discussion
	Conclusions
	Acknowledgements
	References


