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Abstract

Background: Neuropathic pain (NP) is a chronic pathological pain that affects the

quality of life and is a huge medical burden for affected patients. In this study, we

aimed to explore the effects of secreted phosphoprotein 1 (SPP1) on NP.

Methods: We established a chronic constriction injury (CCI) rat model,

knocked down SPP1 via an intrathecal injection, and/or activated the

extracellular signal‐regulated kinase (ERK) pathway with insulin‐like growth

factor 1 (IGF‐1) treatment. Pain behaviors, including paw withdrawal

threshold (PWT), paw withdrawal latency (PWL), lifting number, and

frequency, were assessed. After sacrificing rats, the L4‐L5 dorsal root ganglion

was collected. Then, SPP1 levels were determined using quantitative

polymerase chain reaction (qPCR) and western blot analysis. The levels of

interleukin (IL)‐1β, tumor necrosis factor (TNF)‐α, IL‐6, IL‐10, epidermal

growth factor (EGF), vascular endothelial growth factor (VEGF), and

transforming growth factor (TGF)‐β were determined using qPCR and

enzyme‐linked immunosorbent assay. The levels of ERK pathway factors

were determined via western blot analysis.

Results: We found that CCI decreased PWT and PWL, increased the lifting

number and frequency, and upregulated SPP1 levels. The loss of SPP1 reversed

these CCI‐induced effects. Additionally, CCI upregulated IL‐1β, TNF‐α, IL‐6,
EGF, and VEGF levels, downregulated TGF‐β levels, and activated the ERK

pathway, while silencing of SPP1 abrogated these CCI‐induced effects.

Moreover, IGF‐1 treatment reversed the effects of SPP1 loss.

Conclusions: The data indicate that silencing SPP1 attenuates NP via

inactivation of the ERK pathway, suggesting that SPP1 may be a promising

target for NP treatment.
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1 | INTRODUCTION

Neuropathic pain (NP) is an epidemic of chronic pain
that affects approximately 10% of global population.1

NP is characterized by hyperalgesia, allodynia, and
spontaneous pain.2 Spontaneous pain is persistent or
intermittent and may be accompanied by evoked
pain.3 In addition to nerve injury, age, sex, and
emotion are risk factors for the occurrence of NP,
which usually develops in the nerve roots, plexuses,
and nerve trunks.4,5 To date, the diagnosis of NP has
not been standardized, and it is easily confused with
non‐NP.6 Current treatment strategies are not fully
effective in treating NP, and drug inefficiency and
resistance further increase the difficulty of NP
management.3,7 Thus, there is an urgent need to
clarify the mechanism underlying NP progression to
develop more effective treatment methods.

Secreted phosphoprotein 1 (SPP1; also known as
OPN, BNSP, BSPI, and ETA‐1) is a glycoprotein with
multiple functions. The protein encoded by SPP1 is a
type of osteopontin that is closely linked to the
connection between osteoclasts and mineralized bone
matrix.8 SPP1 levels are upregulated in osteoblasts.
SPP1 levels are also highly upregulated during the
pathogenesis and progression of muscular dystrophy
in mice and humans.9 SPP1 is secreted into the
extracellular matrix and mediates cell adhesion and
migration.10 Due to cell adhesion, SPP1 expression is
closely related to tumorigenesis and metastasis,
suggesting that it can be used as a diagnostic and
prognostic biomarker of cancer.11–13 Moreover, SPP1
is associated with multiple types of pain, such as
diabetic NP, cancer pain, and low back pain.14–16

Importantly, a previous study has revealed that SPP1
expression is increased after sciatic nerve injury and
regulating nerve degeneration and regeneration.17

However, the role of SPP1 in sciatic nerve injury‐
induced NP and the underlying molecular mechanism
has not been fully elucidated. Additionally, NP is
associated with a pro‐inflammatory state, which
involves the release of multiple pro‐inflammatory
factors, such as tumor necrosis factor (TNF)‐α,
interleukin (IL)‐1β, IL‐6, and IL‐17, and the inhibi-
tion of anti‐inflammatory factors, such as IL‐4, IL‐10,
transforming growth factor (TGF)‐β.18 Angiogenesis
is evident in inflammation of neurons. In spinal cord,
central neuroinflammation and angiogenesis occurs
in conjunction, which is related to vascular endothe-
lial growth factor (VEGF) pathway.19 Therefore, we
focused on the regulation of inflammatory factors and
angiogenesis‐related factors by SPP1.

The MAP kinse‐ERK kinase (MEK)/extracellular
signal‐regulated kinase (ERK) cascade is a well‐
characterized mitogen‐activated protein kinase
(MAPK) pathway involved in cell proliferation and
survival.20 The ERK pathway is activated under
various conditions, such as malignancy, inflamma-
tion, and fibrotic disease.21–23 After nerve injury, ERK
phosphorylation levels are increased in neurons,
microglia, astrocytes, and large dorsal root ganglia
neurons. ERK signaling pathway is a promising
therapeutic target for NP treatment, and inhibiting
ERK synthesis can relieve pain.24 Increasing evidence
has reported that SPP1 can regulate the ERK pathway
in the pathological process of disease.17,25 Therefore,
we sought to investigate whether SPP1 affects the
ERK pathway in NP.

Here, we aimed to explore the involvement of
SPP1 in NP and the underlying mechanism. We
hypothesized that SPP1 was involved in NP progres-
sion by regulating inflammation and angiogenesis,
which may by be related to the ERK signaling
pathway. Thus, this study may provide a therapeutic
target for NP.

2 | MATERIALS AND METHODS

2.1 | Animals

Adult male Sprague‐Dawley rats (weight: 180–200 g)
were kept under 12 h light/12 h dark cycle at 22°C and
provided enough food and water. All rats were
acclimated to the conditions for 7 days until opera-
tion. Then the rats were divided into six groups (six
rats per group): (1) sham, rats operated without
ligation; (2) chronic constriction injury (CCI) model,
rats operated with bilateral sciatic nerve ligation; (3)
CCI + lentivirus negative control (Lv‐sh‐nc), rats were
intrathecal injected with Lv‐sh‐nc, and CCI model
was established; (4) CCI + Lv‐sh‐SPP1 (lentivirus
carrying short hairpin [Sh] RNA targeting SPP1), rats
were intrathecal injected with Lv‐sh‐SPP1, and CCI
model was established; (5) CCI + Lv‐sh‐
SPP1 + normal saline (Nacl), rats were intrathecal
injected with Lv‐SPP1, followed by intrathecal injec-
tion with normal saline, and CCI model was estab-
lished; and (6) CCI + Lv‐sh‐SPP1 + insulin‐like
growth factor 1 (IGF‐1) groups, rats were intrathecal
injected with Lv‐SPP1, followed by intrathecal injec-
tion with IGF‐1, and CCI model was established. The
schematic diagram of experimental design is shown in
Supporting Information: Figure 1.
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2.2 | CCI operation

Bilateral sciatic nerve ligation was performed to establish
a CCI rat model as previously described.26,27 Briefly, the
rats were anesthetized with 50mg/kg sodium pento-
barbital, and the sciatic nerves on both sides of the hind
limbs were exposed and separated from the surrounding
soft tissue. The sciatic nerves were ligated using 4‐0
catgut thread at four sites (1 mm interval). Ligation was
performed by a single operator to ensure a similar
ligation tightness. Rats with exposed sciatic nerves,
without ligation, served as the sham group. After the
surgery, the wound was closed. The rats were housed in
single cages. After determining the pain behaviors, L4‐L5
dorsal root ganglion were obtained cooled in liquid
nitrogen, and stored at −80°C.

2.3 | Determination of pain behaviors

Pain behaviors were measured on the day of surgery and
3, 7, and 14 days after surgery as previously described.28

The paw withdrawal threshold (PWT) was determined by
stimulating the rats with von Frey monofilaments. Rats
were left alone in a quiet and transparent cage for
15–30min. Electronic von Frey was used to stimulate the
plantar surfaces of the left and right hind claws of rats.
Each rat was stimulated thrice. When the rats showed
foot contraction behavior, the acupuncture intensity (g)
was recorded. Moreover, at each stimulus force, the
withdrawal frequency was determined.

Paw withdrawal latency (PWL) and paw lifting
number were measured using a heat radiometer to
irradiate the surface of the hind limb sole. The time from
the beginning of irradiation to foot contraction behavior
was recorded. Set the maximum stop time to 20 s to avoid
tissue damage. The number of paw lifts within 5 min was
recorded. Each rat was checked thrice.

The frequency was used to evaluate the cold
sensitivity of the rats. One drop of acetone was placed
on each hind paw. The number of foot contractions was
also recorded. Each experiment was repeated thrice, and
each interval was of 3 min.

The study was double blind. The measurers and
recorders did not know which group each rat belonged
to, and also did not know grouping details.

2.4 | Intrathecal injection

The fragments of ShRNA‐SPP1 (CCTAAGAGTAAGGAA
GATGAT) and its negative control (sh‐nc: CAACA
AGATGAAGAGCACCAA) were purchased from

Genepharma. These sequences were ligated into pLKO.1‐
puro vector. HEK293T cells were transfected with pLKO.1‐
shRNA constructs, psPAX2 packing plasmid, and pMD2.G
envelope plasmid for 72 h. The supernatant containing the
packaged particles was collected and the lentivirus were
concentrated using ultracentrifugation. Intrathecal injection
was performed using a modified version as previously
described.29 The rats were anesthetized by intraperitoneal
injection of 1% pentobarbital sodium (40mg/kg), and 10 μL
Lv‐sh‐SPP1 and Lv‐sh‐nc were intrathecal injected before
CCI model establishment. The rats in the sham and CCI
groups were intrathecally injected with 10 μL sterile saline.
To activate the ERK pathway, IGF‐1 (ERK pathway agonist)
was injected into the rats after Lv‐sh‐SPP1 injection, while
saline (NaCl) was used as the negative control. Intrathecal
injection was conducted at the L4‐L5 intervertebral space.

2.5 | Enzyme‐linked immunosorbent
assay (ELISA)

Dorsal root ganglion samples were lysed on ice. The
supernatant was collected via centrifugation at 10,000g for
15min. The levels of IL‐1β (RLB00), TNF‐α (RTA00), IL‐6
(R6000B), IL‐10 (R1000), epidermal growth factor (EGF)
(DY3214), VEGF (RRV00), and TGF‐β (MB200) were
determined using their specific ELISA kits (R&D Systems).

2.6 | Quantitative polymerase chain
reaction (qPCR)

Total RNA was extracted using the TRIzol reagent
(Invitrogen). The M‐MLV reverse transcriptase kit
(Invitrogen) was used to performed the reverse transcrip-
tion of RNA. qPCR was conducted using SYBR Green
qPCR Master Mix (MedChemExpress). All procedures
were performed according to the manufacturer's instruc-
tions. The relative expression of mRNA was normalized
to that of glyceraldehyde‐3‐phosphate dehydrogenase
and calculated using the 2−ΔΔCt method. The sequences
of primers are shown as follows: SPP1 F: 5′‐
GAGCAAACAGACGATGTGGA‐3′ and R: 5′‐GAAAT
CGGTGACCAGCTCAT‐3′; IL‐1β F: 5′‐GAGTGTGGA
TCCCAAGCAAT‐3′ and R: 5′‐TACCAGTTGGGG
AACTCTGC‐3′; TNF‐α F: 5′‐CAGCCGATGGGT
TGTACCTT‐3′ and R: 5′‐GGCAGCCTTGTCCCTTGA‐
3′; IL‐6 F: 5′‐CCACGGCCTTCCCTACTTC‐3′ and R: 5′‐
TGGGAGTGGTATCCTCTGTGAA‐3′; IL‐10 F: 5′‐GAT
GCCCCAGGCAGAGAA‐3′ and R: 5′‐CACCCAGG
GAATTCAAATGC‐3′; EGF F: 5′‐GAAACTGTT
GGGAGAGGAATCG‐3′ and R: 5′‐ AGCAAGGCA
AAGGCTTAGAG‐3′; VEGF F: 5′‐ ATTTCTGGGAT
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TCCTGTAG‐3′ and R: 5′‐CAGTGAAGACACC
AATAAC‐3′; TGF‐β F: 5′‐ GGACACGCAGTACAGC
AAG‐3′ and R: 5′‐GAGCGCACGATCATGTTGG‐3′; and
GAPDH F: 5′‐CGACAGTCAGCCGCATCTT‐3′and R: 5′‐
CCAATACGACCAAATCCGTTG‐3′.

2.7 | Western blot

Proteins were extracted using the ice‐cold radioimmunopre-
cipitation assay lysis buffer, and protein concentration was
determined using a BCA kit (Applygen). Equal amounts of

protein were added into each lane, separated by 10% sodium
dodecyl sulfate‐polyacrylamide gel electrophoresis, and
transferred onto polyvinylidene fluoride (PVDF) membranes.
After blocking with 5% skim milk, the PVDF membranes
were incubated with primary antibodies (Abcam) at 4°C
overnight, followed by incubation with horseradish
peroxidase‐conjugated secondary antibody (Abcam) at room
temperature for 1 h. Protein bands were detected using ECL
luminescence reagent (Sangon) and quantified using the
ImageJ 1.8.0 software (National Institutes of Health).

The primary antibodies used here were SPP1 anti-
body (ab307994, 1:1000), GAPDH antibody (ab181602,

FIGURE 1 Secreted phosphoprotein 1
(SPP1) expression is upregulated in the
chronic constriction injury (CCI) rat model.
(A) Paw withdrawal threshold, (B) paw
withdrawal latency, (C) paw lifting number,
and (D) frequency were determined after CCI
operation for 0, 1, 3, 5, 7, and 14 days. SPP1
levels were determined via (E) quantitative
polymerase chain reaction and (F) western
blot. *p< .05; **p< .01; ***p< .001.
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1:10000), serine/threonine kinase (AKT; ab8805, 1:500),
phosphorylated (p)‐AKT (ab38449, 1:500), MAPK (MEK;
ab109556, 1:1000), p‐MEK (ab96379, 1:1000), ERK
(ab184699, 1:10000), p‐ERK (ab76299, 1:10000). The
secondary antibody was goat anti‐rabbit (ab6721, 1:5000).

2.8 | Statistical analysis

All data are shown as the mean± standard deviation using
GraphPad Prism 6 software. Significance was analyzed by
one‐way analysis of variance (ANOVA) and Student's t‐test.
p< .05 was considered to be significant difference.

3 | RESULTS

3.1 | SPP1 expression is upregulated in
the CCI rat model

Initially, the pain behaviors were measured. As shown in
Figure 1A, CCI induced a significant decrease in PWT from
Day 0 to Day 5, whereas PWT remained almost unchanged

from Day 5 to Day 14. Similarly, PWL was markedly lower
in the CCI group than in the sham group (Figure 1B).
Furthermore, CCI significantly increased the number and
frequency of paw lifts (Figure 1C,D). In addition, SPP1
levels were significantly elevated in the CCI group in a
time‐dependent manner compared to those in the sham
group (Figure 1E,F). The results demonstrated that CCI
induces pain, and SPP1 expression was increased in
CCI rats.

3.2 | Knockdown SPP1 relieves NP in
CCI‐induced rats

SPP1 levels were downregulated following the trans-
fection of Lv‐sh‐SPP1 compared to those in the Lv‐sh‐
nc group (Figure 2A). Knockdown of SPP1 signifi-
cantly increased the PWT and PWL in CCI rats
(Figure 2B,C). In contrast, the number and frequency
of paw lifts were markedly decreased in CCI‐induced
rats due to the loss of SPP1 (Figure 2D,E). Taken
together, interference with SPP1 can alleviate CCI‐
induced pain.

FIGURE 2 Knockdown secreted phosphoprotein 1 (SPP1) relieves neuropathic pain in chronic constriction injury (CCI)‐induced rats.
(A) Levels were determined via quantitative polymerase chain reaction following transfection. (B) Paw withdrawal threshold, (C) paw
withdrawal latency, (D) paw lifting number, and (E) frequency were measured after SPP1 knockdown. **p< .01; ##p< .01.
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3.3 | Silencing of SPP1 inhibits the
release of pro‐inflammatory factors in
CCI‐induced rats

NP is associated with a pro‐inflammatory state, therefore,
the levels of inflammatory cytokines in the dorsal root
ganglion were measured using qPCR and ELISA. The
expression levels of IL‐1β, TNF‐α, and IL‐6 were
significantly elevated by CCI, which were markedly
abrogated by the knockdown of SPP1 (Figure 3A,B).
IL‐10 levels were not affected by CCI or SPP1 in rats
(Figure 3A,B), suggesting that SPP1 knockdown inhibits
inflammation response in CCI rats.

3.4 | Silenced SPP1 inhibits
angiogenesis in CCI‐induced rats

Angiogenesis is evident in inflammation of neurons.
Hence, EGF, VEGF, and TGF‐β levels were detected
using qPCR and ELISA in dorsal root ganglion from rats.
As illustrated in Figure 4A,B, CCI significantly increased
the EGF and VEGF levels, while decreasing the TGF‐β
levels, and knockdown of SPP1 rescued these CCI‐
induced effects. The results indicated that the lack of
SPP1 inhibits angiogenesis induced by CCI procedure.

3.5 | Knockdown SPP1 inactivated the
ERK pathway in CCI‐induced rats

The effects of SPP1 on the ERK pathway were further
explored. CCI surgery significantly increased the
protein levels of p‐AKT, p‐MEK, and p‐ERK, while
knockdown SPP1 significantly abrogated this effect.
However, neither CCI nor SPP1 affected the AKT,
MEK, and ERK levels (Figure 5A,B). To sum up, CCI
actives the ERK pathway, and SPP1 knockdown
reversed this activation.

3.6 | Silencing of SPP1 relieves NP in
CCI‐induced rats via regulating the ERK
pathway

In CCI‐induced rats, knockdown of SPP1 markedly
increased the PWT and PWL, whereas IGF‐1 treat-
ment markedly abolished the effect induced by
SPP1 loss (Figure 6A,B). In contrast, IGF‐1 signifi-
cantly reversed the reduction in the number and
frequency of paw lifts induced by SPP1 depletion in
CCI‐induced rats. The results demonstrated that
silencing of SPP1 relieves pain by inactivating the
ERK pathway.

FIGURE 3 Depletion of secreted phosphoprotein 1 (SPP1) alleviates the inflammation response. The levels of inflammatory factors,
interleukin (IL)‐1β, tumor necrosis factor (TNF)‐α, IL‐6, and IL‐10, were determined via (A) enzyme‐linked immunosorbent assay and (B)
quantitative polymerase chain reaction. **p< .01; ##p< .01.
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3.7 | Silencing of SPP1 alleviates
inflammation via the ERK pathway

The protein levels of p‐AKT, p‐MEK, and p‐ERK were
downregulated by the knockdown of SPP1, which were
significantly elevated by IGF‐1 (Figure 7A) Moreover, the
expression levels of IL‐1β, TNF‐α, and IL‐6 reduced by
SPP1 knockdown were rescued by IGF‐1 treatment
(Figure 7B,C). In summary, activation of the ERK

pathway reversed the anti‐inflammation effects caused
by SPP1 knockdown in CCI rats.

3.8 | SPP1 knockdown mediated the
ERK pathway to inhibit angiogenesis

Finally, the results of qPCR and ELISA showed that
knockdown of SPP1 decreased the EGF and VEGF levels,

FIGURE 4 Loss of secreted phosphoprotein 1 (SPP1) inhibits angiogenesis induced by chronic constriction injury (CCI). The levels of
epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and transforming growth factor (TGF)‐β were determined via
(A) enzyme‐linked immunosorbent assay and (B) quantitative polymerase chain reaction. **p< .01; ##p< .01.

FIGURE 5 Knockdown secreted
phosphoprotein 1 (SPP1) inactivates the
extracellular signal‐regulated kinase (ERK)
pathway. (A) Serine/threonine kinase
(AKT), mitogen‐activated protein kinase
(MEK), ERK, p‐AKT, p‐MEK, and p‐ERK
protein levels were determined via western
blot. (B) The ratios of p‐ERK/ERK, p‐AKT/
AKT, and p‐MEK/MEK were quantified.
**p< .01; ##p< .01.
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but upregulated the TGF‐β levels induced by CCI
(Figure 8A,B). These findings suggested that SPP1 knock-
down mediated the ERK pathway to inhibit angiogenesis.

4 | DISCUSSION

Herein, we clarified the role of SPP1 in NP and
explored the underlying mechanisms. We established
CCI rat model and intrathecal injected shRNA
lentivirus to interference with SPP1 expression. Pain
behaviors were measured after model establishment.
Moreover, inflammatory factors, angiogenesis‐related
factors, and ERK pathway were evaluated in the
dorsal root ganglion. We found that silencing of SPP1
inhibits inflammation and angiogenesis in CCI rats by
regulating the ERK pathway, thereby alleviating NP.

Nerve injury, involving the central and peripheral
nerves, is the main cause of NP. Unfortunately,
current drugs and technologies are not completely
effective for treating NP. CCI is commonly used in
model of sciatic nerve injury to explore the

pathogenesis of NP. Previous studies have reported
that SPP1 is involved in the progression of multiple
types of pain.14–16 Moreover, SPP1 is associated with
nerve injury.30,31 SPP1 is a key regulatory factor that
affects nerve degeneration and regeneration after
sciatic nerve injury. However, the role of SPP1 in
sciatic nerve ligation‐induced pain remains unclear.
Herein, we found that SPP1 is highly expressed in CCI
rats, suggesting that it may regulate NP pathogenesis.
Moreover, pain intensity, heat sensitivity, and cold
sensitivity were evaluated by PWT, PWL, paw lifting
number, and frequency. The results in this study
indicated that silencing of SPP1 increased PWT and
PWL, and reduced paw lifting number and frequency,
suggesting that low expression of SPP1 can reduce NP.
A previous study has reported that SPP1 is highly
expressed in disease‐associated microglia and reflect
neuroinflammation.32 Indeed, SPP1 expression is
increased in spinal cord microglia after injury.33

However, this study has not yet explored the
localization of SPP1 in the spinal cord. Whether
SPP1 is upregulated in spinal microglia after CCI and

FIGURE 6 Silencing of secreted
phosphoprotein 1 (SPP1) relieves
neuropathic pain by regulating the
extracellular signal‐regulated kinase (ERK)
pathway. (A) Paw withdrawal threshold, (B)
paw withdrawal latency, (C) paw lifting
number, and (D) frequency were measured
following SPP1 knockdown and insulin‐like
growth factor 1 treatment. **p< .01;
##p< .01; #p< .05.
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regulates NP progression is a question that needs to be
studied in our future work.

Subsequently, how SPP1 affects NP was explored.
Excessive inflammation contributes to the onset and
maintenance of NP. Pro‐ and anti‐ inflammatory
factors significantly influence NP.34,35 The release of
pro‐inflammatory factors, including IL‐1β, TNF‐α,
and IL‐6, has been widely studied. They are highly
expressed in NP, and downregulation of them
improves pain to a certain extent.18 In addition,
IL‐10, an anti‐inflammation factor, is also an antinocicep-
tive cytokine that protects against NP.36 Hence, we
detected the levels IL‐1β, TNF‐α, IL‐6, and IL‐10 were
detected in the dorsal root ganglion of CCI rats. We found
that SPP1 knockdown reversed the increase of IL‐1β, TNF‐
α, and IL‐6 caused by CCI, rather than affected IL‐10
expression. The results suggested that silencing of SPP1
alleviates the inflammatory environment mainly by
inhibiting the release of pro‐inflammatory factors, thus
attenuating NP.

Spinal angiogenesis is linked to NP, which is induced
by VEGF and plays a crucial role in inflammation.37,38

EGF contributes to a number of chronic pain processes
by binding to its receptor, EGFR39 VEGF, EGF, and TGF‐
β are important regulatory factors in angiogenesis.40,41

SPP1 has been reported to regulate angiogenesis in
multiple diseases.42,43 However, whether SPP1 affect
angiogenesis in NP remains unclear. In this study, the
results showed that silencing of SPP1 reduced EGF and
VEGF levels, and increased TGF‐β levels in the dorsal
root ganglion of CCI rats, suggesting that silencing of
SPP1 relieved angiogenesis in CCI‐induced rats. The
findings demonstrated that SPP1 knockdown attenuated
the progression of NP by inhibiting inflammation and
angiogenesis.

The ERK pathway plays a crucial role in many
types of pain and maybe a therapeutic target for NP.24

Inhibition of ERK phosphorylation alleviates pain.
Activation of ERK signaling activates downstream
factors, phosphatidylinositol 3‐kinase, which induces
an increase in AKT phosphorylation and regulates
cellular processes. There are studies showed that SPP1
is associated with the activation of the ERK path-
way.44,45 A previous study showed that the changes in
SPP1 expression led to alterations in ERK signaling
after sciatic nerve injury.17 However, this work was
mostly at the cellular level, while our study focused
on the role of the SPP1–ERK pathway in vivo. In this
study, we found that the ERK pathway was activated
in CCI‐induced rats, which is consistent with previous

FIGURE 7 Silencing of secreted phosphoprotein 1 (SPP1) alleviates inflammation via the extracellular signal‐regulated kinase (ERK)
pathway. (A) The protein levels of AKT, MEK, ERK, p‐AKT, p‐MEK, and p‐ERK was examined using western blot. The interleukin (IL)‐1β,
tumor necrosis factor (TNF)‐α, and IL‐6 levels were tested by (B) enzyme‐linked immunosorbent assay and (C) quantitative polymerase
chain reaction. **p< .01; ##p< .01.
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studies.46,47 Silencing of SPP1 inactivated the ERK
pathway. Moreover, IGF‐1 treatment abrogated the
effects on pain behavior, inflammation, and angio-
genesis induced by SPP1 depletion. Taken together,
SPP1 silencing alleviates NP by positively regulating
the ERK pathway.

In conclusion, our results demonstrate that SPP1
levels are upregulated in CCI rats, which positively
regulate the ERK pathway. Moreover, SPP1 knock-
down attenuates the pain behaviors, inflammation,
and angiogenesis induced by CCI by downregulating
the ERK pathway. Hence, this study suggests the
potential use of SPP1 as a target for NP management.

AUTHOR CONTRIBUTIONS
Haiyu Xie: Conceptualization (lead); writing—original
draft (lead); formal analysis (lead); writing—review and
editing (equal). Feng Lu and Xiaoling Li: Software
(lead); writing—review and editing (equal). Enfu Wang
and Jiao Mo: Methodology (lead); writing—review and
editing (equal). Weidong Liang: Conceptualization

(supporting); writing—original draft (supporting); writ-
ing—review and editing (equal).

ACKNOWLEDGMENTS
The work is the research on the mechanism of SPP1
promoting vascular regeneration through ERK signal-
ing to improve neuropathological pain after sciatic
nerve injury, and supported by Education Department
of Jiangxi Province under grant number GJJ201505.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data sets used and analyzed during the current study are
available from the corresponding author on reasonable
request.

ETHICS STATEMENT
All animal experiments were approved by the Ethics
Committee of The First Affiliated Hospital of Gannan

FIGURE 8 Loss of secreted phosphoprotein 1 (SPP1) suppresses angiogenesis via the extracellular signal‐regulated kinase (ERK)
pathway. (A) Enzyme‐linked immunosorbent assay and (B) quantitative polymerase chain reaction were conducted to determine the
epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and transforming growth factor (TGF)‐β levels. **p< .01;
##p< .01; #p< .05.

10 of 12 | XIE ET AL.



Medical University. All procedures were performed in
line with the Guide for the Care and Use of Laboratory
Animals.

ORCID
Weidong Liang http://orcid.org/0000-0002-5924-4961

REFERENCES
1. Petzke F, Tölle T, Fitzcharles MA, Häuser W. Cannabis‐based

medicines and medical cannabis for chronic neuropathic pain.
CNS Drugs. 2022;36(1):31‐44.

2. Sadler KE, Moehring F, Shiers SI, et al. Transient receptor
potential canonical 5 mediates inflammatory mechanical and
spontaneous pain in mice. Sci Transl Med. 2021;13(595):eabd7702.

3. Finnerup NB, Kuner R, Jensen TS. Neuropathic pain: from
mechanisms to treatment. Physiol Rev. 2021;101(1):259‐301.

4. Feller L, Khammissa RAG, Bouckaert M, Ballyram R,
Jadwat Y, Lemmer J. Pain: persistent postsurgery and bone
cancer‐related pain. J Int Med Res. 2019;47(2):528‐543.

5. Mo Y, Liu B, Qiu S, et al. Down‐regulation of microRNA‐34c‐
5p alleviates neuropathic pain via the SIRT1/STAT3 signaling
pathway in rat models of chronic constriction injury of sciatic
nerve. J Neurochem. 2020;154(3):301‐315.

6. Smith BH, Hébert HL, Veluchamy A. Neuropathic pain in the
community: prevalence, impact, and risk factors. Pain.
2020;161(suppl 1):S127‐S137.

7. Binder A, Baron R. The pharmacological therapy of chronic
neuropathic pain. Dtsch Arztebl Int. 2016;113(37):616‐625.

8. de Melo Pereira D, Eischen‐Loges M, Birgani ZT, Habibovic P.
Proliferation and osteogenic differentiation of hMSCs on
biomineralized collagen. Front Bioeng Biotechnol. 2020;
8:554565.

9. Kramerova I, Kumagai‐Cresse C, Ermolova N, et al. Spp1
(osteopontin) promotes TGFβ processing in fibroblasts of
dystrophin‐deficient muscles through matrix metalloprotei-
nases. Hum Mol Gen. 2019;28(20):3431‐3442.

10. Pang X, Zhang J, He X, et al. SPP1 promotes enzalutamide
resistance and epithelial‐mesenchymal‐transition activation in
castration‐resistant prostate cancer via PI3K/AKT and ERK1/2
pathways. Oxid Med Cell Longev. 2021;2021:1‐15.

11. Göthlin Eremo A, Lagergren K, Othman L, Montgomery S,
Andersson G, Tina E. Evaluation of SPP1/osteopontin expres-
sion as predictor of recurrence in tamoxifen treated breast
cancer. Sci Rep. 2020;10(1):1451.

12. Deng G, Zeng F, Su J, et al. BET inhibitor suppresses
melanoma progressionviathe noncanonical NF‐κB/SPP1 path-
way. Theranostics. 2020;10(25):11428‐11443.

13. Assidi M, Gomaa W, Jafri M, et al. Prognostic value of
osteopontin (SPP1) in colorectal carcinoma requires a
personalized molecular approach. Tumor Biol. 2019;
41(9):101042831986362.

14. Doty M, Yun S, Wang Y, et al. Integrative multiomic analyses
of dorsal root ganglia in diabetic neuropathic pain using
proteomics, phospho‐proteomics, and metabolomics. Sci Rep.
2022;12(1):17012.

15. Wang A, Guo D, Cheng H, Jiang H, Liu X, Yun Z.
Transcriptome sequencing explores the mechanism of baicalin
on bone cancer pain. J Inflamm Res. 2021;14:5999‐6010.

16. Wang D, Li Z, Huang W, et al. Single‐cell transcriptomics
reveals heterogeneity and intercellular crosstalk in human
intervertebral disc degeneration. iScience. 2023;26(5):106692.

17. Liu X, Sun Y, Li H, et al. Effect of Spp1 on nerve degeneration
and regeneration after rat sciatic nerve injury. BMC Neurosci.
2017;18(1):30.

18. Hung AL, Lim M, Doshi TL. Targeting cytokines for treatment
of neuropathic pain. Scand J Pain. 2017;17:287‐293.

19. Sharma A, Behl T, Sharma L, et al. Exploring the molecular
pathways and therapeutic implications of angiogenesis in
neuropathic pain. Biomed Pharmacother. 2023;162:114693.

20. Ullah R, Yin Q, Snell AH, Wan L. RAF‐MEK‐ERK pathway in
cancer evolution and treatment. Sem Cancer Biol. 2022;85:123‐154.

21. Sugiura R, Satoh R, Takasaki T. ERK: a double‐edged sword in
cancer. ERK‐dependent apoptosis as a potential therapeutic
strategy for cancer. Cells. 2021;10(10):2509.

22. Li C, Yang F, Liu F, Li D, Yang T. NRF2/HO‐1 activation via
ERK pathway involved in the anti‐neuroinflammatory effect
of astragaloside IV in LPS induced microglial cells. Neurosci
Lett. 2018;666:104‐110.

23. Umbarkar P, Tousif S, Singh AP, et al. Fibroblast GSK‐3α
promotes fibrosis via RAF‐MEK‐ERK pathway in the injured
heart. Circ Res. 2022;131(7):620‐636.

24. Ma W, Quirion R. The ERK/MAPK pathway, as a target for
the treatment of neuropathic pain. Expert Opin Ther Targets.
2005;9(4):699‐713.

25. Fujisawa Y, Matsuda K, Uehara T. Osteopontin enhances the
migration of lung fibroblasts via upregulation of interleukin‐6
through the extracellular signal‐regulated kinase (ERK) path-
way. Biol Chem. 2020;401(9):1071‐1080.

26. Mokhtari T, Lu M, El‐Kenawy AEM. Potential anxiolytic
and antidepressant‐like effects of luteolin in a chronic
constriction injury rat model of neuropathic pain: role of
oxidative stress, neurotrophins, and inflammatory factors. Int
Immunopharmacol. 2023;122:110520.

27. Mokhtari T, Yue LP, Hu L. Exogenous melatonin alleviates
neuropathic pain‐induced affective disorders by suppressing
NF‐κB/NLRP3 pathway and apoptosis. Sci Rep. 2023;13(1):
2111.

28. Wu J, Wang C, Ding H. LncRNA MALAT1 promotes
neuropathic pain progression through the miR‑154‑5p/AQP9
axis in CCI rat models. Mol Med Rep. 2020;21(1):291‐303.

29. Zhu B, Gao J, Ouyang Y, Hu Z, Chen X. Overexpression of
miR138 ameliorates spared sciatic nerve injury‐induced
neuropathic pain through the anti‐inflammatory response in
mice. J Pain Res. 2019;12:3135‐3145.

30. Wang JB, Zhang Z, Li JN, et al. SPP1 promotes Schwann cell
proliferation and survival through PKCα by binding with CD44
and αvβ3 after peripheral nerve injury. Cell Biosci. 2020;10:98.

31. Fu XX, Duan R, Wang SY, et al. Lamotrigine protects against
cognitive deficits, synapse and nerve cell damage, and
hallmark neuropathologies in a mouse model of Alzheimer's
disease. Neural Regen Res. 2023;18(1):189‐193.

32. Priller J, Prinz M. Targeting microglia in brain disorders.
Science. 2019;365(6448):32‐33.

33. Hashimoto M, Koda M, Ino H, Murakami M, Yamazaki M,
Moriya H. Upregulation of osteopontin expression in rat
spinal cord microglia after traumatic injury. J Neurotrauma.
2003;20(3):287‐296.

XIE ET AL. | 11 of 12

http://orcid.org/0000-0002-5924-4961


34. Ellis A, Bennett DLH. Neuroinflammation and the generation
of neuropathic pain. Br J Anaesth. 2013;111(1):26‐37.

35. Sommer C, Leinders M, Üçeyler N. Inflammation in the
pathophysiology of neuropathic pain. Pain. 2018;159(3):
595‐602.

36. Fonseca MM, Davoli‐Ferreira M, Santa‐Cecília F, et al. IL‐27
counteracts neuropathic pain development through induction
of IL‐10. Front Immunol. 2020;10:3059.

37. Wen ZH, Huang SY, Kuo HM, et al. Fumagillin attenuates
spinal angiogenesis, neuroinflammation, and pain in neuro-
pathic rats after chronic constriction injury. Biomedicines.
2021;9(9):1187.

38. Kiguchi N, Kobayashi Y, Kadowaki Y, Fukazawa Y, Saika F,
Kishioka S. Vascular endothelial growth factor signaling in
injured nerves underlies peripheral sensitization in neuro-
pathic pain. J Neurochem. 2014;129(1):169‐178.

39. Borges JP, Mekhail K, Fairn GD, Antonescu CN, Steinberg BE.
Modulation of pathological pain by epidermal growth factor
receptor. Front Pharmacol. 2021;12:642820.

40. Dunn IF, Heese O, Black PM. Growth factors in glioma
angiogenesis: FGFs, PDGF, EGF, and TGFs. J Neurooncol.
2000;50(1‐2):121‐137.

41. Maulik N, Das DK. Redox signaling in vascular angiogenesis.
Free Radic Biol Med. 2002;33(8):1047‐1060.

42. Duan Z, Wang Y, Lu Z, et al. Wumei Wan attenuates
angiogenesis and inflammation by modulating RAGE signal-
ing pathway in IBD: network pharmacology analysis and
experimental evidence. Phytomedicine. 2023;111:154658.

43. Rowe GC, Raghuram S, Jang C, et al. PGC‐1α induces SPP1 to
activate macrophages and orchestrate functional angiogenesis
in skeletal muscle. Circ Res. 2014;115(5):504‐517.

44. Yang YF, Chang YC, Jan YH, Yang CJ, Huang MS, Hsiao M.
Squalene synthase promotes the invasion of lung cancer cells
via the osteopontin/ERK pathway. Oncogenesis. 2020;9(8):78.

45. Wang J, Huang J, Zhu M, et al. Osteopontin potentiates PM‐
induced IL‐1α and IL‐1β production via the ERK/JNK
signaling pathway. Ecotoxicol Environ Saf. 2019;171:467‐474.

46. Wang B, Liu S, Fan B, et al. PKM2 is involved in neuropathic
pain by regulating ERK and STAT3 activation in rat spinal
cord. J Headache Pain. 2018;19(1):7.

47. Sun W, Zhang L, Li R. Overexpression of miR‐206 ameliorates
chronic constriction injury‐induced neuropathic pain in rats
via the MEK/ERK pathway by targeting brain‐derived
neurotrophic factor. Neurosci Lett. 2017;646:68‐74.

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Xie H, Lu F, Li X, Wang
E, Mo J, Liang W. Silencing of secreted
phosphoprotein 1 attenuates sciatic nerve injury‐
induced neuropathic pain: regulating extracellular
signal‐regulated kinase and neuroinflammatory
signaling pathways. Immun Inflamm Dis.
2024;12:e1132. doi:10.1002/iid3.1132

12 of 12 | XIE ET AL.

https://doi.org/10.1002/iid3.1132

	Silencing of secreted phosphoprotein 1 attenuates sciatic nerve injury-induced neuropathic pain: Regulating extracellular signal-regulated kinase and neuroinflammatory signaling pathways
	1 INTRODUCTION
	2 MATERIALS AND METHODS
	2.1 Animals
	2.2 CCI operation
	2.3 Determination of pain behaviors
	2.4 Intrathecal injection
	2.5 Enzyme-linked immunosorbent assay (ELISA)
	2.6 Quantitative polymerase chain reaction (qPCR)
	2.7 Western blot
	2.8 Statistical analysis

	3 RESULTS
	3.1 SPP1 expression is upregulated in the CCI rat model
	3.2 Knockdown SPP1 relieves NP in CCI-induced rats
	3.3 Silencing of SPP1 inhibits the release of pro-inflammatory factors in CCI-induced rats
	3.4 Silenced SPP1 inhibits angiogenesis in CCI-induced rats
	3.5 Knockdown SPP1 inactivated the ERK pathway in CCI-induced rats
	3.6 Silencing of SPP1 relieves NP in CCI-induced rats via regulating the ERK pathway
	3.7 Silencing of SPP1 alleviates inflammation via the ERK pathway
	3.8 SPP1 knockdown mediated the ERK pathway to inhibit angiogenesis

	4 DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




