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Abstract
Acid-sensitive ion channel 1a (ASIC1a) is a member of the extracellular H+ activated cation channel family. Studies have
shown that tissue acidification contributes to the formation of microvessels in rheumatoid arthritis (RA) synovial tissue, but
its underlying mechanisms remain unclear. The purpose of this study was to investigate the role of tissue acidification in
microvascular formation of arthritic synovial tissue and the effect of ASIC1a on vascular endothelial growth factor (VEGF)
release from arthritic synovial tissue. Our results indicate that ASIC1a expression, VEGF expression, and microvessel
density (MVD) are elevated in RA synovial tissue and adjuvant arthritis (AA) rat synovial tissue. When AA rats were treated
with ASIC1a-specific blocker psalmotoxin-1 (PcTx-1), the expression of ASIC1a, VEGF expression, and MVD were all
reduced. Acidification of RA synovial fibroblasts (RASF) can promote the release of VEGF. PcTx-1 and ASIC1a-short
hairpin RNA can inhibit acid-induced release of VEGF. In addition, the ASIC1a overexpression vector can promote acid-
induced VEGF release. This indicates that extracellular acidification induces the release of VEGF by RASF via ASIC1a.
These findings suggest that blocking ASIC1a mediates the release of VEGF from synoviocytes may provide a potential
therapeutic strategy for RA therapy.

Introduction

Rheumatoid arthritis (RA) is a chronic systemic auto-
immune disease that affects ~1% of the world’s population.
The patient’s clinical symptoms were persistent synovial
inflammation, formation of vasospasm, and destruction of
cartilage tissue [1, 2]. At present, research on RA mainly
focuses on the proliferation of synovial tissue and inflam-
matory cell infiltration, while vasospasm is rarely studied as
a pathological basis for synovial tissue hyperplasia and
invasion [3, 4]. Our previous studies have shown that the
use of human recombinant endostatin can significantly
improve the degree of joint foot swelling in adjuvant

arthritis (AA) rats, reduce the microvascular density of
synovial tissue, and reduce the expression of vascular
endothelial growth factor (VEGF) in tissues [5, 6]. RA
synovial tissue is hypoxic, resulting in increased oxygen
consumption and increased glycolysis, which causes lactic
acid accumulation [7, 8]. Therefore, RA synovial tissue
often exhibits acidosis similar to tumor tissue, and the
patient’s intra-articular cavity PH can be reduced to below
6.0 [8–10]. The lower PH extracellular environment has
been shown to be associated with the formation of vasos-
pasm in synovial tissue of RA patients [11, 12]. It has been
reported in the literature that acidosis can enhance the
expression of VEGF gene and protein synthesis in cancer or
other disease [13–15].

Acid-sensitive ion channels (ASICs) are a class of cation
channels activated by acidification of the extracellular
environment and are members of the epithelial sodium
channel family, containing at least seven ASIC protein
subunits (ASIC1a, ASIC1b, ASIC1b2, ASIC2a, ASIC2b,
ASIC3, and ASIC4) [16]. At present, mammalian has
identified four ASIC genes (ACCN1, ACCN2, ACCN3, and
ACCN4), in which acid-sensitive ion channel 1a (ASIC1a)
can simultaneously mediate NA+ and Ca2+ influx during
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extracellular acidification stimulation, ultimately leading to
different cellular physiological responses [17, 18]. Our
previous research found that the nonselective ASIC inhi-
bitor amiloride can significantly improve foot swelling and
joint damage in AA rats, and this process is related to Ca2+

influx mediated by ASIC1a activation [2, 19, 20]. It has
been reported that the pH of joint synovial fluid in AA rats
often decreases to about 6.0, and ASIC3 is expressed in rat
synovial tissue [9, 21], but ASIC1a is not reported. It has
been reported that the ischemia-anoxia reaction caused by
inflammation can synergistically enhance the transport
capacity of ASIC1a to Ca2+ [22–24]. Moreover, CO can
mediate calcium influx through L-type calcium channels
and activate VEGF gene under hypoxic conditions [25]. In
summary, there is increasing evidence that ASIC1a plays a
role in RA angiogenesis.

In our study, we first examined the expression levels of
ASIC1a in RA synovial tissue and synovial tissue of AA
rats. Second, we examined the expression levels of VEGF
in the synovial tissue of RA synovial tissue and AA rat. The
expression level of VEGF in human synovial fibroblasts
stimulated by acidification at different PH 6.0 levels was
explored. In addition, we regulated the expression and
function of ASIC1a and assessed the effect of acidification
stimulation on VEGF expression.

Materials and methods

Tissue collection, RA synovial fibroblast (RASF), and
normal synovial fibroblast (NSF) culture

This study was approved by the Human Research Ethics
Committee of the Anhui medical university (China). RA
synovial tissue and normal synovial tissue were obtained
from patients who underwent primary synovectomy and
amputation from 2017 to 2019. Pathological examination
identified RA synovial tissue and normal synovial tissue,
which met the American RA classification criteria for
rheumatology. Primary cells were extracted according to the
reported methods. The cell was cultured in DMEM high
glucose medium (Hyclone, Salt Lake City, UT, USA)
supplemented with 20% fetal bovine serum (FBS; Gibco, St
Louis, MO, USA). Cells were incubated at 37 °C, 0.5%
CO2. All experiments were performed using synoviocyte
cultures from 4th to 7th passages.

Animals

A total of 80 male Sprague-Dawley rats (SD rat) weighing
140–160 g were provided by the Animal Experimental
Center of Anhui Medical University, Hefei, China. Rats are
housed in an environment of 22 ± 2 °C, 12 h light and dark

cycle, and free access to standard food and water. All ani-
mal experiments in this study were performed in strict
accordance with the guidelines of the University Animal
Care and Use Committee and were approved by the Ethics
Committee of Anhui Medical University.

Induction of adjuvant arthritis (AA) rat model

Intradermal immunization with Freund’s complete adjuvant
in the left hind metatarsal footpad of SD rats promoted AA
activation. The rats were divided into two groups: non-
arthritic (n= 10) and arthritic rats (n= 70). Then, we
divided the arthritic group into five subgroups: untreated
AA group, psalmotoxin-1 (PcTx-1) 0.5 μg/kg-treated group,
PcTx-1 1 μg/kg-treated group, PcTx-1 2 μg/kg-treated
group, and triamcinolone acetonide (TA) 1 mg/kg-treated
group. AA model was performed by injecting 0.1 ml aliquot
of complete adjuvant (Biolead, Beijing, China) on the
intraplantar surface subcutaneously. On the 10th day after
immunization, PcTx-1 and TA were injected into the
bilateral joint cavity once every 2 days and continued until
day 26. The control group did not receive medical
treatment.

Hematoxylin and eosin (HE) staining

The rats were anesthetized and sacrificed on day 28 after the
initial immunization. Bilateral ankle joints were harvested
and fixed in 4% paraformaldehyde for 48 h, decalcified in
10% ethylenediamine tetraacetic acid (EDTA), and
embedded in paraffin. Serial sections (4 μm) were cut and
stained with HE (Beyotime) and examined microscopically,
as described previously.

Deregulation of ASIC1a in RASF by short hairpin
RNA (shRNA)

Transfection was performed in a six-well plate. Synovial
fibroblasts were maintained in 1 ml of complete medium
and treated with 0.4 mM ASIC1a-specific shRNA lentiviral
particles (Genechem, Shanghai, China) overnight; trans-
duced with control shRNA lentiviral particles three hole.
Then, the medium in each well was replaced with 1 ml of
complete medium (without Polybrene) to select stable
clones expressing shRNA by 3 mg/ml puromycin dihy-
drochloride. One week later, stable colonies were amplified
for further study.

Overexpression of ASIC1a in RASF

Transfection was performed in a six-well plate. Synovial
fibroblasts were maintained in 1 ml of complete medium
and treated with 0.4 mM ASIC1a gene-lentiviral particles
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(Genechem, Shanghai, China) overnight; three wells trans-
duced with empty lentiviral particles. Then, the medium in
each well was replaced with 1 ml of complete medium
(without Polybrene) to select stable clones expressing the
target gene by 3 mg/ml puromycin dihydrochloride. One
week later, stable colonies were amplified for further study.

Membrane protein extract

A total of 5 × 07 RASF were washed with phosphate buffer,
and the cells were scraped off using a cell scraper. The cells
were repeatedly frozen and thawed in liquid nitrogen twice
to disrupt the cells, and the membrane protein was extracted
using the cell membrane protein and cytoplasmic protein
extraction kit (Biotime, Shanghai, China). Membrane pro-
teins will be used in further experiments as described below.

Western blotting

Cell culture total protein was extracted using a total protein
extraction kit (Bestbio, Shanghai, China), protein samples
were separated using a 10% SDS–polyacrylamide gel, and
then transferred to a polyvinyl difluoride membrane (Mil-
lipore, USA). The membrane was then blocked with TBST
(10 mM Tris, 150 mM NaCl, and 0.05% Tween 20 (pH
8.3)) containing 5% skim milk for 1 h at room temperature.
Membranes were incubated overnight at 4 °C with anti-
ASIC1a (Affinity, Cell Signal Transduction, USA), anti-
ASIC2 (Abcam, Cambridge, UK), anti-ASIC3 (Abcam,
Cambridge, UK), anti-ASIC4 (Abcam, Cambridge, UK),
anti-Na+/K+-ATPase (Abcam, Cambridge, UK), anti-
VEGF (Bioss, Beijing, China), and anti-β-actin (Zsbio,
Beijing, China) antibodies. Membranes were washed in
TBST and incubated with the corresponding secondary
antibody (1:10000) for 2 h at room temperature. The signal
was observed with a chemiluminescence imager (Bio-RAD,
USA) according to the manufacturer’s instructions. Images
were quantified using the software Image lab (Bio-
RAD, USA).

Immunostaining analysis

Human synovial tissue, RA (n= 42) and normal (n= 3),
was fixed with 4% paraformaldehyde, in turn, and dec-
alcified with 10% EDTA and embedded in paraffin. The
human synovial tissue paraffin section and the above rat
knee joint paraffin section were deparaffinized with xylene
and hydrated with a gradient ethanol. The sections were
incubated in 3% H2O2 for 5 min, washed with PBS, and the
sections were blocked with 10% goat serum for 15 min at
room temperature, followed by anti-ASIC1a (Proteintech
Group, Wuhan, China), anti-VEGF (Bioss, Beijing, China),

respectively. Anti-CD34 (Bioss, Beijing, China) antibodies
were incubated for 1 h. The primary antibody was replaced
with PBS containing 1% bovine serum albumin (BSA) as a
negative control. Immunological reactivity was visualized
using streptavidin/peroxidase method (Zhongshan Jinqiao
Biotechnology Co., Ltd, Beijing, China) and diamino-
benzidine as chromogen. Finally, the sections were coun-
terstained with hematoxylin. Capture images using the
3DHISTECH Pannoramic SCAN slide scanning system.

Determination of vessel density

First, each slide was examined at a low magnification (40×),
and the region having the highest container density (hot
spot) was selected before observation under high magnifi-
cation (200×). CD34 positive blood vessels were counted in
three or five hotspots, respectively. Only continuous mem-
branous staining was considered positive. Any large
microvascular cell with a lumen or any single isolated
endothelial cell is given a count. Blood vessels were
counted in synovial membrane.

Immunofluorescence staining

RASF and NSF were cultured on adherent slides (Servce-
bio, Wuhan, China) and then fixed using 4% paraf-
ormaldehyde. After slides and rat knee sections were
blocked with 1% BSA, primary antibodies against ASIC1a
or CD34 (Proteintech Group, Wuhan, China) were stained
overnight at 4 °C. After incubation with the fluorophore-
coupled secondary antibody (Alexa Fluor® 488-labeled goat
anti-rabbit IgG, Zsbio), DAPI was counterstained and
images were captured in a laser confocal microscope
(Zeiss). DAPI signals are detected in the nucleus and used
to define nuclear and perinuclear regions.

Flow cytometry

RASF and NSF were collected and fixed with 4% paraf-
ormaldehyde. After blocking with 1% BSA, the primary
antibody against ASIC1a (Proteintech Group, Wuhan,
China) was stained overnight at 4 °C. After incubation with
a fluorophore-conjugated secondary antibody (Alexa Fluor
488-labeled goat anti-rabbit IgG, Zsbio), analysis was per-
formed using CytoFLEX (Beckman Coulter, USA). Data
were analyzed using Cytexpert software (Beckman coulter,
USA). The experiment was repeated for at least three times.

Enzyme-linked immunosorbent assay (ELISA)

The expression level of VEGF in the harvested cell culture
supernatant was determined using a commercially available
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ELISA kit (Abcam, Cambridge, UK) according to the man-
ufacturer’s instructions. All samples were tested in duplicate.

Statistics

The data were expressed as the mean SD with SPSS
17.0 software (SPSS Inc, Chicago, IL, USA). Statistical
analysis was performed using the one-way ANOVA and
unpaired Student’s t test for the comparison among the
different treatment groups. Degrees of significance were
defined by P < 0.05. The results shown were the repre-
sentative of at least three separate experiments.

Result

ASIC1a is highly expressed in the synovium of
human RA and in the synovium of AA rats

First, immunohistochemical results of human synovial tis-
sue showed a significant up-regulation of ASIC1a expres-
sion in RASF compared with NSF (Fig. 1a). Then we used
flow cytometry to identify the cells we used. The results
showed that more than 99% of CD55 positive cells were
identified as human synovial fibroblasts (Fig. 1b). The
expression of ASIC1a in RASF and NSF was then inves-

Fig. 1 ASIC1a is highly expressed in RA synovial tissue. a Immu-
nohistochemical visualization of ASIC1a in normal human synovial
tissue and synovial tissue in RA patients (normal: n= 3, RA: n= 25)
***P < 0.001 versus normal group. b, c Detection of CD55 and
ASIC1a in RASF by flow cytometry. d Western blotting analysis of
ASIC1a and 2,3,4 protein expression in RASF. Histograms show
semiquantitative analysis of gels from western blotting. e Western
blotting analysis of ASIC1a protein expression in RASF membrane,

histograms show semiquantitative analysis of gels from western blot-
ting. Western blotting bands represent three independent experiments.
Data are expressed as mean ± SD, *P < 0.05 versus NSF group, **P <
0.01 versus NSF group, ***P < 0.001 versus NSF group. f Repre-
sentative photomicrographs of RASF were stained to detect ASIC1a
(green fluorescence) and nucleus (DAPI, blue fluorescence). The scale
bar represents 20 mm (To explain the references to colors in this
legend, see the web version of this article.).
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tigated by flow cytometry, western blot, and immunostain-
ing. Flow cytometry results showed that ASIC1a expression
in RASF was significantly higher than NSF (Fig. 1c).
Western blotting results showed that ASIC1a and ASIC3
protein expression was up-regulated in RASF compared
with NSF, which was highly significant. ASICs 2 and 4 are
not significantly improved (Fig. 1d). ASIC1a is the H+
cation channel acting on the membrane, so we studied the
expression of ASIC1a on the RASF membrane. Western
blot results showed that ASIC1a was highly expressed on
the RASF membrane compared with NSF, consistent with
previous flow cytometry results (Fig. 1e). Finally, the
results of immunofluorescence staining of RASF and NSF
also support the above results (Fig. 1f).

In summary, ASIC1a may be involved in the process of
affecting arthritis.

Activation of ASIC1a can regulate the release of
VEGF by RASF

In this study, we treated cells with a medium of pH= 6.0,
and after a different period of time, ELISA, western blot-
ting, and immunofluorescence were used to evaluate the
synthesis and secretion of VEGF by RASF.

First, the ELISA results showed that the concentration of
VEGF in the culture supernatant increased with the stimu-
lation time, which had a cumulative effect (Fig. 2a). RASF
could continue to release VEGF under acid stimulation. The
results of western blot showed that the synthesis of VEGF
by RASF reached the highest at 3 h, followed by a slight
decrease, and it was confirmed that the acid could promote
the synthesis of VEGF by RASF and release it (Fig. 2b).
The results of immunofluorescence also support this view,
and the intracellular VEGF concentration reached its high-
est at 3 h (Fig. 2c).

The above results indicate that acidification stimulation
can promote the synthesis of RASF and release VEGF.

ASIC1a silencing reduces VEGF released by RASF

In the previous study, we demonstrated that ASIC1a is
highly expressed in the synovial tissue of RA joints.
Therefore, we used shRNA to silence the ASIC1a gene and
then analyzed the effect of reducing the expression of
ASIC1a protein on the release of VEGF by RASF. The
expression level of ASIC1a protein in RASF-shASIC1a was
significantly reduced by western blotting analysis compared
with control transfected cells (Fig. 2d).

After shASIC1a transfection, the ability of RASF to
release VEGF under acidification stimulation was eval-
uated. The results showed that the RASF release of the
RASF-shASIC1a cell group was reduced compared with the
control group (Fig. 2e). We then inhibited ASIC1a protein

activity by using PcTx-1 and assessed the release of VEGF
under the same conditions. The results showed that the
VEGF release was also reduced in the PcTx-1 group com-
pared with the control group (Fig. 2f).

These results indicate that the ability of RASF to release
VEGF under acid stimulation is directly related to ASIC1a.

Overexpression of ASIC1a increases RASF release of
VEGF

To assess the effect of RASF overexpression of ASIC1a on
VEGF release, we then transfected RASF with the ASIC1a
expression vector. As shown, a significant increase in
ASIC1a protein levels was detected by western blotting in
RASF transfectants compared with control transfectants
(Fig. 2g).

We then evaluated the ability of RASF-ASIC1a to
release VEGF under acidification. The results showed that
the level of VEGF release was significantly increased in the
RASF-ASIC1a group compared with the control group
(Fig. 2h). This means that the overexpression of ASIC1a
enhances the ability of RASF to release VEGF.

Establishment of AA rat model and RA synovial
tissue identification

First, we performed staining on synovial tissue sections of
RA patients and normal subjects, and compared the
pathological conditions. It can be seen from the figure that
the synovial tissue of RA can be obviously hyperplasia, and
the basal layer of the synovial membrane is thickened from
the original 2–3 layers to multiple layers, in which obvious
vascular enlargement is observed, and vasospasm is formed
by multiple vascular sacs. There is a significant inflamma-
tory cell infiltration at the synovial tissue border (Fig. 3a).

The AA rat model we constructed showed a significant
swelling on the opposite side of the drug-administered side
on day 14, suggesting that our AA rat arthritis model was
successful. In the pathological examination, it can be seen
that the synovial tissue of AA rats is significantly pro-
liferated compared with normal rats, the basal layer of
synovial membrane is thickened, and it is eroded to sur-
rounding cartilage tissue. Significant inflammatory cell
infiltration was observed at the synovial border and sig-
nificant vasospasm was seen. And interestingly, we used
CD34 to specifically label vascular endothelial cells, and
found that the number of microvessels in the synovial tissue
of AA rats was significantly increased compared with nor-
mal synovium (Fig. 3b, c). This indicates that the AA rat
model we constructed is basically consistent with the
pathological changes of human RA. Considering the
pathogenesis of the contralateral joint of the AA rat, we
believe that the model is representative.
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Fig. 2 ASIC1a regulates the release of VEGF by RASF. a Elisa for
cell culture supernatants VEGF, **P < 0.01 versus 0 h group.
b Western blotting analysis of VEGF protein expression in RASF.
Histograms show semiquantitative analysis of gels from western
blotting. Western blotting bands represent three independent experi-
ments. Data are expressed as mean ± SD, **P < 0.01 versus 0 h group,
***P < 0.001 versus 0 h group. c Representative photomicrographs of
RASF were stained to detect VEGF (green fluorescence) and nucleus
(DAPI, blue fluorescence). The scale bar represents 20 mm. d ASIC1a
protein expression levels were decreased in RASF by shRNA treat-
ment. The silencing of ASIC1a in RASF was analyzed by western
blotting. Histogram showing the semiquantitative analyses of the gels

from western blotting. Western blot bands are representative of three
independent experiments. Data were expressed as the mean ± SD,
**P < 0.01 versus RASF group. e, f Elisa for cell culture supernatants
VEGF after ASIC1a silencing or blocking, **P < 0.01 versus RASF
group. g Markedly increased levels of the ASIC1a protein were
detected by western blotting in RASF transfectants. Histogram
showing the semiquantitative analyses of the gels from western blot-
ting. Western blot bands are representative of three independent
experiments. Data were expressed as the mean ± SD, ***P < 0.001
versus RASF group. h Elisa for cell culture supernatants VEGF after
ASIC1a is overexpressed, **P < 0.01 versus RASF group.
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Then we used PcTx-1 and TA to treat AA rats. It was
found by HE staining that PcTx-1 can significantly inhibit
the development of arthritis in AA rats and reduce cartilage
damage and inflammatory infiltration of AA rats in a drug
concentration-dependent manner (Fig. 3d). This indicates
that blocking ASIC1a can have a therapeutic effect on AA
rats. Furthermore, we studied the expression of ASIC1a in
the synovial tissue of AA rats before and after administra-
tion by immunohistochemistry. The results showed that the
expression of ASIC1a in the synovial tissue of AA rat
model was significantly higher than that in normal rats
(Fig. 3e, f). After PcTx-1 treatment, the severity of disease
in AA rats decreased, and the expression of ASIC1a
decreased accordingly.

ASIC1a can affect angiogenesis in RASF

In this section, we first studied the expression of VEGF in
RA synovial tissue. It can be seen from the figure that the
expression of VEGF in RA synovial tissue is significantly
higher than that in normal people (Fig. 4a). Correspond-
ingly, we used CD34-labeled vascular endothelial cells to
study the number of microvessels in synovial tissue of RA
patients. The results showed that the microvessel density
(MVD) in RA synovial tissue was significantly increased
and clustered compared with normal subjects and consistent
with the clinical description of vasospasm (Fig. 4b, c).

Previously, we used recombinant human endostatin
(rh-End) to treat arthritis in AA rats. The results showed that

Fig. 3 PcTx-1 can reduce joint damage and prevent arthritis in AA
rats. a Histological changes of the RA synovium. b The first is a
representative image of paw edema in adjuvant arthritis rats, the sec-
ond is the histological changes of the hind paws in the AA rat model,
and the last is the immunohistochemical of CD34 in hind foot sections
of the AA rat (n= 6). c Immunohistochemical visualization of MVD

labeled with CD34 in AA synovium, ***P < 0.001 versus normal
group. d Histological changes of hind paw in AA rat model after
PcTx-1 and TA treatment. e Immunohistochemistry of ASIC1a in hind
foot segments of AA rats after PcTx-1 treatment (n= 6). f Immuno-
histochemical visualization of ASIC1a in AA synovium, ***P < 0.001
versus normal group and ###P < 0.001 versus AA group.
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rh-End can reduce the expression of MVD and VEGF in
synovial tissue of AA rats, protect cartilage and bone, and
inhibit the development of RA [6].

This time we investigated the expression of VEGF and
MVD in the synovium of AA rats after PcTx-1 treatment.
The results of immunohistochemistry showed that the
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expression of VEGF in the synovial tissue of AA rats was
significantly increased compared with the normal group.
When treated with PcTx-1, the concentration of VEGF into
PcTx-1 in the synovium of AA rats was decreased in a
concentration-dependent manner (Fig. 4d, f). The CD34
marker showed a significant increase in MVD in the
synovial tissue of AA rats, and the vascular distribution was
concentrated in the synovial hyperplasia, including the
synovial tissue of the eroded cartilage. When treated with
different doses of PcTx-1, MVD was significantly reduced,
and erosion of cartilage and bone by synovial tissue was
reduced (Fig. 4e, g). In addition to MVD, we also investi-
gated changes in vessel wall thickness after the use of
PCTX-1. It is well known that the formation of vasospasm
will increase the local MVD, and the original blood vessels
appear lesions, the main feature is the thickening of the
blood vessel wall. Our immunofluorescence results showed
that the vascular wall of the synovial tissue of AA rats was
significantly thickened. Compared with the normal group,
the blood vessel wall of AA rats was thickened from the
original monolayer to 2–3 layers, and obvious associated
blood vessels appeared. Different doses of PcTx-1 can
inhibit the development of vascular disease, including pre-
venting the thickening of blood vessel walls or inhibiting
the formation of new blood vessels (Fig. 4h).

In conclusion, ASIC1a can prevent the development
of vasospasm by regulating the secretion of VEGF in
arthritis.

Discussion

In this study, we investigated the role of ASIC1a in indu-
cing VEGF release in synovial angiogenesis induced by
acidosis (Fig. 5). The results indicate that acidosis induces
the release of VEGF by RASF through ASIC1a and parti-
cipates in the process of angiogenesis. ASIC1a has high

expression in both RA synovium and AA rat synovium, and
arthritis in AA rats is alleviated after inhibition of ASIC1a,
joint destruction is reduced, both MVD and VEGF
expression is decreased. In addition, ASIC1a has been
shown to be involved in acid-induced RASF release of
VEGF. Treatment of RASF with an acidified medium can
increase the expression level of VEGF in the culture
supernatant. The ability of cells to release VEGF in acid-
ified medium can be reduced after prior treatment with
PcTx-1 or shASIC1a. Transfection of RASF with the
ASIC1a expression vector increases the ability of cells to
release VEGF in acidified medium. We used to think that
acidosis and ASIC1a promote the development of RA in the
late stage mainly by inducing chondrocyte death. This study
suggests that acidosis and ASIC1a are involved in the
development of RA in early inflammation. And they pro-
mote disease progression to the middle and late stages of
RA in a way that affects microangiogenesis.

Changes in extracellular pH homeostasis are a common
feature of most inflammatory tissues as well as tumor tis-
sues [26, 27]. In RA, acidosis caused by extracellular pH
homeostasis is associated with the induction of chondrocyte
apoptosis and autophagy and other processes leading to
cartilage tissue degradation, which is very similar to damage
caused by acidosis [28–30]. However, there is evidence that
acidosis promotes tumor development, migration, and
invasion [31–33]. Only acid has been reported to mediate
the pain response of healthy joints via ASIC3, since ASIC3

Fig. 4 PcTx-1 can reduce VEGF expression in the synovium of AA
rats, prevent vascular remodeling and new blood vessel formation.
a Immunohistochemistry and Immunohistochemical visualization of
VEGF in RA synovium (normal: n= 3, RA: n= 25), ***P < 0.001
versus normal group. b, c Immunohistochemistry of CD34 in RA
synovium (normal: n= 3, RA: n= 25) and immunohistochemical
visualization of MVD labeled with CD34 in AA synovium, ***P <
0.001 versus normal group. d, f Immunohistochemical and immuno-
histochemical visualization of VEGF in hind foot joints of AA rats
after PcTx-1 treatment (n= 6), ***P < 0.001 versus normal group and
###P < 0.001 versus AA group. e, g Immunohistochemistry of CD34 in
hind foot joints of AA rats after PcTx-1 treatment and immunohisto-
chemical visualization of MVD labeled with CD34 (normal: n= 3,
RA: n= 25), ***P < 0.001 versus normal group and ###P < 0.001
versus AA group. h Representative photomicrographs of hind foot
joints of AA rats were stained to detect the vascular wall labeled with
CD34 (green fluorescence) and nucleus (DAPI, blue fluorescence)
after PcTx-1 treatment. The scale bar represents 20 mm.

Fig. 5 Schematic diagram of RA synovial angiogenesis induced by
acid. Free hydrogen ions promote the release of VEGF by synovial
fibroblasts by activating ASIC1a. VEGF promotes the proliferation of
vascular endothelial cells in synovial tissue, local thickening of vas-
cular walls, and the formation of new blood vessels, which constitutes
the early phenotype of pannus.
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is a reported acid-sensitive pain receptor, but it is not known
that ASIC is involved in the RA synovial inflammatory
response [21, 34, 35]. Our previous study used rh-End
to treat arthritis in AA rats and found that its treatment
is associated with ASIC1a [6]. Therefore, we studied
the relationship between acidosis and vascular hyperplasia
of RA and explored its molecular mechanism. It has
been shown that acidosis can affect the development of
RA disease by regulating the release of VEGF by
ASIC1a.

ASICs are a family of proton-gated cation channels in
which ASIC1a is highly sensitive to changes in extracellular
PH [36–38]. It was first reported to be abundantly expressed
in the nervous system, and in ischemia-induced brain
damage, sustained activation of ASIC1a can result in a large
amount of cationic influx such as Ca2+, Na+, and Zn(2+)
[39, 40]. But there are not many reports in other organiza-
tions. There is evidence that inflammatory factors such as
IL-1β and TNF-α upregulate the expression of ASIC1a in
chondrocytes through the NF-kB pathway, thereby enhan-
cing the apoptosis of chondrocytes induced by acidosis [9].
This aspect illustrates the enhancement of ASIC1a function
under inflammatory response, and on the other hand,
ASIC1a may become an important link in the downstream
of inflammatory response [41, 42]. Based on the above, we
examined the expression of ASIC1a in synovial tissue and
normal human synovial tissue of RA patients, and demon-
strated that the RA inflammatory environment not only
affects cartilage, but also increases the sensitivity of syno-
vial tissue to acid. This also explains why the injection of
normal saline into the normal joint cavity can only mediate
the pain response through ASIC3 without producing more
severe joint pathological changes through ASIC1a [21]. In
the study of ASIC1a, Ca2+ influx is often seen as a channel
open sign. Studies have shown that inflammation often
enhance calcium overload caused by ASIC1a, while Ca2+

can mediate downstream complex signaling pathways [42].
In our recent research, it was demonstrated that the ASIC1a-
Ca(2+)-NFAT axis plays an important role in RA. NFAT4
activated by ASIC1a affects the development of RA
inflammation by regulating the secretion of RANTES [43].
Although we did not include VEGF in the cytokine list we
screened in this study, NFAT has long been reported to be
involved in embryo development and angiogenesis [44, 45].
In our study, ASIC1a in RASF promoted VEGF release
after acidification activation, while ASIC release was
reduced when silencing or inhibiting ASIC1a. In contrast,
when ASIC1a is overexpressed, VEGF release can be sig-
nificantly increased under the same treatment. Combined
with the analysis of our previous research results, we have
reason to predict that the Ca(2+)-NFAT axis may play a
key role in this process, but more detailed arguments need
further study.

It is worth mentioning that for the first time, we have
shown that ASIC1a is one of the causes of VEGF secretion,
which is a mitogen that can promote the growth of endothelial
cells with high specificity [46]. Studies have generally sug-
gested that hypoxia is the main cause of VEGF release during
the inflammatory response [47]. Interestingly, hypoxia can not
only lead to the up-regulation of ASIC1a’s membrane posi-
tioning, but also enhance the function of ASIC1a [48]. And in
studies of cerebral ischemia, Pctx-1 pretreatment can reduce
neuronal damage caused by hypoxia [49]. This shows that
hypoxia does not only provide conditions for the activation of
ASIC1a, but also has important synergy with ASIC1a. In
other words, intervention in ASIC1a in RA may simulta-
neously reduce pathological changes caused by hypoxia. Our
study of articular microvasculature in AA rats provides some
evidence for this view, but further details still need to be
validated. And not just hypoxia, we mentioned earlier that IL-
1β and TNF-α are also associated with ASIC1a. Based on the
above, we predict that ASIC1a may become an important link
in the connection of various RA-promoting diseases, that is,
ASIC1a may be a new target for RA treatment.

In conclusion, the activated ASIC1a in RA is involved in
regulating the release of VEGF from cells and ultimately
promotes the progression of disease progression. Although
we found that changes in pH homeostasis induced angio-
genesis in RA and initially explored its pathways, other
potential factors affecting RA angiogenesis still need to be
explored. In addition, we did not delve into the downstream
mechanism of ASIC1a in the process of VEGF release.
Therefore, the molecular mechanism of acidosis induced
VEGF release remains to be further studied.
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