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Electroacupuncture alleviates synovial inflammation in rheumatoid
arthritis rats by suppressing caspase-1-mediated pyroptosis
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Abstract. Rheumatoid arthritis (RA) causes inflammatory bone and cartilage damage. While
electroacupuncture (EA) alleviates joint inflammation, its anti-inflammatory mechanisms remain
unclear. Sprague-Dawley rats were randomly assigned to control, collagen-induced arthritis (CIA),
EA (EA+CIA), and sham-EA (sham-EA+CIA) groups. Rats in the EA group received EA at unilat-
eral ST36 (Zusanli) every other day from day 1. Paw swelling and paw withdrawal latency (PWL)
were measured during the treatment. The levels of caspase-1, GSDMD, IL-1p, and IL-18 in the
synovium were assessed after 28 days of EA treatment. Our findings demonstrated that inflam-
matory responses, such as the arthritis index, toe volume, PWL, and inflammatory cell infiltra-
tion, were significantly improved in the EA group compared with the CIA and sham-EA groups.
Significant decreases in the levels of caspase-1, GSDMD, IL-1f, and IL-18 were observed in the
synovium of RA rats that received EA. Furthermore, peripheral blood levels of the inflammatory
cytokines IL-1p and IL-18 were significantly reduced in rats in the EA group. Electroacupuncture
as implemented at ST36 was associated with reduced caspase-1-mediated pyroptosis-related mark-
ers in the joint synovium and decreased IL-1p and IL-18 levels in both synovium and serum in
rats with CIA. Acupoint-specificity requires further validation using active-sham or component-
resolved control designs.
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Abbreviations: BCA, bicinchoninic acid; CFA, complete Freund’s adjuvant; CIA, collagen-induced
arthritis; DMARDs, disease-modifying anti-rheumatic drugs; EA, electroacupuncture; ELISA,
enzyme-linked immunosorbent assay; IFA, incomplete Freund’s adjuvant; PWL, paw withdrawal
latency; RA, rheumatoid arthritis.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory
disease that can cause significant damage to bone and
cartilage, potentially leading to disability. While several
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treatments are available, including disease-modifying anti-
rheumatic drugs (DMARDs) and glucocorticoids, these
medications often have undesirable side effects (Chau-
han 2023). Acupuncture, a traditional Chinese medicine
practice, is a promising treatment for RA patients that can
alleviate joint inflammation without reported side effects.
EA, a variation of acupuncture, uses pulsed currents ap-
plied to specific acupoints on the body. Although EA has
demonstrated clinical efficacy, the mechanisms by which it
affects RA patients are not yet fully understood (Lu 2022;
Wan et al. 2022).
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Programmed cell death (PCD) has been widely studied
and verified to be one of the essential pathological mecha-
nisms of RA (Zhao 2021). Pyroptosis is a type of proinflam-
matory PCD and is mainly initiated by caspase activation.
The canonical pyroptosis pathway is activated by caspase-1
activation followed by cleavage of downstream proteins,
such as gasdermin D (GSDMD), IL-1pB, and IL-18. The
N-terminal fragment of GSDMD (N-GSDMD) generates
pyroptotic pores on the cell membrane, which promote
proinflammatory cytokine release, resulting in joint inflam-
mation and tissue damage (Shi 2017). Caspase-1/GSDMD
is an important downstream pathway of various mediators
of cell pyroptosis, such as the NLRP3 inflammasome, that
participate in numerous immune regulation processes.
Caspase-1-mediated pyroptosis is detected in RA patients,
as well as collagen-induced arthritis (CIA) mice (Guo et al.
2018; Zhou et al. 2021). Inhibiting GSDMD expression in
arthritis mouse models reduces articular cartilage loss and
inflammatory responses, highlighting caspase-1-mediated
pyroptosis as an effective therapeutic target for treating
RA (Yang et al. 2021). Recent evidence has shown that EA
at ST36 negatively affects caspase-1-mediated pyroptosis
in nervous system (Cai et al. 2022; Li et al. 2023), but the
relationship between pyroptosis and EA in RA has not
been studied.

This study aimed to investigate the mechanisms by which
EA affects CIA rats, focusing on pyroptosis by measuring
the protein levels of GSDMD, caspase-1, IL-1, and IL-18
in the joint synovium. Additionally, the effects of EA on RA’s
inflammatory progression were evaluated by assessing the
arthritis index, paw swelling, paw withdrawal latency (PWL),
histological morphology, and serum cytokines. The findings
of this study could enhance the understanding of EA’s anti-
inflammatory mechanisms in RA and potentially lead to the
development of new therapeutic strategies for the disease.

Materials and Methods

Experimental animals

A total of 20 Sprague-Dawley rats (220-270 g, male, 6 to
8 weeks old) were obtained from The Zhejiang Chinese
Medical University (ZCMU, Zhejiang, China) and were
acclimatized for 1 week before the experiment. The rats
were randomly divided into four groups (n = 5 per group)
as follows: the control group, the CIA group, the EA group
(EA+CIA), and the sham-EA group (sham-EA+CIA). The
rats were maintained at a temperature of 24 + 1°C and
subjected to a light/dark cycle with free access to food and
water. All experimental procedures were approved by the
laboratory animal management and ethics committee of
ZCMU (Approval ID: IACUC-20220505-05).

RA model establishment

Briefly, rats were injected intradermally with 0.5 ml of bovine
collagen type II (1 mg/ml) in complete Freund’s adjuvant
(CFA) at the intraplantar and base of the tail on day 0. On
day 14, a half dose of collagen type Il in incomplete Freund’s
adjuvant (IFA) was injected after inflammatory evaluations
as a booster. The control group received an equal amount of
saline injected into the same region.

EA

Before treatment, a soft cotton hood was placed over the
rat’s head to reduce stress. A disposable acupuncture needle
(0.16 mm in diameter; Hwato, Suzhou, China) was inserted
vertically to a depth of 5 mm at ST36 on one hindlimb
(located 3-4 mm below and 1-2 mm lateral to the knee
midline). Electrical stimulation was delivered using an
electroacupuncture apparatus (SDZ-II; Hwato Medical
Electronic Apparatus, Suzhou, China). The cathode (negative
lead) was connected to the needle, and the anode (positive
lead) was attached to the plantar surface of the ipsilateral
hindlimb with wet gauze as the return electrode. Stimula-
tion was applied in continuous mode (fixed frequency, no
dense-disperse modulation) at 20 Hz and 1 mA for 30 min,
using an asymmetric biphasic pulsed waveform (composite
waveform; non-sinusoidal) (Xue et al. 2023). EA was admin-
istered once every other day starting on day 1 (alternating
hindlimbs each time).

In the sham-EA group, a needle was inserted subcutane-
ously to a depth of 2 mm at a non-acupoint approximately
5 mm lateral to ST36, with electrodes attached in the same
manner but without electrical current (Xue et al. 2023).
The non-acupoint site was selected by avoiding recognized
acupoints according to the Animal Acupuncture Atlas (Ex-
perimental Acupuncture Research Group of the Chinese
Acupuncture Association). The sham-EA procedure was
designed as a minimal-activation procedural control to ac-
count for handling and superficial skin penetration while
minimizing deep-tissue stimulation and electrostimulation;
therefore, it differed from EA in needling depth, anatomical
location, and electrical current by design and should not
be interpreted as an active-sham intended to isolate site
specificity.

The ST36 (Zusanli) region in rats was localized with ref-
erence to the Animal Acupuncture Atlas and standardized
using consistent anatomical landmarks of the hindlimb.
To minimize inter-operator variability, all localization and
needling procedures were performed by a single experienced
practitioner throughout the study, with a standardized
hindlimb posture and insertion angle. The sham site was
defined as a non-acupoint located approximately 5 mm
lateral to the ST36 region on the same hindlimb segment.
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We acknowledge that rodent acupoint localization has inher-
ent spatial uncertainty and that a 5-mm surface separation
may not fully exclude overlap of underlying receptive fields;
therefore, in this study the sham-EA procedure was designed
as a minimal-activation control (shallow insertion without
electrical current) rather than an active-sham intended to
isolate site specificity.

Arthritis scoring

The arthritis index was calculated based on the degree of
redness and swelling of the bilateral hindlimbs of the rat and
whether normal function was affected. The arthritis score
was evaluated based on the following scoring system (Xue
2020): 0, no signs of redness and swelling; 1, mild swelling
or erythema of the toes; 2, redness or erythema in the toe
joints and back of the foot and involving the ankle joint; 3,
severe redness and swelling of the foot and ankle joints; and
4, serious redness and swelling of the foot and ankle joints
and inability to bear weight, affecting normal exercise. The
measurements were performed on day 1, day 7, day 14, day
21, and day 28.

Measurement of nociceptive thresholds and paw swelling

Paw swelling was evaluated by using a water displacement
method and a toe volume measuring instrument (KW-7C,
Calvin Biotechnology Co., Nanjing, China). PWL was eval-
uated as a nociceptive threshold indicator using a ZL-024D
heat pain stimulation instrument (Yaokun Biotechnology
Co., Anhui, China). The method of PWL measurement
was described in Wang et al. (2014). Before testing, the rats
were allowed to acclimatize to the environment for 30 min.
The heat was adjusted to obtain PWLs within 20-25 s in
normal paws (on day —1). Then, the plantar surface of the
right paw was exposed to heat, and the PWL time was
recorded. The time until paw withdrawal was used as the
thermal nociceptive threshold. The PWL of the right hind
paw was measured 3 times every 5 min, and the mean value
was calculated and recorded. The measurement time points
of PWL and paw swelling were the same as those used for
arthritis scoring.

Serum cytokine detection

Serum IL-1p and IL-18 levels were detected by enzyme-
linked immunosorbent assay (ELISA). Rat IL-1p and IL-18
ELISA kits were purchased from Nanjing Jiancheng Bio-
engineering Institute, China. The rats were euthanized by
exposure to 100% CO, for 10 min. Synovial tissue of the knee
joint was retrieved after pumping out cardiac blood on day
28. The tissue samples were stored in liquid nitrogen, and
the blood samples were centrifuged at 2500xg for 10 min to

extract serum. The levels of IL-1P and IL-18 were measured
according to the manufacturer’s instructions.

Hematoxylin and eosin (HE) staining of the rat synovium

Rat synovial tissue was obtained from the knee joints of rat
hind legs as described in Hyc et al. (2007). The synovial tis-
sues (n =5 per group) were immersed in 4% formaldehyde
overnight and then decalcified in 5% nitric acid solution for
1-3 days. Parafhin sections (5 um thick) were rehydrated in
a graded ethanol series and subjected to HE staining. The
histological changes in the synovium of rats in each group
were observed under a microscope.

Western blot

The joint synovial tissues (1 = 5 per group) were preserved in
liquid nitrogen, pulverized and dissolved in cell lysis buffer
(Kaiji Biology, Jiangsu, China) containing a protease inhibi-
tor cocktail (1%; Kaiji Biology, Jiangsu, China) and centri-
fuged at 12000xg for 10 min at 4°C for protein extraction.
Protein concentrations were measured by the bicinchoninic
acid (BCA) method. Primary polyclonal antibodies against
GSDMD (Novus Biologicals, 1:40), Caspase-1 (Novus Bio-
logicals, 1:40), IL-1B (Abcam, 1:26), IL-18 (Detroit R&D,
1:20), and GAPDH (Abcam, 1:200) were mixed with anti-
body diluent II (ProteinSimple, USA). Target proteins were
then measured and imaged using the Wes automated protein
expression analysis system, original auxiliary reagents, and
the original secondary antibody (ProteinSimple, USA).

Statistical analysis

Data are presented as mean + SD (n =5 for each group). Sta-
tistical analyses were performed using SPSS 26. The arthritis
index was analyzed by two-way repeated-measures ANOVA
with Group (4 levels) as the between-subject factor and time
(Day 1,7, 14, 21, and 28) as the within-subject factor. When
significant effects were detected, post hoc comparisons were
performed using Tukey’s test for between-group differences
at each time point. A two-sided p < 0.05 was considered
statistically significant.

Results

EA alleviates the inflammatory responses of CIA rats

The experimental design and workflow are depicted in Figure
1A. After modelling (dayl), the degree of paw swelling in the
model, EA, and sham-EA groups was significantly increased
compared with the normal group (p < 0.01, Fig. 1B), while
the PWL in the CIA, EA, and sham-EA groups was markedly
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decreased compared with the control group (p < 0.01, Fig.
1C), indicating that the Freund’s adjuvant RA rat model had
been successfully established.

After 14 days of treatment, there was no significant dif-
ference in paw swelling between the EA and CIA/sham-EA
groups (p > 0.05, Fig. 1B); however, the PWL of the EA group
was markedly improved compared with that of the model
and sham-EA groups (p < 0.05, Fig. 1C). After 28 days of
treatment, paw swelling in the EA group was significantly
decreased compared with both the model and sham-EA
groups (p < 0.05, Fig. 1B), while the PWL of the EA group
was further elevated compared with both the model and
sham-EA groups (p < 0.01, Fig. 1C).

The arthritis index increased markedly after CIA in-
duction in the CIA, EA+CIA, and sham-EA+CIA groups,

Table 1. The arthritis index in each group

whereas the control group remained at 0 throughout the
observation period. Repeated-measures ANOVA demon-
strated significant main effects of Group and Time, as well
as a significant GroupxTime interaction (all p < 0.001), in-
dicating that arthritis severity changed over time differently
among groups. Compared with the CIA group, the EA+CIA
group showed a significantly lower arthritis index at later
time points, with the most evident reduction observed on
Days 21 and 28 (p < 0.05 at the corresponding time points). In
contrast, the sham-EA+CIA group did not show a sustained
improvement relative to the CIA group, and its arthritis index
remained comparable to that of the CIA group across most
time points (Table 1).

Histopathological observation showed that there was no
inflammatory cell infiltration in the synovial membrane

Time Control CIA EA+CIA sham-EA+CIA F (df) p np>
Day -1 0 0 0 0

Day 1 0 7.57 £0.28 7.57 £0.28 7.71 £0.24

Day 7 0 7.28 £0.23 7.29 £ 0.57 7.14 +0.14

Day 14 0 6.85 £ 0.47 6.85+0.47 7.00 +0.33

Day 21 0 7.28+0.57 6.14 + 0.47 7.42+0.28

Day 28 0 6.28 +0.23 4.85+0.47 6.42 +0.28

RM-ANOVA (Group) 8.171 (3,16) <0.001 0.476
RM-ANOVA (Time) 7728 (4,64) <0.001 0.244

RM-ANOVA GroupxTime)

7.136(12,64) <0.001 0.471

Data are means + SD.
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in the normal control group, but obvious infiltration of
inflammatory cells and proliferation of synovial cells were
observed in the model and sham-EA groups. Compared
with the model and sham-EA groups, inflammatory cell
infiltration was attenuated in RA rats treated with EA
(Fig. 2). These findings suggest that EA at ST36 has
a significant inhibitory effect on inflammatory responses
in CIA rats.

EA suppresses caspase-1-mediated pyroptosis of the joint
synovium

To elucidate the mechanism of the anti-inflammatory effect
induced by EA, we investigated the expression of pyroptosis-
related molecules in the synovium of the joint, including
GSDMD (N-GSDMD, 36 kDa), caspase-1, pro-caspase-1,
IL-1pB, pro-IL-1pB, IL-18, and pro-IL-18. As shown in Figure
3, activated caspase-1, GSDMD, and the activated proin-
flammatory cytokines IL-1B and IL-18 were significantly
upregulated in the CIA and sham-EA groups compared with
the control group (p <0.01, Fig. 3A-E). The levels of activated
caspase-1 and GSDMD in the EA group were significantly

Control

lower than those in the CIA and sham-EA groups (p < 0.01,
Fig. 3A-C), as well as activated IL-1p and IL-18 (p < 0.05,
Fig. 3A-E). These results demonstrated that EA treatment
had negative effects on caspase-1-mediated pyroptosis and
the proinflammatory factors IL-1p and IL-18 in the joint
synovium.

EA reduces elevated serum pro-inflammatory cytokine levels
in CIA rats

In the clinic, rheumatoid arthritis may impact organs other
than the joint due to elevated levels of proinflammatory
cytokines in serum. To study the effects of EA on serum
cytokines, IL-13 and IL-18, which are strongly associated
with RA, were investigated in each group. On day 28, the
serum levels of IL-1p and IL-18 in the CIA and sham-EA
groups were significantly higher than those in the control
group (p < 0.01, Fig. 4A,B), and these two cytokines were
significantly lower in the EA group than CIA and sham-EA
groups (p < 0.05, Fig. 4A,B), indicating that EA treatment
had a negative effect on serum proinflammatory cytokines
in RA rats.

Sham-EA+CIA

Figure 2. Histological examination of the joint synovium. Representative hematoxylin and eosin (H&E)-stained sections of synovial
tissues from control, CIA, EA+CIA, and sham-EA+CIA groups. Red arrows indicate synovial tissue.
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Figure 3. Protein expression of caspase-1-pyroptosis-related markers in synovial tissue. A. Representative automated Western blot images
of pro-caspase-1, cleaved caspase-1, N-terminal GSDMD (N-GSDMD), pro-IL-1{, mature IL-1f, pro-IL-18, mature IL-18, and GAPDH
in each group. B-E. Densitometric quantification of cleaved caspase-1, N-GSDMD, IL-1p, and IL-18. For caspase-1, IL-1p, and IL-18,
values are expressed as the ratio of mature/precursor forms; N-GSDMD was normalized to GAPDH. Data are presented as mean + SD.

** p < 0.01 vs. control; * p < 0.05 vs. CIA.

Discussion

RA, which is one of the most prevalent chronic inflamma-
tory diseases with an incidence of 0.5% to 1%, carries sig-
nificant burdens for both individuals and society. Although
RA is pathologically heterogeneous, the major clinical
characteristic of RA is bone and cartilage lesions caused by
osteoclasts that are abnormally activated by a dysfunctional
inflammatory response in the synovial compartment (Smo-
len et al. 2017). Growing evidence shows that pyroptosis is
activated in synovial tissues during RA and that inhibiting
pyroptosis significantly alleviates joint inflammation and the

A B
60- 60-

% %k
%%k

40-

20+ 20+

IL-1B level in serum (pg/mL)
IL-18 level in serum (pg/mL)

» > > >
N (& M O N
o S o
&

progression of RA, indicating that pyroptosis is a promising
therapeutic target (Wu et al. 2020; Ling et al. 2021; Li W
et al. 2022).

Unlike apoptosis, pyroptosis is a proinflammatory PCD
triggered by caspases. In the canonical pathway, inflammas-
omes cleave pro-caspase-1 into a bioactive form. Activated
caspase-1 not only cleaves pro-IL-1p and pro-IL-18 into
bioactive IL-1PB and IL-18, respectively, but also dissoci-
ates GSDMD at the Asp275 site to form the C-terminus
(C-GSDMD) and N-terminus (N-GSDMD) (Wang et al.
2021; Xia et al. 2021). N-GSDMD migrates and interacts
with the cell membrane through lipid binding sites to

%k %k %k
#
:|: Figure 4. Serum levels of inflam-
matory cytokines. Serum IL-1p
(A)and IL-18 (B) levels measured
on Day 28 by enzyme-linked im-
munosorbent assay (ELISA). Data
are presented as mean + SD. ** p <
o oF b

0.01 vs. control; #p <0.05vs. CIA.
CIA, collagen-induced arthritis;
EA, electroacupuncture.
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perforate the cell membrane and form nonselective pores,
which leads to cell swelling and inflammatory cytokine
release (He et al. 2015; Liu et al. 2016). Of these cytokines,
IL-1f and IL-18 can activate osteoclasts to accelerate bone
erosion through the upregulation of RANKL production by
T cells in RA synovitis and promote the expression of many
other proinflammatory cytokines (Kondo 2021; Levescot et
al. 2021). Clinical research demonstrates that the levels of
IL-1pB and IL-18 in both synovial fluid and peripheral blood
are positively correlated with the severity of RA, and high
levels of these two cytokines in peripheral blood contribute
to other organ diseases, such as interstitial lung disease and
depression (Matsuo et al. 2019; Fakra and Marotte 2021).
Our data showed that the levels of IL-1p and IL-18 in both
synovial tissue and serum were associated with the expres-
sion of GSDMD, which further strengthens the concept that
the release of IL-18 and IL-1p is an inflammatory hallmark
of canonical pyroptosis. However, the levels of caspase-1,
GSDMD, IL-1, and IL-18 in the synovium and IL-1p and
IL-18 in peripheral blood were decreased after EA treatment
but were not improved in the sham-EA group, suggesting
that the anti-inflammatory effect of EA at ST36 is associated
with the suppression of caspase-1-mediated pyroptosis.

Acupuncture is a traditional Chinese medicine that has
been used for analgesia and anti-inflammatory treatment
for thousands of years. EA is an improved form of manual
acupuncture (MA) that uses pulsed currents to strengthen
the stimulation of acupoints and is widely used in clinical
practice. Although MA and EA have similar therapeutic ef-
fects in most cases, there is evidence that EA is more effective
than MA in clinical treatment of RA (Casimiro et al. 2005).
Regarding the mechanism of action, MA can inhibit inflam-
matory responses by regulating macrophage polarization,
whereas EA inhibits inflammatory responses by regulating
the T/Th cell balance (Zhu et al. 2015; Yang E. et al. 2021).
Our study demonstrated that the inhibition of caspase-1
mediated pyroptosis, which is another important pathway
for EA to suppress the inflammatory response in RA. This
effect of EA may be related to the vagal-adrenal axis. EA
at ST36 increases the secretion of catecholamines, such as
dopamine and norepinephrine, by driving the vagal-adrenal
axis (Torres-Rosas et al. 2014). A recent study revealed that
dopamine suppresses NLRP3 inflammasome activation in
nerve cells, which is one of the most important initiators of
caspase-1-mediated pyroptosis (Jiang 2023). These studies,
together with our findings, may partially explain the mecha-
nism of the anti-inflammatory effect of EA.

Synovium is essential for joint function and structure
by supplying nutrients to chondrocytes and preserving
various cellular components of the synovial fluid (Zhao
2021). Figure 2 shows that RA rats that received EA had
better structural integrity of synovium compared with the
nontreatment or placebo treatment groups due to a milder

inflammation response. This protective role may contrib-
ute to the inhibition of cartilage damage of EA (Shi et al.
2020). In addition to the above findings, Figure 3 showed
that, interestingly, activated caspase-1 was decreased while
N-GSDMD was increased in the sham-EA group compared
with the CIA group. Given that no electrical current was
applied in the sham-EA procedure, this discrepancy can-
not be attributed to electrostimulation at a non-acupoint.
Instead, it may reflect nonspecific procedural stimulation
(e.g., shallow needling at a non-acupoint) and/or biologi-
cal variability. Alternatively, it may suggest a shift toward
noncanonical pyroptosis pathways (e.g., caspase-11-related
mechanisms) rather than canonical caspase-1-dependent
pyroptosis; however, this presumption was not verified in
the current study (Ringel-Scaia et al. 2019). On the other
hand, the elevated N-GSDMD level inhibited the expression
of caspase-1 through a negative feedback mechanism (Chen
etal. 2022; Hu et al. 2022). Collectively, these observations
raise the possibility that stimulation at an acupoint region
versus a non-acupoint may engage different biological
responses; however, this presumption was not verified in
the current study.

Acupointlocalization in rodents inevitably carries spatial
uncertainty because external landmarks are less distinct than
in humans and different reference atlases may provide slight-
ly different projections. Moreover, the compact anatomy of
the rat hindlimb means that a 5-mm separation between the
ST36 region and a lateral sham site may not guarantee an
inert control, and overlap of receptive fields or spillover via
shared neuromuscular and peripheral nerve structures can-
not be excluded. Therefore, while our sham procedure (shal-
low insertion without electrical current) did not reproduce
EA-associated improvements, the present design does not
allow definitive conclusions regarding strict site specificity.
Future work should integrate neuroanatomical validation
(e.g., nerve tracing, electrophysiological mapping, or image-
guided targeting) and matched-depth/current active-sham
or component-resolved designs to rigorously test whether
the ST36 region exhibits unique efficacy compared with
adjacent sites.

From a translational perspective, these findings also raise
an important question: does the observed benefit reflect an
acupoint-driven mechanism, or a more generalized regional
response to deep-tissue stimulation and neuromodulation?
It is therefore important to distinguish between the efficacy
of an EA “clinical package” and the necessity of a site-spe-
cific, acupoint-dependent mechanism. In the present study,
electroacupuncture delivered in the ST36 region under the
current parameters improved CIA-associated inflammatory
phenotypes and was accompanied by reduced expression
of caspase-1/GSDMD/IL-1B/IL-18 in synovial tissue and
lower circulating IL-1B/IL-18. However, because our sham
control did not match insertion depth and electrical dose,
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the current data cannot determine whether these effects are
uniquely dependent on ST36 or reflect a more generalized
response to deep-tissue electrical stimulation in the region.
Clinically, if comparable anti-inflammatory and pyroptosis-
modulating effects can be achieved with non-acupoint
stimulation using equivalent depth and current, this could
potentially simplify implementation toward localized neu-
romodulation and reduce reliance on acupoint localization.
Conversely, if ST36 remains superior under matched-depth/
current active-sham validation, this would strengthen the
mechanistic basis for acupoint specificity. Therefore, future
studies employing matched-depth/current active-sham
controls and component-resolved designs are warranted to
clarify site-specificity and improve translational scalability.

A major limitation of this study is that the sham-EA
procedure differed from EA in three dimensions —needling
depth, stimulation site, and electrical current thus serving as
a minimal-activation procedural control rather than an “ac-
tive sham” that isolates a single component. Accordingly, the
presumption that the observed effects are acupoint-specific
(i.e., uniquely attributable to ST36) was not verified in the
current study, and we cannot exclude the possibility that the
outcomes reflect a generalized response to deep-tissue elec-
trical stimulation. This is an important limitation, and our
tuture work will incorporate active-sham and component-
resolved designs (e.g., matched insertion depth and identical
electrical dose at a non-acupoint, and/or factorial designs
separating site-, depth-, and current-dependent effects) to
rigorously compare acupoints versus non-acupoints and
clarify the necessary elements of the intervention. Another
limitation is that the effects of EA on upstream inflamma-
some signaling were not investigated. Several studies have
reported that EA can inhibit NLRP3 inflammasome activa-
tion; however, the role of the NLRP3 inflammasome in EA
treatment of RA remains unclear. Therefore, based on the
present findings, systematic mechanistic studies are needed
to determine which caspase-1 activator(s) (e.g., specific
inflammasome pathways) are involved in EA-associated
suppression of synovial pyroptosis.

Conclusion

In this study, we investigated the therapeutic effects of EA
delivered at the ST36 region in CIA rat model and examined
its association with synovial pyroptosis-related signaling.
Under the current stimulation parameters (insertion depth
and electrical settings), EA improved arthritis-related in-
flammatory phenotypes and was accompanied by decreased
expression of caspase-1-mediated pyroptosis-related markers
in the joint synovium, together with reduced IL-1p and IL-18
levels in both synovium and serum. These findings support
EA, as implemented in this protocol, as a potential adjunct

neuromodulatory approach to attenuate synovial inflamma-
tion and pyroptosis-associated cytokine release in inflam-
matory arthritis. Nevertheless, due to the present control
design, acupoint specificity/necessity and the independent
contributions of needling depth versus electrical stimula-
tion cannot be definitively established and require further
verification using matched-depth/current active-sham and
component-resolved (factorial) experimental designs, ide-
ally complemented by neuroanatomical targeting validation.
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