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Targeting Vascular endothelial growth factor
A with soluble vascular endothelial growth
factor receptor 1 ameliorates nerve injury-
induced neuropathic pain

Zhe Peng1,2, Fan Yang1,2, Siting Huang1, Yang Tang1,2, and Li Wan1,2

Abstract
Neuropathic pain is a distressing medical condition with few effective treatments. The role of Vascular endothelial growth factor
A (VEGFA) in inflammation pain has been confirmed in many researches. However, the mechanism of VEGFA affects neu-
ropathic pain remains unclear. In this study, we demonstrated that VEGFA plays an important role in spare nerve injury (SNI)-
induced neuropathic pain, which is mediated by enhanced expression and colocalized of VEGFA, p-AKT and TRPV1 in SNI-
induced neuropathic pain model. Soluble VEGFR1 (sFlt1) not only relieved mechanical hyperalgesia and the expression of
inflammatory markers, but ameliorated the expression of VEGFA, VEGFR2, p-AKT, and TRPV1 in spinal cord. However, these
effects of sFlt1 can be blocked by rpVEGFA and by 740 Y-P. Therefore, our study indication that targeting VEGFA with sFlt1
reduces neuropathic pain development via the AKT/TRPV1 pathway in SNI-induced nerve injury. This study elucidates a new
therapeutic target for neuropathic pain.
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Introduction
Neuropathic pain (NP), caused by sensory system damage or
disease in the peripheral or central nervous system, has be-
come the most challenging neurological disease worldwide1

and seriously affects patients’ quality of life and causes severe
economic burdens.2 The maladaptive immune reaction has
been recognized as a vital component promoting the de-
velopment of neuropathic pain.3 Many studies found that the
induction and maintenance of neuropathic pain is closed
related to excessive inflammatory response of glia and en-
hanced electrical activity of neurons in both PNS and CNS
after nerve damage.4–7 Sensory neurons and microglia can
produce cytokines and chemokines directly, such as IL-1β,
IL-6 and TNFα, from damaged nerve,8–13 to reshape immune
microenvironment in the somatosensory nervous system, en-
hancing information transfer,14,15 therefore to direct activation

and sensitization of nociceptors.16 IL-1β and tumor necrosis
factor (TNF)-α can induce hyperalgesia and central sensiti-
zation through N-methyl-d-aspartate receptors (NMDARs)
via cyclic adenosine monophosphate response element–
binding protein (CREB)-mediated gene transcription regu-
lation.17 Moreover, TNF-α, IL-1β, IL-6 in the spinal dorsal
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horn can be released by the activated astrocytes18–20 and by
the activated JAK2–STAT3 cascade in nerve damage induced
pain.21,22 In addition, spinal IL-33 promotes spare nerve
injury (SNI)-induced neuropathic pain through neuronal
CaMKII/CREB and astroglial JAK2/STAT3 pathway.23 All
above results demonstrated the vigorous neuroimmune re-
sponse facilitate the generation of behavioral hypersensitivity
caused by peripheral nerve injury.

Inflammation response in damaged nerve, including
leakage and migration of the immune cells from the lesional
vascular endothelial is involved in the initial nociceptive
processes and secondary hypersensitivity.24 Vascular endo-
thelial growth factor (VEGF), a multifunctional cytokine, was
initially discovered as a tumor-secreted protein that promotes
vascular permeability.25,26 It reported that Vascular endo-
thelial growth factor A (VEGFA) plays an important role in
angiogenic related pathologies, such as diabetes, arthritis and
cancer, all of which are associated with chronic pain
development.25,27,28 Besides, accumulating scholars have fo-
cused on the mechanism of VEGFA in neuroinflammation.29–31

Along with the vital role of inflammation in neuropathic pain,
the studies showed that VEGFA is upregulated in CCI model
and facilitated NP,32–34 while intrathecal blockade of VEGFA
or VEGFR2, the pain responses has been inhibited.35,36 The
systemic anti-VEGFR2 was a consequence of direct sensory
neuronal inhibition.37 In addition, the common downstream
pathways of VEGFA mainly involved in Mitogen-activated
protein kinase (MAPK), Phosphoinositide 3-kinase/Protein
kinase B (PI3K/AKT) and calcium signaling pathways38,39,

and theMAPK and PI3K/AKTsignaling pathways are widely
reported in NP.40,41 Identifying the specific pathway by which
VEGFA is involved in neuropathic pain may elucidate a
useful therapeutic target.

Therefore, in this study, we aimed to clarify the role of
VEGFA in neuropathic pain and the common downstream
molecules of the VEGFA signaling pathway were screened
after nerve injury induced by spared nerve injury (SNI).
Moreover, neutralization of VEGFA by soluble vascular
endothelial growth factor receptor 1 (VEGFR1) -soluble
Fms-like tyrosine kinase 1(sFlt1) in an SNI-induced neuro-
pathic pain model was assessed by mechanical and thermal
pain investigation, and the effects of sFlt1 on VEGFA and the
inflammatory pathway were also determined.

Materials and methods

Animals and drugs

Male C57BL/6J mice, weight 20–25 g, 6–8 weeks of age,
provided by Guangdong Medical Laboratory Animal Center,
were housed in 21 ± 1°C with a 12-h light/12-h dark room, and
access to chow and water ad libitum. All experiments were
performed in accordance with the International Association for
the Study of Pain, and the animal experiments were approved
by the Animal Care and Use Committee of Guangzhou

Medical University. The mouse VEGFA recombinant protein
(rpVEGFA) and VEGFR1 (sFlt1) recombinant protein were
purchased from R&D Systems (China), and 740 Y-P was
obtained from MedChemExpress (China).

Nociceptive behavioral tests

The behavioral tests were performed in a blinded manner. All
mice were accommodated in the testing chambers for 30 min
successively 3 days before the test. The mechanical threshold
was assessed using von Frey filaments as described by Zhang.
et al.42 Briefly, the mice were placed in brown plastic cyl-
inders located on a wire mesh table and allowed to acclimate
for 20 min until they calm down. von Frey filaments were
applied at a gradually increasing force in increments of
0.04 g. The filament was applied until it buckled, and the
pressure was then maintained for 3 s. Sudden paw with-
drawal, flinching, and paw licking was considered positive
reactions, and a result was recorded if there were more than 3
positive responses in 5 trials. Moreover, the paw withdrawal
mechanical threshold (PWMT) was calculated from the av-
eraged results of 5 repeated experiments.

The mouse PWTL was measured with a radiant heat
stimulator (UGO, Italy) as reported by Hargreaves et al.43 The
mouse was placed on a transparent platform, and the light was
focused on the plantar region. The time of the mouse
withdrawal was recorded, and the light was automatically
turned off after 20 s to avoid harm the plantar tissue. The
PWTL was calculated from the averaged results of 5 repeated
experiments.

VEGFA intrathecal injection model

Mice were randomly divided into the saline group, rpVEGFA
group (100pg,1 ng,10 ng,100 ng), and each group include 6
mice. The mice were acclimated, and the basal PWMT and
PWTL were determined before the drug application. Then,
the mice received 10 μL for different doses (100pg,1
ng,10 ng,100 ng) rpVEGFA or an equal volume (10 µl) of
saline via intrathecal (i.t.) injection, and the PWMT and
PWTL were measured 30 min later. All injection procedures
were performed under awake.

Establishment of the SNI model

The SNI-induced NP model was prepared according to the
protocol provided by Decosterd.44 In brief, the mouse was
first anesthetized with isoflurane and shaved on the left thigh,
followed by sterilization of the exposed skin with 75% al-
cohol. The skin on the lateral middle thigh was cut with a
scalpel, and the bicep femoris muscle was dissected bluntly
with scissor to expose the left sciatic nerve and its three
terminal branches: the sural, common peroneal, and tibial
nerve. Then, the common peroneal nerve and the tibial nerve
were separated with a small glass rod, tightly ligated with 6-0
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silk, and transected distal to the ligation site, removing 2–
4 mm from each nerve. Care was taken to avoid damage or
stretch the intact sural nerve. Finally, the incision was sutured
with 5-0 silk layer by layer. The wounds of mice in the sham
group mice were exposed, and the nerves were not ligated or
cut.

Drug administration for the SNI model

A total of 42 mice were randomly divided into the following
seven groups (n=6 in each group): Sham group, SNI group,
SNI+ sFlt1 group, SNI + rpVEGFA group, SNI + rpVEG-
FA+sFlt1 group, SNI + 740 Y-P and SNI + 740 Y-P
group+sFlt1 group. Except for the SHAM group only ex-
pose the nerve rather than cut, the other 5 group were all set
up the SNI model first, then i.t. injection of drugs in each
group as follows: 10 µl saline, 50 ng sFlt1, 50 ng rpVEGFA,
50 ng sFlt1 plus 50 ng rpVEGFA and 50 ng sFlt1 plus 250 ng
740 Y-P, respectively, according to the experiment design. All
injection were performed under awake, the i.t. injection
volume of each injection is 10ul. The drugs were adminis-
tered daily at 8:00–10:00 a.m. for 14 days, and nociceptive
behavioral tests were conducted from 9:00–14:00. The mice
were sacrificed and the tissue were collected at the 14th day
after behavioral tests.

Western blot

The mouse was deeply anesthetized and sacrificed, and the
L4-6 spinal cord was extracted quickly on ice and frozen in
liquid nitrogen. All proteins were extracted from the spinal
cord, and the total protein concentration was measured by the
bicinchoninic acid protein assay (BCA; Pierce) according to
the manufacturer’s instructions. Then, the standard WB
protocol was executed.45 In brief, 30 μg of total protein in
each lane were separated by SDS-PAGE and then transferred
to a membrane. The membrane was blocked with 5% bovine
serum albumin (BSA) for 1 h at room temperature and in-
cubated overnight at 4°C with primary antibodies against
VEGFA, IL-6, TNF-α, IL-1β (1:2000, rabbit; Proteintech),
VEGFR2, AKT, p-p38 (1:2000, rabbit; Cell Signaling),
p-AKT (1:2000, rabbit, Affinity), and transient receptor
potential vanilloid type 1 (TRPV1, 1:2000, rabbit, Alomone
Labs). For the loading control, the blots were probed with a
GAPDH antibody (1:5000, mouse; Cell Signaling) or β-Actin
antibody (1:5000, rabbit, Affinity). The membrane was
washed three times with Tris-buffered saline in Tween 20
(TBST) and incubated (1 h, room temperature) with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (1:10000)
or goat anti-mouse IgG (1:10000, Jackson ImmunoResearch)
secondary antibodies. The membrane was visualized using an
enhanced chemiluminescence (ECL) kit (Clinx) after another
three washes as described above. The band intensities were
quantified using Image-Pro Plus 6.0 and analyzed with
GraphPad Prism 8.

Immunofluorescence staining

Mice were deep anesthetized with ether before perfused
transcardially with saline, followed by 4% PFA. The L4-6
spinal cord segments were dissected after perfusion and
postfixed in 4% PFA overnight. The samples were sequentially
dehydrated with a gradient series of sucrose solutions (10%,
20%, and 30%), and the lumbar spinal cords were cut into 20-
μm-thick sections with a freezingmicrotome (Leica).Multiple-
immunofluorescence (IF) staining was conducted according to
the standard protocol.46,47 In brief, sections were blocked with
commercial blocking buffer and 0.3% Triton-100 for 60 min at
room temperature, then incubated with the following primary
antibodies overnight at 4°C: VEGFA (1:100, rabbit; Pro-
teintech), TRPV1 (1:100, rabbit; Alomone Labs), and p-AKT
(1:200, rabbit; Affinity). The sections were washed three times
with PBS for 10 min each time and incubated with the cor-
responding horseradish peroxidase-conjugated secondary an-
tibody (goat anti-rabbit IgG (1:1000), Jackson ImmunoResearch)
for 60 min; after three washes, the sections were stained with
Alexa Fluor 488 tyramide. The conjugated antibody was then
removed with eluent (Absin), and the sections were stained
with another target protein as described above together with
Alexa Fluor 594 tyramide. Finally, the sections were mounted
onto glass slides and sealed with an anti-fluorescence

Figure 1. rpVEGF induces mechanical and thermal hyperalgesia.
(A). Effect of Vascular endothelial growth factor A (rpVEGFA) on
the paw withdrawal mechanical threshold (PWMT). After 1 ng,
10 ng and 100 ng rpVEGFA i.t. injection, the PWMT was significantly
decreased when compared to control mice; (B). Effect of rpVEGFA
on the pawwithdrawal thermal latency (PWTL). Compared with the
control group, the PWTL was dramatically reduced after 1 ng, 10 ng
and 100 ng rpVEGFA i.t. injection. The results were analyzed by
One-way analysis of variance (ANOVA) and by multiple
comparisons. (n = 6). * p < 0.05, ** p < 0.01, and *** p < 0.001.
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quencher. Images were acquired in a dark room with a Leica
scanning microscope (Olympus, Japan). Image-Pro Plus 6.0
and GraphPrism 8 were used for merging and analysis, and
the average optical density (AOD) was used for the statistical
analysis.

Statistical analysis

All statistical analyses were performed by GraphPad Prism
version 8.0 (GraphPad Software Inc., San Diego, CA). The
data are presented as the mean ± standard error of the mean
(SEM). The statistical significance between two groups was
analyzed using unpair t-test. For multiple comparisons, One-

way analysis of variance (ANOVA) was conducted, followed
by Fisher’s post hoc test for multiple comparisons. P<0.05
was considered statistically significant.

Figure 2. Differential nociception in each group. (a) Mechanical
hyperalgesia was assessed by von Frey hairs. The paw withdrawal
threshold was significantly reduced on 3rd to 14th day after spared
nerve injury (red curve) when compared to sham group, sFlt1
ameliorate the reduced PWMT from 5th to 14th day (green
curve); rpVEGFA reversed the sFlt1 improved PWMT, when
compared to sFlt1 group, the difference was very significant (blue
curve). (b) Thermal hyperalgesia was induced by a radiant heat
stimulator and recorded as the PWTL. There was no significant
change in paw withdrawal thermal latency test after SNI surgery
when compared to sham surgery mice; Both or single sFlt1 and
740Y-P had no effect on PWTL in SNI mice; rpVEGFA induced
significantly decreased PWTL from 1st day to 14th day after SNI
(pink curve), but cannot be reversed by sFlt1 treatment (blue
curve). In Figure 2(a), differences between the SNI group and
sFlt1+SNI group are shown as ⁎, and differences between the
sFlt1+SNI group and rpVEGFA+sFlt1+ SNI group are shown as
#. In figure 2(b), differences between the SNI group and
rpVEGFA +SNI group are shown in *. ⁎ and # indicate p < .05, ⁎⁎
and ## indicate p < .01, and ⁎⁎⁎ and ### indicate p < .001. The
data are shown as the mean ± SEM (n = 6). The results were
analyzed by One-way analysis of variance ANOVA and by
multiple comparisons. PWMT, paw withdrawal mechanical
threshold; PWLT, paw withdrawal thermal latency; SNI: spare
nerve injury

Figure 3. Differential spinal cord VEGFA pathway expression in
each group as determined by Western blot. (a–d) Molecular
expression and quantification in each group. The expression of
VEGFR1 (a, b) and AKT (c, d) were not different in each group, while
that of p-p38 was increased after SNI surgery compared with the
SHAM group, but did not different from that in the sFlt1+SNI and in
rpVEGFA+sFlt1+ SNI group (c, d). The increased expression of
VEGFA, VEGFR2, p-AKT, and TRPV1 was ameliorated by sFIt1
treatment (green bar, B and D), and rpVEGFA inhibited the sFIt1-
induced downregulation (blue bar, B and D). The data are shown as
the mean ± SEM (n = 3). The results were analyzed by One-way
analysis of variance ANOVA and by multiple comparisons.
⁎ p < 0.05, ⁎⁎ p < .01, and ⁎⁎⁎ p < .001. SNI: spare nerve injury.
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Results

VEGFA induces pain sensation directly and is relates to
SNI-induced hyperalgesia

VEGFA is frequently mentioned in neuropathic pain
research33,48 and is known to play a critical role in partial sciatic
nerve ligation (PSL)-induced and in diabetic neuropathic pain;

however, whether VEGFA directly or indirectly evokes pain
sensation is unclear. In this study, we i.t. injected rpVEGFA to
observe pain behavior in C57BL/6J mice. The doses of
rpVEGFA administered were comparable to those reported in
the previous studies.49 Interestingly, the PWMT was de-
creased dramatically in the rpVEGFA treatment mice com-
pared to the saline control group at the 1 ng–100 ng doses
(Figure 1(a)), Moreover, the thermal pain threshold showed a
similar decreased trend to the heat beam stimulation (Figure
1(b)). These results suggest that VEGFA can directly affect
mechanical pain and thermal pain sensation, and exerts al-
logenic functions.

Previously, researchers have investigated the role of
VEGFA in neuropathic pain, such as trigeminal NP and
diabetic neuropathic pain.33,35 They found that VEGFA is
involved in neuropathic pain, and inhibiting VEGFA can
relieve NP. To further clarify whether VEGFA is plays a role
in SNI-induced NP, we established an SNI model to detect the
expression of VEGFA and the PWMT and thermal pain
threshold were recorded. In line with our expectation, the
PWMT of the SNI mice decreased significantly from the 3rd
day to the 14th day, followed by the significantly increased
expression of VEGFA in the SNI group compared with the
sham group, but the PWMTof the Sham groupmice remained
stable compared to that before surgery (Figure 2(a)). How-
ever, the paw withdrawal latency of the SNI group mice
showed comparable to that of the sham group mice, and this
result is consistent with that reported by Decosterd et al.44

Our results suggest that SNI-induced mechanical hyper-
algesia is related to VEGFA activation.

VEGFA mediates SNI-induced hyperalgesia via AKT/
TRPV1 pathway

The protein expression in spinal cord was analyzed after 14
days of SNI model. As shown in Figures 3(a) and (b), the
expression of VEGFA was increased significantly after SNI
model. Same increased trend of the expression also showed in
VEGF receptor subunit 2 (VEGFR2), while that of VEGF
receptor subunit 1 (VEGFR1) was not altered (Figures 3(a)
and (b)). These results indicated that VEGFA and VEGFR2
are involved in nerve injury-induced NP. We further detected
the expression of the molecules which downstream of
VEGFA, and the levels of p-p38 and p-AKT were all robust
enhanced in SNI mice (Figures 3(c) and (d)).

The VEGFAwas mainly expressed in the superficial dorsal
horn (laminae I-II) of the spinal cord in Sham group mice
(Figure 4(a)). After spare nerve injury, the VEGFA robustly
increased and expressed in laminae I-IV in the SNI group
compared to the sham group mice. Meanwhile, the levels of
p-AKT and TRPV1 in the laminae of the spinal cord were
similarly enhanced to that of VEGFA expression (Figures
4(a)–(d)). Since p-AKT/TRPV1 are downstream of VEGFA,
we inferred that VEGFA participates in neuropathic pain may

Figure 4. Immunofluorescence analyses the expression of VEGFA,
p-AKT, and TRPV1 in the spinal cord. (a–d). VEGFA (green), p-
AKT (red), and TRPV1(red) are mainly expressed in the superficial
dorsal horn region (laminae I-II) of the spinal cord. The expression of
VEGFA, p-AKT, and TRPV1 was robustly increased in SNI mice,
but sFlt1 inhibited this increase (green, b and d). The average optical
densities (AODs) in the images were quantified by ImageJ. The data
are shown as the mean ± SEM (n = 3). The results were analyzed
by One-way ANOVA and by multiple comparisons. ⁎ p < .05,
⁎⁎ p < .01, and ⁎⁎⁎ p < .001. TRPV1, transient receptor
potential vanilloid type 1.
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through the p-AKT/TRPV1 pathway, inhibiting VEGFA
would be an effective target for relieving pain perception.

Targeting VEGFA ameliorated mechanical
hypersensitivity and neuroinflammation in SNI model

Our results presented above showed that VEGFA is involved
in pain perception and in mechanical hyperalgesia. Therefore,
we next aimed to investigate the effect of blocking VEGFA
on pain conditions. sFlt1, a high-affinity protein for VEGFA,
is considered a suitable VEGFA antagonist. Whereas
rpVEGFA is an ideal agonist of VEGFA. In this study, we
designed an experiment to observe the effect of sFlt1 on SNI-
induced NP and the neutralizing effect of the rpVEGFA on
sFlt1 in the context of SNI. As shown in Figure 2(a), there
was no significant difference in the basal mechanical with-
drawal thresholds among the groups. The mice were treated
with sFlt1, sFlt1+rpVEGFA, or saline daily according to the
experimental design after the SNI surgery. The results
showed that the mechanical pain threshold of SNI group was
reduced significantly compared to that of the Sham group,
whereas sFlt1 ameliorated the mechanical hypersensitivity
significantly from day 3 to day 14, when compared to SNI

group, the difference was very significant (Figure 2(a));
however, the thermal hypersensitivity was not change for
sFlt1 treatment after SNI (Figure 2(b)).

In addition, the paw withdrawal thermal latency of mice
treated with rpVEGFAwas decreased significantly compared
to that of mice in the other groups (Figure 2(b)). As showed in
the first part, we inferred that rpVEGFA induces thermal hy-
peralgesia. Intriguingly, the mice administered rpVEGFA
showed a decreased mechanical threshold compared with those
of the other groups (p < .05) on the first day of SNI surgery
(Figure 2(a)), which may due to the concurrent effects of
rpVEGFA and nerve injury. The expression of VEGFA and
VEGFR2 in the spinal cordwas decreased after sFlt1 treatment;
however, treatment with rpVEGFA reversed the sFlt1-induced
VEGFA and VEGFR2 decreasing (Figures 3(a) and (b)).

Neuroinflammation plays a vital role in NP, and pain
perception is typically associated with the severity of
neuroinflammation.50,51 Therefore, we detected inflammatory
biomarkers in the spinal cord to evaluate neuroinflammation
after nerve injury. Consistent with the nociceptive behavioral
tests, the expression of IL-6, IL-1β, and TNF-α in the spinal
dorsal horn (SDH) were remarkably upregulated in the SNI
model, and this upregulation was partially reversed by sFlt1
treatment (Figures 5(a) and (b)). However, the VEGFA ago-
nist, rpVEGFA blocked the sFlt1 induced downregulation of
IL-6, IL-1β, and TNF-α. These results indicate that VEGFA
andVEGFA-induced inflammation are involved inNP and that
VEGFA may as a target for neuropathic pain therapy.

sFlt1 inhibits Akt phosphorylation and TRPV1
expression rather than p38 pathway to reverse
SNI-induced hyperalgesia and neuroinflammation

Research has shown that AKT is required for spinal central
sensitization in nerve injury-induced NP.40 We herein in-
vestigate whether AKT plays a role in the VEGFA-evoked

Figure 5. Differential expression of inflammatory biomarkers in
each group. (a–b) IL-6, TNF-α, and IL-1β in the spinal cord were
detected by WB. The expressions of inflammatory biomarkers
showed a similar tendency as SNI-induced hyperalgesia in each
group. After SNI surgery, the IL-6, TNF-α, and IL-1β expression
were significantly increased (red bar, b), sFlt1 inhibited the
expression of IL-6, TNF-α, and IL-1β (green bar, b), and rpVEGFA
inhibited the sFIt1-induced downregulation of the inflammatory
biomarkers (blue bar, b). The data are shown as the mean ± SEM (n
= 3). The results were analyzed by One-way analysis of variance
ANOVA and by multiple comparisons. ⁎ p < .05, ⁎⁎ p < .01, and
⁎⁎⁎ p < .001.

Figure 6. The AKT agonist 740Y-P inhibited the effect of sFlt1. The
PWMT of the 740 Y-P- and sFlt1-treated mice at different time
points (n = 6). The paw withdrawal threshold was significantly
reduced on 3rd to 14th day after SNI (red curve) when compared to
sham group, sFlt1 ameliorate the reduced PWMT from 5th to
14th day (green curve); 740Y-P reversed the sFlt1 improved
PWMT (blue curve).The data are shown as the mean ± SEM (n = 3).
The results were analyzed by One-way analysis of variance
ANOVA and by multiple comparisons, 740 Y-P versus sFlt1.
⁎ p < .05, ⁎⁎ p < .01, and ⁎⁎⁎ p < .001.
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inflammatory response, which may relate to central sensiti-
zation. Therefore, the molecules downstream of VEGFA in
the spinal cord were detected to elucidate the underlying
mechanism. As shown in Figures 3(c) and (d), the p-AKT
expression was significantly decreased in the sFlt1 treated
SNI mice when compared to the SNI group, which indicate
that sFlt1 treatment may inhibit the activation of the PI3K/
AKT pathway. However, sFlt1 treatment did not affect the
p38-MAPK pathway, as the level of p-p38 was not signifi-
cantly different in sFlt1 treated SNI group from that in the
SNI group (Figures 3(c) and (d)). Therefore, VEGFA-induced
hyperalgesia may develop via the PI3K/p-AKT pathway after
SNI. To validate our hypothesis, sFit1-treated SNI mice were
administered with 740 Y-P, an agonist of the PI3K/AKT
pathway.52 The nociceptive behavioral tests showed that
the pain-relieving effect of sFlt1 was reversed by 740 Y-P
(Figure 6). These results confirmed that VEGFA-induced
neuropathic pain occurs via the modulation of AKT
phosphorylation.

Transient receptor potential vanilloid type 1, a noxious
sensor, is sensitive to inflammatory mediators released during
injury or infection53 and is commonly known to be involved
in NP.54,55 In previous investigations on the role of AKT in
neuropathic pain, TRPV1 was determined to be a vital
downstream molecule of AKT.25,37 In our study, the TRPV1
protein expression trend in each group was similar to those of
p-AKT and VEGFA (Figure 4), consistent with the noci-
ceptive behavioral results and the expression of inflammatory
biomarkers, such as IL-6, IL-1β, and TNF-α, in each group. In
addition, we performed double staining of VEGFA/p-AKT
and VEGFA/TRPV1 in the spinal cord to elucidate crosslinks
between VEGFA and the both signaling molecules. The co-
expression of VEGFAwith p-AKT or TRPV1 was increased
in the SNI group, but downregulated their co-expression by
sFlt1 (Figures 4(a)–(d)). Together with above results, our data
proved that the crosslink of VEGFA/p-AKT and VEGFA/
TRPV1 was increased in SNI mice and that sFlt1 inhibited
these associations. These results demonstrated that VEGFA
facilitates spare nerve injury-induced neuropathic pain
through the Akt/TRPV1 pathway activation.

Discussion

This study extends our understanding of direct effect of
VEGFA on pain perception and the mechanism of blocking
VEGFA relieves neuropathic pain in a SNI mouse model. Our
results reveal that VEGFA induces hyperalgesia is through
upregulating inflammatory cytokines in the spinal cord and
that VEGFA facilitates pain perception in both the peripheral
and central nervous systems. From our behavior, pharma-
cological, molecule biological and immunohistochemistry
research, we found that blocking VEGFA ameliorated me-
chanical hypersensitivity and neuroinflammation in the SNI
model, and VEGFA potentially mediated pain sensation and
nerve inflammation via the VEGFR2/AKT/TRPV1 pathway.

Moreover, VEGFA and p-AKTor TRPV1 were co-expressed
in the spinal cord after SNI. Additionally, the effect of
blocking VEGFAwas reversed by rpVEGFA and by an AKT
agonist. Our results demonstrated that VEGFA, the down-
stream AKT pathway, and inflammatory cytokines are in-
volved in SNI-induced neuropathic pain. These data imply
that blocking VEGFA relieves SNI-induced neuropathic pain
is via the AKT/TRPV1 signaling cascade.

In the peripheral nervous system, VEGFA affects sensory
neurons by inducing sensory neuron axonal outgrowth and
survival.56 Active VEGFA directly sensitizes C nociceptors
to induce hyperalgesia.38 In the central nervous system,
VEGFA-induced hyperalgesia is tightly associated with
neuroinflammation due to the critical role of VEGFA in
inflammation.57 It is widely accepted that neuroinflammation
is implicated in neuropathic pain pathology, and VEGF signal
transduction is tightly associated with inflammation. In our
study, we demonstrated the direct effect of VEGFA on pain
perception and in which involved in SNI-induced hyper-
algesia and the inflammatory response after nerve injury.
Because VEGFA is the most vital mediator of angiogenesis,
its roles in biological processes have been well character-
ized.58 Multiple studies demonstrated its crucial role in
cancer, in inflammation and in pain,25,28 and others have
reviewed the roles of VEGFA in pain-associated diseases.
Among that, accumulating evidence indicates that VEGFA
plays a significant role in neuropathic pain.25,31 Although
these studies demonstrated that VEGFA involved in NP, and
inhibiting VEGFA can relieve the animal pain behavior, but
the different mechanisms by which neuropathic pain is in-
duced are still worthy of exploration.59,60

We utilized sFlt1 to explore the role of VEGFA in SNI-
induced hyperalgesia. sFlt1 is an ideal VEGFA antagonist
since it is a natural protein that has a high affinity for VEGFA.
Although, sFlt1 can bind with VEGFA, VEGFB, and PLGF
(Placental growth factor),61 we designed the sFlt1 to an-
tagonist the rpVEGFA function in SNI model mice. In the
SNI model, the expression of VEGFR2 was dramatically
increased, but there was no significant change in VEGFR1
expression. This result is consistent with other studies on
VEGFRs, which showing that VEGFA biologically functions
mainly through VEGFR2.27,62 In our study, administration of
sFlt1 to SNI mice partially ameliorated the increased ex-
pression of VEGFA and VEGFR2, and the expression levels
of the inflammatory cytokines IL-1β, IL-6, and TNF-α de-
creased, followed by the increased mechanical pain threshold.
Our research indicates that the inflammatory response plays
an essential role in SNI-induced neuropathic pain, the
VEGFA/VEGFR2 may be a candidate for neuropathic pain
therapy. It is known that the VEGFA family exerts biological
effects through the receptor tyrosine kinases VEGFR1 and
VEGFR2.63,64 The expression of VEGFR2 was dramatically
increased and inhibited by blocking VEGFA in SNI model. In
contrast, there was no significant change in VEGFR1 ex-
pression compared to that of the sham group. Although the
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affinity of VEGFR1 for VEGFA is much higher than that of
VEGFR2, however, it demonstrated that in our SNI-induced
neuropathic pain, the VEGFA executes function is via
VEGFR2. Previous studies have demonstrated that VEGFA is
involved in angiogenesis, permeability, and inflammation through
VEGFR2.24,65 Our results are consistent with these reports.

In addition, in our experiment, sFlt1 treatment consistently
relieved mechanical hyperalgesia and reduced inflammation
in the SNI model. An increasing number of recent studies
have reported that inflammation plays an essential role in
chronic pain, especially in neuropathic pain, which extends
our previous knowledge about how inflammation is related to
NP. It is reported that spinal IL-1β expression contributes to
central sensitization and inflammatory pain hypersensitivity
via the transcriptional upregulation of cyclooxygenase-2
(COX-2) and prostaglandin E2 (PGE2).66 Neutralization of
TNF-α relieved the thermal hyperalgesia and mechanical
allodynia induced by nerve injury.67 IL-6 knockout mice had
significantly less mechanical allodynia after nerve injury than
control mice.68 I.t. injection of TNF, IL-1β, or IL-6 elicited
rapid pain hypersensitivity in naive animals.69 Above re-
searches demonstrated the immune inflammatory cytokines
involved in development of neuropathic pain. In our research,
we also observed increased levels of the inflammatory cyto-
kines IL-6, IL-1β, and TNF-α in the SNI model and VEGFA-
induced hyperalgesia. However, sFlt1 treatment can re-
lieve the mechanical hyperalgesia and reduce the inflam-
mation after spared nerve injury. These studies all stressed
the role of inflammation cytokines of TNF, IL-1β, or IL-6
in NP. Furthermore, we found that the effect of sFlt1 can be
abolished when the SNI mice were treated by rpVEGFA.
Therefore, VEGFA is a feasible target for neuropathic pain.

Some typical pathways, such as the p38-MAPK and AKT
signaling pathways, are downstream of VEGFA,70 and
considerable researches have demonstrated that p38-MAPK
and AKT signaling are involved in neuropathic pain. It is
reported that p38-MAPK in microglia of the spinal cord is
activated, and the PI3K/AKT pathway is required for central
sensitization in NP.40,41 In our experiment, the p38-MAPK
pathway was not affected by the blocking of VEGFA in SNI,
but AKT was involved in VEGFA-mediated NP. TRPV1, a
member of the transient receptor potential cation channel
subfamily, is also considered a downstream molecule of the
PI3K/AKT pathway and participates in the transmission of
pain71,72; this conclusion was also confirmed in our study.
The immunostaining results showed that VEGFA was co-
expressed with p-AKT and TRPV1 in laminae I and II of the
SDH, respectively. This expression was also confirmed by the
previous investigations.60,73,74 Therefore, we conclude that
TRPV1 is associated with VEGFA-mediated pain transmis-
sion. Blocking VEGFA can ameliorate SNI-induced hyper-
algesia and neuroinflammation.

In summary, our study demonstrated that VEGFA directly
affects pain perception; it not only participates in SNI-
induced hyperalgesia but also in nerve injury-induced

neuroinflammation. VEGFA may be a new therapeutic target
for neuropathic pain in which functions via the p-AKT/
TRPV1 pathway.
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