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1  |  INTRODUC TION

Osteoarthritis of the knee (KOA) is a chronic degenerative dis-
ease of the knee with pain as the primary clinical symptom, and is 
widespread in the middle-aged and elderly populations. For many 
years, guidelines have consistently recommended pain control as 

an important main line of treatment for KOA. Guidelines of 2019 
published by the Osteoarthritis Research Society International 
(OARSI) clearly states that pain is recommended to be targeted as 
an independent pathological factor in KOA.1–3 Therefore, correct-
ing peripheral pain sensitivity is important to alleviate KOA pain to 
improve the quality of life in KOA patients. There is a large series 
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Abstract
Synovial fibrosis is one of the most dominant histopathological changes in osteoarthri-
tis of the knee (KOA), and activation of vascular endothelial cells in synovial fibrosis is 
both an important factor in mediating pain in KOA and a major contributor to the gen-
eration of pain signals. At the same time, angiogenesis and nerve fibres are more likely 
to underlie the pathology of pain induced by synovial fibrosis. In the present study, 
we established a co-culture model of human umbilical vein endothelial cells (HUVECs) 
with dorsal root ganglion (DRG) and detected tissue and cellular Netrin-1, vascular 
cell adhesion molecule-1 (VCAM-1), intercellular cell adhesion molecule-1 (ICAM-1), 
growth-associated protein-43 (GAP43), colorectal cancer deleted (DCC), uncoordi-
nated 5 (UNC5), and the related expression of calcitonin gene-related peptide (CGRP), 
substance P (SP) and nerve growth factor (NGF) in supernatant by ELISA to investigate 
the intervention of vascular endothelial cell activation on sensory nerve sprouting ex-
acerbating peripheral pain sensitivity and to investigate the effect of Netrin-1 from the 
perspective of Netrin-1 secretion to illustrate its effector mechanism.
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of research suggesting that synovial fibrosis is an important player 
in the development of KOA pain. For example, Nanus et al. showed 
that synovial tissue at the site of joint pain in KOA patients exhib-
ited a differential phenotype with different fibroblast subpopu-
lations, suggesting a close association between synovial fibrosis 
and KOA pain.4 Also, in our previous study, we showed that the 
degree of synovial fibrosis in KOA was positively correlated with 
pain sensitivity in KOA model rats.5

In KOA synovial fibrosis, cell activation, including synovial cells 
and vascular endothelial cells, is an important pathological mech-
anism.6 Vascular endothelial cell activation not only promotes an-
giogenesis, but also constitutes an important factor mediating KOA 
pain, and the secretion of fibroblast growth factor and epidermal 
growth factor may also be directly responsible for pain signals.7 
Thus, areas of synovial fibrosis in KOA are often accompanied by 
vascular opacification and marked angiogenesis is highly similar 
to rheumatoid arthritis,8–11 and angiogenesis and nerve fibres are 
more likely to be the anatomical basis for pain induced by syno-
vial fibrosis. Studies have shown that intercellular cell adhesion 
molecule-1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) 
are important indicators of vascular endothelial cell activation and 
play a key role in chronic inflammatory diseases.12 Previous stud-
ies have shown that peripheral pain sensitivity is closely related 
to the number and density of sensory nerve fibres and the way 
they innervate injury receptors.13 Further studies have shown that 
damaged sensory nerve fibres will rapidly sprout and grow, alter-
ing the original stimulus perception and intensity of information 
transmission.14

Among the important factors that enable neural sprouting, 
axon guidance factors play an important role. Among the family of 
axon guidance factors, the most studied one is the autocrine sol-
uble protein Netrin-1, a member of the laminin-like protein family, 
which was originally identified as a potent chemotactic molecule 
involved in axon guidance and cell migration during embryonic 
development.15,16 Numerous studies have shown that Netrin-1 is 
extensively involved in the regulation of angiogenesis, inflamma-
tion, tissue remodelling and cancer, and that Netrin-1 achieves di-
rectional regulation of sensory nerve sprouting through binding to 
the neuronal surface receptor DCC/UNC5.17 Netrin-1/DCC has an 
attractive effect on neuronal axons, directing the growth of nerve 
fibres towards the damaged site, possibly by altering the density 
of nerve fibres to influence the strength of the message transmis-
sion; whereas Netrin-1/UNC5 exhibits more of a repulsive effect, 
i.e. hindering the growth of nerve fibres towards the damaged site, 
which also indicates the significant research value of Netrin-1 in 
the context of KOA pain.18–21 Recent studies indicate that Netrin-
1-mediated neurodirected sprouting is involved in peripheral pain 
sensitization, as in the study by Li et al. who found that electroacu-
puncture treatment relieves neuropathic pain by activating opioid 
receptors, decreasing DCC and Netrin-1 expression and increas-
ing UNC5h2 expression in the dorsal horn of the spinal cord.22 
It has also been observed that KOA osteoclasts secrete Netrin-1, 
which mediates mechanical nociception in KOA mice through DCC 

receptors that are attractively directed to dorsal root ganglion 
DRG neurons.23

We therefore speculated that the stimulation of endothelial cell 
activation by synovial fibrosis may promote the secretion of the 
axon guidance factor Netrin-1, which drives sensory nerve sprouting 
leading to peripheral pain sensitivity.

2  |  MATERIAL S AND METHODS

2.1  |  Reagents

The primers were supplied by Sangon Biotech. The enzyme-linked 
immunosorbent assay (ELISA) kits for CGRP, SP and NGF were sup-
plied by Invitrogen (Life Technologies Corp.). Fetal bovine serum 
(FBS), bovine serum albumin (BSA), Dulbecco's Modified Eagle's Me-
dium (DMEM), TRIzol, and 0.25% trypsin-ethylenediaminetetraacetic 
acid (trypsin–EDTA) were purchased from Gibco (Life Technologies 
Corp.). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo. 
Antibodies: Netrin-1 (DF8579, affinity), VCAM-1 (DF6082, affin-
ity), ICAM-1 (16174-1-AP, proteintech), GAP43 (8945s, Cell Signaling 
Technology), DCC (DF3611, affinity) and UNC5 (DF13685, affin-
ity). Monoidoacetate acid, type I collagenase and dimethylsulfoxide 
(DMSO) were all obtained from Sigma. All other chemicals were of 
reagent grade. Goat anti-rabbit IgG H&L (HRP) and Picro Sirius Red 
Stain kit were also supplied by Abcam.

2.2  |  Rat model and experimental design

Fifty male SD rats, 4–5 weeks old, weighing 220–260 g (provided by 
Beijing Vitong Lihua Animal Technology Co., Ltd.), were housed under 
standard conditions: temperature 21 ± 1°C, relative humidity 50%–
80%, and a 12:12 h light dark cycle. All animals underwent experiments 
in accordance with the National Institute of Health Guide for the care 
and use of animals. All male SD rats were randomly divided into five 
groups: Normal group (n = 10), KOA group (n = 10), TGF group (n = 10), 
TGF inhibitor group (n = 10), and Netrin-1 group (n = 10). The KOA 
model was constructed by ACLT surgery in all groups except the nor-
mal group, and the successful model was verified by drawer test. Our 
previous data showed that at Day 14, knee diameter was significantly 
larger than control. After successful moulding, the TGF group, TGF 
inhibitor and Netrin-1 group were injected intraperitoneally at doses 
of 200 ng/50 μL, 5 mg/kg/day and 500 pmol, respectively according to 
the instructions for aggravating synovial fibrosis with TGF-β recombi-
nant protein, TGF-β inhibitor and Netrin-1 antibody (all injections were 
dissolved in 0.9% saline). On Day 28 of the intervention (after the last 
dose), all rats were anaesthetised and blood was collected from the 
abdominal aorta, and synovial tissue from the knee and DRG tissue 
from L3 to L5 of the spine were collected for the next step of the ex-
periment. All animals are provided by Beijing Viton Lihua Laboratory 
Animal Technology Co Ltd (Animal Production License No. SCXK (Bei-
jing) 2021-0011) and all animals are housed at the Laboratory Animal 
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Centre of Nanjing University of Chinese Medicine (Animal Ethics No. 
202208A032).

2.3  |  Cell culture

HUVECs were purchased from American Type Culture Collection 
(ATCC). HUVEC conducted subsequent experiments after passing to 
the third generation using endothelial cell specific culture medium 
(ECSM, Zhongqiao Xinzhou, ZQ-1304). DRG: Trypsinized dorsal root 
ganglia from L3 to L5 were prepared as single-cell suspensions in 
DMEM medium (containing 1% FBS), seeded in small dishes, incu-
bated in a 37°C incubator for 6 h and then cultured with DMEM/
F12 + 2% B27. During the cell intervention, the LPS, TGF, TGF inhibi-
tor and Netrin-1 groups were treated with 5 μg/mL of LPS, while the 
TGF, TGF inhibitor and Netrin-1 groups were treated with 10 ng/mL, 
10 μmol and 200 pmol, respectively, according to the instructions for 
the subsequent experiments.

2.4  |  Western blotting (WB)

Synovial tissues, DRG issue, HUVEC and DRG cell were mixed with 
radioimmunoprecipitation assay (RIPA) lysate and grinded for 10–
15 min. The samples were agitated on ice for 30 min and the su-
pernatant was collected. The protein levels were quantified with a 
bicinchoninic acid (BCA) protein assay kit (Roche, Basel, Switzer-
land). Then, the protein samples were electrophoresed in sodium 
dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) to 
separate the proteins. Proteins were transferred from gel onto a pol-
yvinylidene fluoride (PVDF) membrane and blocked with 5% nonfat 
milk for 2 h. The membrane was incubated with the primary antibody 
(1:1000) at 4°C overnight and then with the second antibody for 2 h. 
Bands were visualized via exposure to the electrochemilumines-
cence (ECL) method, and the overallgray value of protein bands (av-
erage gray value area) was quantified. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as the internal marker. The rela-
tive protein expression was taken as the target protein gray value/
internal reference gray value.

2.5  |  Real-time reverse transcription-polymerase 
chain reaction (qRT-PCR)

RNA was isolated from tissue and cells with Trizol (Invitrogen). Re-
verse transcription was performed using a first-strand cDNA syn-
thesis kit (Takara) according to the manufacturer's instructions. 
Quantitative polymerase chain reaction (qPCR) was performed 
using Premix Ex Taq SYBR-Green PCR (Takara) according to the 
manufacturer's instructions on an ABI PRISM 7300 device (Ap-
plied Biosystems). The primer was designed and synthesized by the 
Shanghai Biotechnology Service Company. Primers Sequences were 
as follows:

Name Primer sequences

Netrin-1 F:5′-AAGCC​CTT​CCA​CTA​CGAT-3′

R:5′-GTTGA​GAC​AGA​CAC​CCCC-3′

VCAM1 F:5′-AGGGA​TTA​ATG​AGG​CTGG-3′

R:5′-TTGAC​GCT​CTT​AGA​TGGG-3′

ICAM1 F:5′-TACCT​ACA​AGT​GCC​GTGC-3′

R:5′-CCAAC​AAT​TAT​GAC​CCAG-3′

GAP43 F:5′-CGTTG​CTG​ATG​GTG​TGGA-3′

R:5′-CTTGG​AGG​ACG​GCG​AGTT-3′

DCC F:5′-ATCCT​CCC​GTC​TCC​CACA-3′

R:5′-TTCCT​GCT​CCG​AAA​CCTC-3′

UNC5 F:5′-GAGGG​CAG​TTG​GGA​GGAT-3′

R:5′-ACGGG​AGC​AAA​CAG​AAGG-3′

β-Actin F:5′-GAGAG​GGA​AAT​CGT​GCGT-3′

R:5′-GGAGG​AAG​AGG​ATG​CGG-3′

The PCR reactions as follow: per well: 0.4 μL of forward and reverse 
primers, 10 μL 2 × ChamQ SYBR qPCR Master Mix, 1 μL CDNA, and 
8.2 μL ddH2O; three replicate wells were performed using an ABI 7500 
qRT-PCR system (Applied Biosystems). The following reaction condi-
tions were employed: 95°C for 30 s, 95°C for 10 s and 60°C for 30 s; 
the third stage (melting curve), 95°C for 15 s, 60°C for 60 s and 95°C 
for 15 s. The relative expression of mRNA was adjusted using GAPDH 
as the internal reference and calculated using the method of 2−ΔΔCt.

2.6  |  Staining of pathological tissue sections

Rat synovial tissue was fixed with 4% paraformaldehyde, embedded 
in paraffin, sectioned, stained according to Sirius red staining, HE 
staining instructions and Masson staining, and tissue changes were 
observed under light microscopy.

2.7  |  Silver staining of nerves

Tissues were removed from 4% paraformaldehyde, first paraffin 
sectioned and deparaffinized with xylene and absolute ethanol, and 
then invaded into the acid formaldehyde dye. After washing, sec-
tions were immersed in glycine silver dye. Finally, water sealed sec-
tions were stained with reducing solution and images were acquired 
using a Nikon eclipsee100 (Nikon).

2.8  |  Immunohistochemistry

Immunohistochemical staining of synovial tissue and DRG tissue. 
According to the instructions of the immunohistochemical kit, par-
affin sections were successively dewaxed to water, antigen repair, 
endogenous peroxidase blocking, blocking, primary and secondary 
antibody incubation, colour rendering, restaining of the nucleus, de-
hydration and sealing, and microscopic observation.



3776  |    MA et al.

2.9  |  Immunofluorescence

Remove synovial tissue and DRG tissue from 4% paraformaldehyde, 
follow the immunofluorescence staining instructions for embedding, 
dewaxing, sectioning, antigen repair, endogenous enzyme blocking, 
blocking, primary and secondary antibody incubation, followed by in-
cubation with TSA reagent and PBS cleaning three times, repeated pri-
mary and secondary antibody incubation and TSA reagent incubation, 
followed by PBS cleaning three times, DAPI staining, and microscopic 
observation. Endothelial cells and DRG cells were first washed with 
PBS three times, each time for 3 min, then fixed with 4% paraform-
aldehyde PBS for 5 min, and then sealed with 1% BSA for 1 h. Then 
incubate the cells with primary and secondary antibodies according to 
the instructions of the kit and observe under a microscope.

2.10  |  Enzyme-Linked Immunosorbent Assay 
(ELISA)

CGRP, SP and NGF levels in the culture media were determined using 
a commercially available rat ELISA kit according to the manufacturer's 
instructions. The rat peripheral serum and cell culture supernatants 
were collected and centrifuged at 10,000 rpm for 20 min at 4°C.

2.11  |  Paw withdrawal experiments on a cold plate

On Days 0, 14, 28 and 42, all rats were placed on a cold glass surface 
to determine their paw retraction time. All rats were briefly placed on 
a temperature adjustable cold plate (0 ± 1°C, 35150-001, Ugo Basil 
SLR), with transparent cylindrical plastic plates placed on the cold 
plate and covered with perforated transparent pressure plates. We re-
corded the time from the beginning until the limb left the glass panel.

2.12  |  Statistical analyses

The statistical analysis was performed using the SPSS 20.0 software 
(SPSS Inc., Chicago). Data are presented as the mean ± standard de-
viation. Group comparisons were assessed with one-way anova or 
two-way anova with Bonferroni's post hoc test for comparison of 
multiple columns. A value of p < 0.05 (two-tailed) was considered 
statistically significant.

3  |  RESULTS

3.1  |  KOA synovial fibrosis activates vascular 
endothelial cells to promote Netrin-1 secretion

In order to investigate the induction of vascular endothelial cell 
activation and Netrin-1 secretion by KOA synovial fibrosis, syno-
vial tissues from Normal, KOA, TGF-β and TGF-β inhibition groups 

were stained with Sirius red, Masson, nerve silver plating and 
immunofluorescence staining, respectively. The expression of 
genes and proteins of vascular endothelial cell activation index 
and nerve sprouting index in synovial tissues were measured by 
WB and qPCR. As shown in Figure 1A, compared with the Normal 
group, the expression of collagen fibres in the synovial tissues of 
the KOA and TGF-β groups was significantly increased and fibro-
sis was severe, and the expression of neurons and nerve fibres 
was also significantly increased, while the expression of those 
markers in the TGF-β group was more than that of the KOA group. 
In the TGF-β inhibition group, the expression of collagen fibres, 
neurons and nerve fibres was significantly reduced compared 
to the KOA and TGF-β groups, suggesting a decrease in nerve 
sprouting. As shown in Figure 1B, immunofluorescence staining of 
Netrin-1 and CD31 in the synovial tissues of each group showed 
that the expression of the vascular endothelial cell marker CD31 
was significantly increased in the KOA and TGF-β groups com-
pared to the Normal group and the expression regions of Netrin-1 
and CD31 were highly overlapping, while in the TGF-β inhibition 
group, the expression of both CD31 and Netrin-1 was significantly 
reduced in the TGF-β inhibition group. As shown in Figure 1C–F, 
the protein and gene expression of Netrin-1, an indicator of nerve 
sprouting, and ICAM-1 and VCAM-1, indicators of endothelial cell 
activation, were significantly increased in synovial tissue in the 
KOA and TGF-β groups compared to the Normal group, whereas 
the expression was significantly decreased in the TGF-β inhibition 
group.

3.2  |  KOA synovial fibrosis initiates Netrin-1 
induction of sensory nerve germination

In order to investigate the mechanism of KOA synovial fibrosis-
initiated Netrin-1-induced sensory nerve sprouting, DRG tis-
sues from Normal, KOA, TGF-β, TGF-β inhibition and Netrin-1 
groups were subjected to βIII-Tubulin+DCC+DAPI, βIII-
Tubulin+UNC5+DAPI immunofluorescence staining, and WB and 
qPCR were applied to detect the protein and gene expression of 
DCC, UNC5 and GAP43 in DRG tissues. The results are shown in 
Figure 2A,B. Compared with the Normal group, the expression of 
the neural sprouting indicator DCC was significantly increased in 
the KOA and TGF-β groups, while the expression of UNC5 was 
significantly decreased, both of which highly overlapped with the 
βIII-Tubulin-labelled neuronal region, while the expression of DCC 
was significantly decreased in the TGF-β inhibition and Netrin-1 
groups. Figure 2C–F showed that the expression of proteins and 
genes of GAP43 and DCC were significantly increased in the KOA 
and TGF-β groups compared to the Normal group, while the ex-
pression of UNC5 was significantly decreased in the TGF-β inhibi-
tion and Netrin-1 groups. In the TGF-β inhibition group and the 
Netrin-1 group, the expression of GAP43 and DCC was signifi-
cantly reduced compared to the KOA group and TGF-β, while the 
expression of UNC5 was significantly increased.
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F I G U R E  1  KOA synovial fibrosis 
activates vascular endothelial cells to 
promote Netrin-1 secretion. (A) Each 
group was stained with Sirius Red stain 
and Masson stain for rat synovial tissue, 
200× scale bar = 50 μm, showing collagen 
fibre content. Each group was stained 
with synovial tissue using silver plated 
nerve, 200x scale bar = 50 μm, showing 
neuronal and nerve fibre content. 
(B) Each group used Netrin-1 + CD31 
immunofluorescence staining of synovial 
tissue, 100× scale bar = 100 μm, to show 
the expression of the vascular endothelial 
cell marker CD31 and the expression 
of Netrin-1 in synovial tissue. (C–E) WB 
and PCR were performed to detect the 
protein and gene expression of Netrin-1 
and vascular endothelial cell activation 
markers ICAM-1 and VCAM-1 in the 
synovial tissues of rats in each group. 
(*p < 0.05, #p < 0.05).
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3.3  |  KOA synovial fibrosis initiates Netrin-1-
induced sensory nerve sprouting exacerbating KOA 
peripheral pain sensitivity

To investigate the evidence of KOA synovial fibrosis-initiating Netrin-
1-induced sensory nerve sprouting exacerbating KOA peripheral 
pain sensitivity, ELISA was performed on the pain substances CGRP, 
SP and NGF in the blood of each group of rats. Cold pain sensitivity 
and mechanical pain sensitivity experiments were also performed 
on each group of rats to observe the pain-related factor NGF in the 
DRG tissues of each group of rats under NGF immunofluorescence 
staining. The results are shown in Figure 3. As shown in Figure 3A, 
the expression of NGF in DRG tissues of KOA and TGF-β groups 
was significantly increased compared to that of normal group, while 
the expression of NGF in TGF-β inhibition group and Netrin-1 group 
was significantly decreased. As shown in Figure 3B, the expression 
of pain-related factors CGRP, SP and NGF in blood was significantly 
increased in the KOA and TGF-β groups compared to the normal 
group, while the expression in the TGF-β inhibition and Netrin-1 
groups was significantly decreased compared to the KOA group. In 
Figure  3C, at Day 14, the sensitivity to cold pain sensitization in-
creased significantly and the paw lift time was significantly shorter 
in the KOA, TGF-β, TGF-β inhibition and Netrin-1 groups; after the 
administration intervention, the paw lift time was prolonged in all 
groups at Day 28, while at Day 56 of the final administration, the 
paw lift time was significantly longer in the TGF-β inhibition and 
Netrin-1 groups compared to the KOA and TGF-β groups. There was 
a statistically significant increase in cold pain sensitivity and a sta-
tistically significant decrease in paw lifting time in the KOA, TGF-β, 
TGF-β inhibition, and Netrin-1 groups at Day 14 compared to Day 0, 
and a statistically significant increase in paw lifting time in the TGF-β 
inhibition and Netrin-1 groups at Day 56 compared to Day 14.

3.4  |  Vascular endothelial cell activation 
promotes the secretion of Netrin-1

To investigate the specific mechanism of vascular endothelial cell 
activation to promote Netrin-1 secretion, endothelial cells from nor-
mal, LPS, TGF-β and TGF-β inhibition groups were observed by im-
munofluorescence staining after co-culture, and WB and qPCR was 
used to detect the protein and gene expression of Netrin-1, VCAM1 
and ICAM1 in endothelial cells. The results are shown in Figure 4. 
As shown in Figure 4A, the expression of Netrin-1 and CD31 was 
significantly higher in the LPS and TGF-β groups compared to the 

normal group with a high degree of overlap, while the expression 
in the TGF-β inhibition group was significantly lower. In Figure 4B–
E, Netrin-1 and VCAM1, an indicator of endothelial cell activation, 
and ICAM1 protein and gene expression were significantly increased 
in the LPS and TGF-β groups compared to the Normal group, and 
were more increased in the TGF-β group compared to the LPS group, 
whereas they were significantly decreased in the TGF-β inhibition 
group.

3.5  |  Activation of vascular endothelial cells by 
synovial fibrosis initiates Netrin-1 to induce sensory 
nerve sprouting in vitro

In order to investigate the specific mechanism of sensory nerve 
sprouting induced by Netrin-1 secretion from synovial fibrosis-
activated vascular endothelial cells, the DRG cells in each group 
were stained with βIII-Tubulin+DCC/UNC5 immunofluorescence, 
and the expression of DCC, UNC5 and GAP43 proteins and genes in 
DRG cells were detected by WB and qPCR. As shown in Figure 5A, 
the expression of βIII-Tubulin and DCC in each group of cells was 
highly overlapping, with high expression of DCC in the LPS and 
TGF-β groups compared to the normal group, and lower expression 
of DCC in the TGF-β inhibition and Netrin-1 groups compared to the 
LPS and TGF-β groups. As shown in Figure 5B, UNC5 expression was 
reduced in the LPS and TGF-β groups compared to the normal group, 
while UNC5 expression was increased in the TGF-β inhibition and 
Netrin-1 groups compared to the LPS and TGF-β groups. As shown 
in Figure 5C–F, the protein and gene expression of DCC and GAP43 
were significantly higher in the LPS and TGF-β groups compared to 
the Normal group, while UNC5 was significantly lower. In the TGF-β 
inhibition and Netrin-1 groups, the protein and gene expression of 
DCC and GAP43 decreased significantly compared to the LPS group, 
while the expression of UNC5 increased significantly.

3.6  |  Synovial fibrosis initiates Netrin-1-induced 
sensory nerve sprouting exacerbating KOA peripheral 
pain sensitivity in vitro

To investigate the effect mechanism of synovial fibrosis-initiated 
Netrin-1-induced sensory nerve sprouting exacerbating periph-
eral nociception in KOA, ELISA was performed on the co-culture 
supernatant of each group of cells to detect the expression of 
the nociceptive-related factors CGRP, SP and NGF, and NGF 

F I G U R E  2  KOA synovial fibrosis initiates Netrin-1 induction of sensory nerve germination. (A) Each group of DRG tissues was 
immunofluorescently stained using βIII-Tubulin + DCC + DAPI at 200× scale bar = 50 μm to observe the expression of DRG markers and DCC, 
an indicator of nerve sprouting. (B) Each group of DRG tissues was immunofluorescently stained using βIII-Tubulin + UNC5 + DAPI, 200× 
scale bar = 50 μm, to observe the expression of DRG markers and UNC5, an indicator of nerve sprouting. (C–E) WB and PCR were performed 
to detect the protein and gene expression of GAP43, DCC and UNC5, the neural sprouting-related indicators in DRG tissues of each group 
of rats. (*p < 0.05, #p < 0.05).
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immunofluorescence staining was also observed on DRG cells. 
The results are shown in Figure 6. In Figure 6A, the expression of 
NGF was significantly higher in the LPS and TGF-β groups than in 
the normal group, while the expression of HGF was significantly 

lower in the TGF-β inhibition and Netrin-1 groups compared to the 
LPS and TGF-β groups. In Figure 6B, the expression of pain-related 
factors CGRP, SP and NGF was significantly higher in the LPS and 
TGF-β groups compared to the normal group, while the expression 

F I G U R E  3  KOA synovial fibrosis initiates Netrin-1-induced sensory nerve sprouting exacerbating KOA peripheral pain sensitivity. (A) 
Immunofluorescence staining of DRG tissues of rats in each group with Netrin-1 + NGF, 200× scale bar = 50 μm.(B) ELISA was performed on 
the sera of rats in each group to detect the expression of pain-related factors CGRP, SP and NGF. (*p < 0.05, #p < 0.05) (C) Cold plate paw lift 
experiments were performed on each group of rats every 14 day and the paw lift time was recorded.(*p < 0.05, #p < 0.05).
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of HGF was significantly lower in the TGF-β inhibition and Netrin-1 
groups.

4  |  DISCUSSION

KOA is a chronic degenerative disease of the knee with pain as the 
primary clinical symptom and is widely present in the middle-aged 

and elderly populations. Pain, as the main complaint of patients 
with KOA, has been one of the key propositions in KOA research; 
however, there are numerous factors that contribute to KOA pain, 
which can often be attributed to unvisualised intra-articular soft tis-
sue lesions and the inability to identify heterogeneous factors that 
contribute to pain sensitisation.24 Some studies have used magnetic 
resonance imaging (MRI) to make large observations and have shown 
that pain in KOA is associated with many structural factors within 

F I G U R E  4  Vascular endothelial cell activation promotes the secretion of Netrin-1. (A) Immunofluorescence staining of Netrin-1 + CD31 
was observed in HUVEC from each group after co-culture, 100× scale bar = 100 μm, showing the expression of the vascular endothelial cell 
marker CD31 and the expression of Netrin-1 in HUVEC. (B– E) WB and PCR were performed on each group of HUVEC to detect the protein 
and gene expression of Netrin-1 and VCAM-1 and ICAM-1, indicators of vascular endothelial cell activation. (* p< 0.05, # p< 0.05).
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the joint, including the presence of bone marrow lesions (BML) and 
synovitis.3 There is also evidence that both peripheral and central 
nerve sensitisation may contribute to KOA pain during the develop-
ment of KOA.25 Therefore, exploring the specific mechanisms that 
lead to KOA pain is important for the future targeted treatment of 
KOA pain.

Previous studies have demonstrated a close relationship be-
tween synovial fibrosis and KOA pain5; however, the synovial fibrosis 

environment activates vascular endothelial cells in synovial tissue, 
which promotes the formation of vascular opacities in the synovium, 
further leading to sensitization of peripheral pain, although the exact 
mechanism is unclear. In this regard, we conducted the present study 
to explore the potential mechanism of endothelial cell activation to 
promote Netrin-1 secretion and affect peripheral pain. In vivo and 
in vitro experiments revealed that the expression of VCAM1 and 
ICAM1 proteins and genes, indicators of endothelial cell activation, 

F I G U R E  5  Activation of vascular endothelial cells by synovial fibrosis initiates Netrin-1 to induce sensory nerve sprouting. (A) DRG 
neuronal cells after co-culture in each group were stained using βIII-Tubulin + DCC + DAPI immunofluorescence at 100× scale bar = 100 μm 
to observe the expression of DRG neuronal markers and DCC, an indicator of nerve sprouting. (B) DRG neuronal cells from each group after 
co-culture were stained using βIII-Tubulin + UNC5 + DAPI immunofluorescence, 100x scale bar = 100 μm, to observe the expression of DRG 
neuronal markers and the neural sprouting indicator UNC5. (C–F) WB and PCR were applied to detect the protein and gene expression of 
neuronal activation-specific protein GAP43 and neural sprouting indicators DCC and UNC5 in DRG neuronal cells of each group. (*p < 0.05, 
#p < 0.05).

F I G U R E  6  Synovial fibrosis initiates Netrin-1-induced sensory nerve sprouting exacerbating KOA peripheral pain sensitivity. (A) NFG 
immunofluorescence staining of DRG neuronal cells from each group after co-culture to observe the expression of pain-sensitive indicators. 
(B) The expression of pain-sensitivity-related factors CGRP, SP and NGF were detected by ELISA on the cell supernatants of each group 
after co-culture. (*p < 0.05, #p < 0.05).
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was significantly upregulated in the setting of synovial fibrosis. We 
also found a significant increase in the expression of Netrin-1 in sy-
novial tissue in the KOA and TGF-β groups, as well as in endothelial 
cells in the LPS and TGF-β groups compared to the blank group. By 
performing multiplex immunofluorescence co-localization of Netrin-1 
with CD31 in synovial tissue, we found that in the KOA and TGF-β 
groups, the region of endothelial cell activation and the high overlap 
of the Netrin-1-expressing region and the enhanced signal indicated 
that the activation of endothelial cells in the synovial fibrosis environ-
ment promoted the secretion of Netrin-1, which may be one of the im-
portant factors mediating nerve sprouting. In contrast to the KOA and 
TGF-β groups, the TGF inhibitor and Netrin-1 groups showed a low 
signal in the expressed region, suggesting that the activation of endo-
thelial cells was significantly inhibited by the inhibitor intervention and 
that the secretion of Netrin-1 was reduced, and this was confirmed in 
cellular experiments. The expression of DCC and GAP43 was found to 
be significantly up-regulated in the KOA and TGF-β groups compared 
to the blank group, while the expression of UNC5 expression was sig-
nificantly down-regulated in the KOA and TGF-β groups compared to 
the blank group. In contrast, the expression of DCC and GAP43 was 
significantly down-regulated in the TGF inhibitor and Netrin-1 groups 
compared to the KOA group, whereas the expression of UNC5 was 
significantly up-regulated. This further demonstrates that endothelial 
cell activation promotes Netrin-1 secretion to mediate neural sprout-
ing through the regulation of DCC/UNC5 repulsion and attraction.

Also, in the present study, we found that the activation of vascular 
endothelial cells to secrete Netrin-1 mediated nerve sprouting under 
the influence of the synovial fibrosis environment was accompanied 
by a significant increase in the levels of pain-related factors CGRP, SP 
and NGF in the serum as well as in the cell supernatant of the KOA, 
LPS and TGF-β groups, which further indicated that nerve sprouting 
mediated the sensitization of peripheral pain by promoted the expres-
sion of pain factors, which further induced the production of KOA 
pain. In contrast, inhibition of synovial fibrosis and Netrin-1 secretion 
resulted in significant reductions in CGRP, SP and NGF, indicating that 
peripheral pain sensitization was alleviated. In this regard, we also 
performed cold plate paw lifting experiments on each group of ani-
mals and found that the paw lifting time of rats in the TGF inhibitor 
and Netrin-1 groups was significantly longer compared to the KOA 
and TGF-β groups. In summary, activation of vascular endothelial cells 
by synovial fibrosis promotes Netrin-1 secretion to mediate sensory 
nerve sprouting leading to peripheral pain sensitization in KOA proba-
bly through the attractive and repulsive effects of DCC/UNC5.
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