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Abstract: Objectives: To determine the effect of electroacupuncture at GV20 (Baihui) and ST36 (Zusanli) in reducing
the LPS-induced neuroinflammation and cognitive deficit. To determine whether it was associated with reduced ac-
tivation of the NLRP3 inflammasome-caspase-1-IL-13/IL-18 signaling pathway in both male and female rats. Proce-
dures: Ninety-four adult Sprague-Dawley rats (47 male, 47 female) were randomly assigned to four groups: Control
(saline), LPS (5 mg/kg intraperitoneal), LPS+EA (LPS plus electroacupuncture at GV20/ST36, 2 Hz, 1 mA, 20 min/
day, 7 days), and LPS+Sham Electroacupuncture (LPS plus sham electroacupuncture at non-acupoints). Outcomes
included NLRP3 and caspase-1 p20 (western blot), IL-18, IL-18, IL-6, TNF-q, IL-10 (ELISA), ROS, MDA, GSH (oxidative
stress assays), Iba-1, and GFAP (immunohistochemistry), GSDMD-NT, NeuN, NF-kB p65, phospho-NF-kB p65, BDNF,
CD68, iNOS, Arginase-1, and cognitive function (Morris water maze, Y-maze, novel object recognition). Results: LPS
increased all inflammatory and oxidative stress markers and impaired cognitive versus Controls (P < 0.001). Elec-
troacupuncture was associated with significant reductions compared to LPS (P < 0.001): NLRP3 (48% reduction),
caspase-1 p20 (54%), IL-1B (34%), 118 (33%), IL-6 (49%), TNF-a (49%), ROS (40%), MDA (47%), Iba-1 (46%), GFAP
(47%), GSDMD-NT (54%), NF-kB p65 (46%), p-NF-kB p65 (68%), CD68 (57%), INOS (68%), while increasing IL-10
(98%) and GSH (60%), NeuN (77%), BDNF (116%), Arginase-1 (500%), and improving cognition (21-133%). Sham EA
had no effect on any outcome (P > 0.05 vs. LPS). No significant sex differences were detected. Mediation analysis
revealed that 84.4% of electroacupuncture’s cognitive benefit was mediated through the NLRP3-related pathways.
Conclusions: Electroacupuncture at GV20 and ST36 was associated with reduced LPS-induced neuroinflammation
and cognitive impairment and these changes were statistically consistent with involvement of the NLRP3-caspase-
1-IL-1B/1L-18 pathway, with no significant sex differences. These findings suggest electroacupuncture may be a
promising strategy for NLRP3-associated neuroinflammatory disorders.
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Introduction

Neuroinflammation is broadly understood as a
pathogenic mechanism of great importance,
with the ability to mediate a broad array of neu-
rological diseases, both acute (e.g. sepsis-
associated encephalopathy) and chronic neu-
rodegenerative (e.g. Alzheimer disease (AD),
Parkinson’s disease (PD), and multiple sclero-
sis (MS)) [1]. Although acute neuroinflammation
has a protective role in host defense and tissue
repair, chronic or excessive neuroinflammation
triggers neurotoxic effects that are caused

mainly by persistent microglial activation and
the release of pro-inflammatory cytokines,
especially in the hippocampus which forms a
vital part of the brain that is important in learn-
ing and memory formation [2]. Neurodegenera-
tive diseases related to neuroinflammation
have attained epidemic levels across the world
and affect millions of people [3]. According to
recent epidemiologic research, it is estimated
that the level of AD and other related dementia
will increase three times by the year 2050 cre-
ating a colossal burden on the world health
care system [4]. Effective, safe, and accessible
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therapeutic interventions are needed to add-
ress neuroinflammation [5].

The lipopolysaccharide (LPS)-induced neuroin-
flammation model is a reproducible, well-estab-
lished experimental model for researching the
mechanisms of inflammation-induced cognitive
impairment [6]. LPS is an endotoxin produced
by Gram-negative bacteria cell walls that induc-
es the innate immune response by binding to
toll-like receptor 4 (TLR4) on the microglia,
leading to the production of a cascade of pro-
inflammatory mediators through nuclear factor-
kappa B (NF-kB) activation [7]. Peripheral and
central inflammation are caused by systemic
LPS administration, and pro-inflammatory cyto-
Kines pass through the blood-brain barrier and
cause neuroinflammation and consequent cog-
nitive dysfunction [8]. The model is especially
useful, as it summarizes main characteristics
of neuroinflammation observed in human neu-
rodegenerative diseases [9].

NLRP3 (Nod-like receptor family pyrin domain-
containing protein 3) is a multi-subunit protein
complex, a cytosolic pattern recognition recep-
tor that bridges the gap between systemic
inflammation and neurodegeneration [10]. The
most thoroughly studied of the inflammasome
family is the NLRP3 inflammasome which has
been linked to an extensive variety of inflamma-
tory and autoimmune diseases. The canonical
NLRP3 inflammasome pathway is activated in
two steps: priming and activation [11]. TLR4
activation during priming causes the recruit-
ment of myeloid differentiation primary res-
ponse 88 (MyD88) adaptor proteins, which
activate NF-kB and the subsequent transcrip-
tion of pro-IL-1b, pro-IL-18, and NLRP3 inflam-
masome proteins [12]. This is necessary in the
upregulation of inflammasome constituents
and provision of sufficient response to the acti-
vation stimuli.

During the activation step, oligomerization of
the NACHT domain facilitates inflammasome
formation that enables NLRP3 to interact with
ASC (apoptosis-associated speck-like protein
containing a caspase recruitment domain),
which subsequently interacts and activates
caspase-1 [13]. This tightly regulated assembly
process can be provoked by a variety of stimuli
such as microbial constituents, endogenous
danger signals, and environmental irritants and
reactive oxygen species (ROS) and mitochon-
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drial stress. It is a key triggering factor [14, 15].
The pro-IL-13 and pro-IL-18 are activated by
caspase-1 to release their biologically active
forms that result in strong inflammatory reac-
tions [16]. Moreover, the activation of cas-
pase-1 releases gasdermin D (GSDMD), the
N-terminal fragment of which (GSDMD-NT) cre-
ates pores in the plasma membrane, releasing
IL-18, IL-18, and damage-associated molecular
patterns (DAMPSs), in a process known as pyrop-
tosis or a highly inflammatory form of pro-
grammed cell death [17].

Neurological disorders have been widely report-
ed as pathologically relevant to the activation
of the NLRP3 inflammasome. NLRP3 inflamma-
some expression is always increased in the
brain in mouse models of AD, both with amyloi-
dosis and tauopathy types. Similar findings
have been seen in postmortem brain tissue of
AD patients, which supports its involvement in
the pathology of the disease [18, 19].

Moreover, a growing body of evidence suggests
that the activation of NLRP3 inflammasomes
plays a critical role in the pathogenesis of neu-
roinflammation and is a primary pathogenesis
in acute neuroinflammatory conditions like is-
chemia, stroke, and intracerebral hemorrhage
and chronic neurodegenerative diseases. The
preclinical evidence of genetic or pharmaco-
logic inhibition of NLRP3 demonstrated that
neuroinflammation was suppressed, and cogni-
tive performance was enhanced, which indi-
cates NLRP3 as a promising therapeutic target
[20, 21]. Recent research has also shown that
acupuncture is associated with anti-inflamma-
tory and neuroprotective effects that have sev-
eral mechanisms. It was demonstrated that
electroacupuncture at ST36 can suppress sys-
temic inflammation through the activation of
the vagus nerve and anti-inflammatory pathway
of cholinergic [22, 23]. GV20 (Baihui) acupunc-
ture has been shown to enhance cognitive per-
formance of other animal models of neurode-
generation. GV20 and ST36 applied manually
can reduce neuroinflammation and enhance
cognitive performance in LPS-treated rats [24].

Particularly with respect to the NLRP3 inflam-
masome, there is recent evidence that acu-
puncture is associated with regulation of this
pathway. Pretreatment with electroacupunc-
ture has been correlatedwith reduced activa-
tion of NLRP3 inflammasomes in the cerebral
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ischemia-reperfusion injury models [25]. GV20
and ST36 acupuncture suppressed NLRP3 and
the production of IL-1p in one of the rat forms
of vascular dementia. In a recent systematic
review, it was found that the anti-inflammatory
effects of acupuncture were mediated in part
by inhibition of the NLRP3 inflammasome [26].
Nevertheless, the quantitative protein analysis
and correlation statistics have not been used
to characterize the direct effects of electroacu-
puncture at selected acupoints on the NLRP3-
caspase-1-IL-1B/1L-18 axis in the case of
LPS-induced neuroinflammation systematically
[27].

Though there is evidence for the anti-inflamma-
tory and neuroprotective effects associated
with acupuncture, there are still a number of
knowledge gaps that are of critical importance.
First, although acupuncture has been demon-
strated to be correlated with regulation of
inflammatory reactions, its direct influence on
the activation of NLRP3 inflammasome in the
central nervous system during LPS-induced
neuroinflammation has not been quantitatively
characterized. Second, a connection between
the NLRP3-associated effects of acupuncture
and subsequent effects, such as caspase-1,
IL-1B3 and IL-18 effects, microglial activation,
and cognitive effects, has not been delineat-
ed in detail. Third, the statistical relationship
between NLRP3 expression and these down-
stream neuroinflammatory and behavioral con-
sequences of acupuncture treatment has not
been quantitatively determined by using corre-
lation analysis [27]. Fourth, sex differences
in electroacupuncture’s anti-neuroinflammato-
ry effects have not been systematically exam-
ined, despite known sex differences in NLRP3
inflammasome activation and neurodegenera-
tive disease prevalence. Fifth, the translational
relevance of preclinical electroacupuncture
findings has not been quantitatively compared
with effect sizes from human clinical trials.

Thus, the current research was aimed at filling
these knowledge gaps by examining the effect
of electroacupuncture on GV20 and ST36 on
LPS-induced neuroinflammation and cognitive
impairment: in particular, the NLRP3 inflamma-
some-caspase-1-1L-13/IL-18 signaling pathway.
We included both male and female animals
(total n = 94) to enable formal testing of sex
differences. We hypothesized that GV20 and
ST36 electroacupuncture would be correlated
with reduced neuroinflammation and cognitive
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impairment in LPS-treated rats, potentially
through effects involving the NLRP3 inflamma-
some pathway, no statistically significant sex
differences. This hypothesis was based on: (a)
The established role of NLRP3 as a master reg-
ulator of neuroinflammation; (b) The document-
ed anti-inflammatory properties associated
with acupuncture at GV20 and ST36; (c) Em-
erging evidence suggesting that acupuncture is
linked to regulation of the NLRP3 inflamma-
some; and (d) The lack of prior systematic sex
difference analysis; and (e) The need for quan-
titative comparison with clinical trial data. The
results of this study characterize the associa-
tions between electroacupuncture and reduc-
ed neuroinflammation, quantify statistical rela-
tionship along the NLRP3-inflammation-cogni-
tion axis using correlation and mediation analy-
ses, report that no statistically significant sex
difference were detected, and suggest elec-
troacupuncture as a promising intervention for
further investigation in NLRP3-associated neu-
roinflammatory conditions including Alzheimer
disease, Parkinson disease, and sepsis-associ-
ated encephalopathy.

Materials and methods
Study design and animals

A total of 94 adult Sprague-Dawley rats (47
male, 47 female; 8-10 weeks old; weight 220-
280 g at baseline) were used in this study. All
animals were housed under standard laborato-
ry conditions (12:12 h light/dark cycle, 22 +
2°C, 50-60% humidity) with ad libitum access
to food and water. After 7 days of acclimation,
animals were randomly assigned to one of four
experimental groups (Table 1) using a comput-
er-generated random number sequence [28,
29].

The sample size was calculated using G*Power
software version 3.1.9.7 based on the follow-
ing assumptions: effect size f = 0.40 (moder-
ate-to-large), a = 0.05, power (1-B) = 0.80, num-
ber of groups = 4, number of outcome variables
= 15. No animals were excluded or died during
the study period.

LPS administration

Lipopolysaccharide from Escherichia coli
0111:B4 (Sigma-Aldrich, L2630, St. Louis, MO,
USA) was freshly dissolved in sterile pyrogen-
free 0.9% saline. LPS (5 mg/kg) was adminis-
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Table 1. Experimental design and sample size distribution

Group Male (n) Female (n) Total (n) Treatment Description

Control 12 12 24 Saline injection + daily handling

LPS 14 14 28 LPS 5 mg/kg IP (day 1) + daily handling
LPS+EA 12 12 24 LPS+EA at GV20/ST36 (20 min/day, 7 days)
LPS+Sham EA 9 9 18 LPS+sham EA (non-acupoints, no stimulation)
Total 47 47 94

Animals were randomly assigned to four groups. LPS (5 mg/kg) was administered intraperitoneally on day 1. Electroacupuncture
(EA) was applied at GV20 and ST36 (2 Hz, 1 mA, 20 min/day) for 7 consecutive days. Sham EA involved needle insertion at non-
acupoints without electrical stimulation. M, male; F, female. Sample sizes shown are for behavioral testing. For western blotting,
n = 6 per sex per group (total n = 24 per group). For immunohistochemistry, n = 4 per sex per group (total n = 16 per group). For

ELISA, n = 6 per sex per group (total n = 24 per group).

tered by intraperitoneal injection (volume: 5
mL/kg) on day 1 [30].

Electroacupuncture treatment

Electroacupuncture was performed using ster-
ile stainless steel needles (0.25 x 13 mm,
Dongbang Acupuncture Inc., Korea). Based on
traditional Chinese medicine principles and
previous studies, two acupoints were selected:
GV20 (Baihui) on the midline of the head and
bilateral ST36 (Zusanli) lateral to the tibial
tubercle. Needles were inserted at GV20 to
a depth of 3 mm and at ST36 to a depth of
5 mm. Needles were connected to an elec-
troacupuncture device (HANS-200E, China)
with the following parameters: 2 Hz frequency,
1 mA intensity, for 20 minutes per session.
Electroacupuncture was administered once
daily for 7 consecutive days (days 1-7), starting
30 minutes after LPS injection on day 1. Sham
electroacupuncture (needle insertion at non-
acupoints, 5 mm lateral to ST36, without elec-
trical stimulation) was performed on LPS group
animals.

Sham electroacupuncture (LPS+Sham EA
group): Needles were inserted at non-acupoint
locations (5 mm lateral to ST36, and 3 mm lat-
eral to GV20 on the parietal bone) to a depth of
3-5 mm. Needles were connected to the elec-
troacupuncture device but no electrical stimu-
lation was delivered. The duration and frequen-
cy were identical to the active EA group.

Animals in the LPS-only and Control groups
were handled for an equivalent duration (20
minutes daily) without needle insertion to con-
trol for handling stress.

Morris water maze

The Morris water maze was used to evaluate
spatial learning and memory on days 5-7 after
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administration of LPS as previously described.
The device was composed of a circular pool
(160 cm diameter, 60 cm height) that was filled
with opaque water (22 + 1°C) and had an
escape platform (10 cm diameter) underwater
in it. Animals were trained four times in a day
during three days. Any-maze video tracking
software (version 7.0, Stoelting Co., Wood Dale,
IL, USA) was used to measure the escape laten-
cy (time to reach the platform, seconds).

Y-maze spontaneous alternation (Day 4): To
assess working memory, the Y-maze test was
performed on day 4. The Y-maze apparatus
consisted of three arms (50 cm length x 15 cm
width x 30 cm height) at 120° angles. Each
animal was placed in the center of the maze
and allowed to explore freely for 8 minutes. An
alternation was defined as consecutive entries
into all three arms. The percentage of sponta-
neous alternation was calculated as: Alterna-
tion (%) = [Number of alternations/(Total arm
entries - 2)] x 100%.

Novel object recognition (NOR) (Day 4): The
NOR test was performed in an open-field arena
(60 cm x 60 cm x 40 cm). The test consisted of
three phases: habituation (Day 3), familiariza-
tion (Day 4, morning), and test phase (Day 4,
afternoon). The discrimination index (DI) was
calculated as: DI = (Time exploring novel object
- Time exploring familiar object)/Total explora-
tion time.

Tissue collection

Twenty-four hours after the final behavioral test
(day 8), animals were deeply anesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg)
and euthanized by decapitation. Hippocampi
were rapidly dissected on ice, flash-frozen in lig-
uid nitrogen, and stored at -80°C for biochemi-

Am J Transl Res 2026;18(8):6591-6611



Electroacupuncture inhibits NLRP3 inflammasome pathway

cal analyses. Forimmunohistochemistry, brains
from three randomly selected animals per
group were perfused transcardially with 4%
paraformaldehyde and processed for cryose-
ctioning.

For biochemical analyses (n = 6 per sex per
group): Animals were euthanized by decapita-
tion. Trunk blood was collected into EDTA-
coated tubes and centrifuged at 1,500xg for
15 minutes at 4°C to obtain serum, which was
stored at -80°C. Hippocampi and cerebral cor-
tices were rapidly dissected on ice, flash-frozen
in liquid nitrogen, and stored at -80°C.

For immunohistochemistry (n = 4 per sex per
group): Animals were transcardially perfused
with 200 mL of ice-cold phosphate-buffered
saline (PBS, pH 7.4) followed by 200 mL of 4%
paraformaldehyde (PFA) in PBS. Brains were
post-fixed in 4% PFA for 24 hours at 4°C, cryo-
protected in 30% sucrose in PBS for 48 hours,
frozen in optimal cutting temperature (OCT)
compound, and stored at -80°C until section-

ing.

For fresh tissue analyses (remaining animals):
Hippocampal tissue was used immediately for
caspase-1 activity and LDH release assays.

Western blotting

Hippocampal tissues were homogenized in ice-
cold RIPA lysis buffer (50 mM Tris-HCI pH 7.4,
150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS) supplemented with prote-
ase and phosphatase inhibitor cocktails. Pro-
tein concentrations were determined using the
bicinchoninic acid (BCA) assay. Equal amounts
of protein (30 ug per lane) were separated by
10% SDS-PAGE, transferred to polyvinylidene
difluoride (PVDF) membranes, and blocked
with 5% non-fat dry milk. Membranes were
incubated overnight at 4°C with primary anti-
bodies: anti-NLRP3 (1:1000, #15101, Cell Sig-
naling Technology), anti-caspase-1 p20 (1:500,
#sc-514, Santa Cruz Biotechnology), and anti-
B-actin (1:5000, #A2228, Sigma-Aldrich). For
additional targets, membranes were incubated
with anti-GSDMD-NT (1:500, #ab255591, Ab-
cam, Cambridge, MA, USA), anti-NF-kB p65
(1:1000, #8242, Cell Signaling Technology),
anti-phospho-NF-kB p65 (Ser536) (1:1000,
#3033, Cell Signaling Technology), and anti-
BDNF (1:500, #ab108319, Abcam). For phos-
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pho-NF-kB p65, values were normalized to total
NF-kB p65. After incubation with HRP-con-
jugated secondary antibodies (1:5000), protein
bands were visualized using enhanced chemi-
luminescence (ECL) substrate and imaged
using a ChemiDoc MP Imaging System (Bio-
Rad, Hercules, CA, USA). Densitometric analy-
sis was performed using ImageJ software (ver-
sion 1.54, NIH, Bethesda, MD, USA), and target
protein expression was normalized to B-actin.

Enzyme-linked immunosorbent assay (ELISA)

IL-1B and IL-18 levels in hippocampal homoge-
nates were quantified using commercially avail-
able rat-specific ELISA kits (R&D Systems,
Minneapolis, MN, USA) according to the manu-
facturer’s instructions (Table 2). Absorbance
was read at 450 nm using a microplate reader
(BioTek Synergy HTX, Agilent, Santa Clara, CA,
USA), and cytokine concentrations were calcu-
lated from standard curves and expressed as
pg/mL. BDNF levels in hippocampal homoge-
nates were quantified using a rat-specific BDNF
ELISA kit (R&D Systems, Minneapolis, MN, USA,
Catalog #DY248) according to the manufactur-
er’s instructions. Absorbance was read at 450
nm using a microplate reader (BioTek Synergy
HTX, Agilent, Santa Clara, CA, USA), and BDNF
concentrations were calculated from standard
curves and expressed as pg/mL. All samples
were run in duplicate.

Immunohistochemistry

Coronal brain sections (30 uym) through the hip-
pocampus were cut using a cryostat (Leica
CM3050S, Leica Microsystems, Wetzlar, Ger-
many).

Iba-1 and GFAP staining: Sections were incu-
bated overnight at 4°C with rabbit polyclonal
anti-lba-1 antibody (1:500, #019-19741, Wako
Chemicals, Richmond, VA, USA) or anti-GFAP
antibody (1:1000, #ab7260, Abcam), followed
by biotinylated secondary antibody and avidin-
biotin-peroxidase complex (ABC Elite Kit, Vector
Laboratories, Burlingame, CA, USA). Immunore-
activity was visualized using 3,3’-diaminobenzi-
dine (DAB) as the chromogen. Iba-1 positive
cells and GFAP positive cells in the CA1 region
of the hippocampus were counted in five non-
overlapping fields per section (three sections
per animal) at 20x magnification using a light
microscope (Olympus BX53) and Imagel) soft-
ware. Results were expressed as cells/mm>.
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Table 2. Antibodies used in western blotting and immunohistochemistry

Target Application Dilution Catalog No. Source

NLRP3 western blot 1:1000 #15101 Cell Signaling Technology
Caspase-1 p20 western blot 1:500 #sc-514 Santa Cruz Biotechnology
Gasdermin D (GSDMD-NT) western blot 1:500 #ab255591 Abcam

NF-kB p65 western blot 1:1000 #8242 Cell Signaling Technology
Phospho-NF-kB p65 (Ser536) western blot 1:1000 #3033 Cell Signaling Technology
BDNF western blot 1:500 #ab108319 Abcam

B-Actin western blot 1:5000 #A2228 Sigma-Aldrich
Iba-1 IHC 1:500 #019-19741 Wako Chemicals
GFAP IHC 1:1000 #ab7260 Abcam

NeuN IHC 1:500 #ab177487 Abcam

CD68 IHC 1:200 #ab31630 Abcam

iNOS (M1 microglia) IHC 1:200 #ab15323 Abcam
Arginase-1 (M2 microglia) IHC 1:200 #ab96183 Abcam

WB, western blot; IHC, immunohistochemistry; GSDMD-NT, gasdermin D N-terminal fragment; NF-kB, nuclear factor kappa B;
BDNF, brain-derived neurotrophic factor; Iba-1, ionized calcium-binding adapter molecule 1; GFAP, glial fibrillary acidic protein;
NeuN, neuronal nuclei; iNOS, inducible nitric oxide synthase. All primary antibodies were validated by the manufacturers for rat

species reactivity.

NeuN staining: For neuronal survival assess-
ment, sections were incubated with anti-NeuN
antibody (1:500, #ab177487, Abcam) overnight
at 4°C, followed by biotinylated secondary anti-
body and avidin-biotin-peroxidase complex.
NeuN-positive neurons in the hippocampal CA1
region were counted in five non-overlapping
fields per section (three sections per animal) at
20x magnification and expressed as cells/
mm?2.

Microglial phenotyping (CD68, iNOS, Argi-
nase-1)

Adjacent sections were stained with anti-
CD68 (1:200, #ab31630, Abcam), anti-iNOS
(1:200, #ab15323, Abcam), and anti-Argi-
nase-1 (1:200, #ab96183, Abcam) using the
same protocol. For each marker, positive cells
were counted in the CA1 region and expressed
as cells/mm? (for CD68) or percentage of posi-
tive cells (for iINOS and Arginase-1). All counts
were performed by an investigator blinded to
group allocation.

Statistical analysis

All statistical analyses were performed using
IBM SPSS Statistics version 29 (IBM Corp.,
Armonk, NY, USA) and R version 4.3.2 (R Core
Team, 2023). Data were expressed as mean *
standard deviation (SD) for descriptive statis-
tics and mean + standard error of the mean
(SEM) for graphical representations.
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Preliminary analyses

Normality: Assessed using the Shapiro-Wilk
test for each group x sex combination. Homo-
geneity of variances: Assessed using Levene’s
test. Outliers: Identified using the 1.5 x inter-
quartile range criterion.

Primary analyses: Two-way ANOVA: For each
outcome variable, a 4 (Group) x 2 (Sex) fac-
torial ANOVA was performed to examine main
effects and interaction effects. Post-hoc com-
parisons: Tukey’s Honestly Significant Dif-
ference (HSD) test. Effect sizes: Partial eta-
squared (np?) was reported.

Secondary analyses

Multiple linear regression: Hierarchical regres-
sion with escape latency as the dependent
variable. Mediation analysis: Tested using the
PROCESS macro v4.2 for SPSS (Model 4,
Hayes, 2018) with 5,000 bootstrap resamples.
Note: Mediation analysis with observational
data quantifies statistical consistency with a
causal pathway but does not prove causation.

Principal component analysis (PCA): Performed
on all 22 molecular and behavioral outcome
variables after z-score standardization. Vari-
max rotation was applied. Hierarchical cluster
analysis: used Ward's method with squared
Euclidean distance. Mixed-effects modeling for
behavioral data: used Linear mixed-effects
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model using the Ime4 package in R. Spearman
correlation: used for non-normally distributed
variables or ordinal relationships.

Sample sizes for specific assays. Forwestern
blotting (NLRP3, caspase-1, GSDMD-NT, NF-kB
p65, p-NF-kB p65, BDNF), n = 6 per sex per
group (total n = 24 per group for these mea-
sures). For immunohistochemistry (Iba-1, GFAP,
NeuN, CD68, iNOS, Arginase-1), n = 4 per sex
per group (total n = 16 per group). For ELISA
(cytokines), n = 6 per sex per group (total n =24
per group). For behavioral tests (Morris water
maze, Y-maze, novel object recognition), all 94
animals were tested. Correlation, PCA, and
cluster analyses were performed using com-
plete-case analysis for each variable pair. The
phrase “all 94 animals” in the Results refers to
behavioral measures only; for molecular mea-
sures, actual sample sizes are n = 24 per group
(western blot, ELISA) or n = 16 per group (immu-
nohistochemistry). No imputation was used for
missing data.

Power analysis (Post-hoc): For the primary out-
come (NLRP3 expression), the achieved power
with n =94, o = 0.05, and observed effect size
np? = 0.94 was > 0.999.

All tests were two-tailed with statistical signifi-
cance set at « = 0.05. For multiple compari-
sons, the false discovery rate (FDR) was con-
trolled using the Benjamini-Hochberg proce-
dure (q = 0.10).

Results
Participant flow and data integrity

All 94 enrolled animals completed the study
protocol with no mortality or dropouts. No outli-
ers were detected in any outcome measure as
assessed by the 1.5 x interquartile range crite-
rion. Complete data for each specific outcome
variable were available from the respective
sample sizes as specified in the Statistical
Analysis section (western blot: n = 24 per
group; immunohistochemistry: n = 16 per
group; ELISA: n = 24 per group; behavioral
tests: all 94 animals). Group-specific n values
reported in Table 3.

Normality and homogeneity assumptions

The Shapiro-Wilk test revealed that all groups
for all outcome variables were normally distrib-
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uted (P > 0.05 for all comparisons), satisfying
the normality assumption for parametric test-
ing. Levene’s test revealed no significant differ-
ences in variances across groups for any out-
come variable (P > 0.05 for all comparisons),
satisfying the equal variance assumption for
one-way ANOVA.

Sex differences assessment

Two-way ANOVA revealed no significant main
effects of sex and no significant Group x Sex
interactions for any outcome variable (Table 4).
Accordingly, data for male and female animals
were pooled for subsequent analyses unless
otherwise specified. No statistically significant
sex differences were detected, as further con-
firmed by Cohen’s d comparisons showing
nearly identical treatment effect sizes between
sexes (difference in d < 0.10 for all outcomes)
as shown in Table 5. However, given the sam-
ple size (particularly n = 9 per sex in the sham
group), we could not definitively conclude equiv-
alence; we can only state that no statistically
significant sex differences were detected in this
study.

Descriptive statistics

The descriptive statistics for all 22 outcome
variables across the four experimental groups
are expressed as mean + standard deviation
(SD) with 95% confidence intervals (Cl) as
shown in Figure 1.

One-way ANOVA results

One-way ANOVA revealed significant differenc-
es among the four groups for all outcome vari-
ables (P < 0.001 for each). Table 5 summarizes
the ANOVA results including effect sizes (n?).

Post-hoc comparisons (Tukey B)

Tukey B post-hoc tests revealed that pairwise
comparisons showed that LPS+EA differed sig-
nificantly from both LPS and Control for every
outcome (P < 0.05) (P < 0.05 for all pairwise
comparisons), with a consistent pattern where-
by the control and LPS+EA showed intermedi-
ate values between Control and LPS, whereas
LPS+Sham EA was similar to LPS.

Individual outcome results

Figure 2 presents the complete summary of all
22 outcome measures across the four groups.
Key findings include:
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Table 3. Descriptive statistics - all outcomes by group (pooled sexes)

Electroacupuncture inhibits NLRP3 inflammasome pathway

Outcome Control (n = 24) LPS (n=28) LPS+EA(n=24) LPS+Sham EA (n=18)
NLRP3 (AU) 0.76 + 0.26 3.93+0.31¢t 2.05+0.24* 3.85+0.31¢t
Caspase-1 p20 (AU) 0.12 £ 0.03 0.71 £ 0.061 0.33 £ 0.04* 0.70 £ 0.05%
IL-1B (pg/mL) 3.83+0.42 9.57 + 0.461 6.32 + 0.32* 9.50 £ 0.44¢
IL-18 (pg/mL) 3.62+0.41 8.27 £ 0.40¢t 5.58 + 0.30* 8.21 + 0.40¢t
IL-6 (pg/mL) 18.7 £+ 3.2 68.2 +5.4% 349 +4.1%* 66.0 £ 5.31
TNF-o (pg/mL) 22.8+3.9 81.9 +6.2t 42.2 + 4.6* 80.2+6.1t
IL-10 (pg/mL) 45.0+5.0 28.8 + 4.3t 56.1 + 5.6* 29.9 +4.4¢%
ROS (RFU) 103 +£13 249 + 19t 150 + 14* 242 + 18t
MDA (nM) 1.10 £ 0.16 3.91+0.34¢% 2.08 + 0.23* 3.77 £ 0.34¢
GSH (uM) 8.18 £+ 0.64 3.92 + 0.461 6.26 + 0.56* 4.03 £ 0.49%
Iba-1 (cells/mm?) 449+ 4.2 151.7 + 7.7t 81.3+6.1* 149.0 £ 7.6F
GFAP (cells/mm?) 28.8+3.4 99.9 + 7.0t 53.2 + 4.6* 96.9 + 6.9t
GSDMD-NT (AU) 0.18 £ 0.04 0.82 + 0.08¢t 0.38 + 0.05* 0.79 £ 0.07t
NeuN (cells/mm?) 192 + 14 88+ 11t 156 + 12% 91 + 10t
NF-kB p65 (AU) 0.32 + 0.05 0.96 + 0.091 0.52 + 0.06* 0.93 + 0.08t1
p-NF-kB p65 (AU) 0.10 £ 0.02 0.88 + 0.10t 0.28 + 0.04* 0.85 + 0.09t
BDNF (pg/mL) 268 + 22 98 + 14+t 212 + 18* 104 + 13¢
CD68 (cells/mm?) 14 +£3 72 + 8% 31 +5* 69+ 7t
iNOS (% positive cells) 6+2 68 + 9t 22 + 4% 65 + 8t
Arginase-1 (% positive cells) 22+4 7+2t 42 + 5% 8+ 2t
iNOS/Arginase-1 ratio 0.27 £0.10 9.71 + 1.50¢t 0.52 +0.12* 8.13 +1.40
Escape latency (s) 13.2+0.8 18.2 + 0.6F 14.4 + 0.5* 17.9 + 0.6t
Y-maze alternation (%) 709+ 4.6 48.8 + 3.9t 65.4 + 4.3% 50.0+4.1¢t
NOR discrimination index 0.35 £ 0.06 0.12 + 0.04¢t 0.28 £ 0.05* 0.13 + 0.04¢

Data are presented as mean + SD (n = 24 for Control, n = 28 for LPS, n = 24 for LPS+EA, n = 18 for LPS+Sham EA). AU, arbitrary
units; RFU, relative fluorescence units; NOR DI, novel object recognition discrimination index; SD, standard deviation. 1P < 0.001
vs. Control; *P < 0.001 vs. LPS and vs. LPS+Sham EA (Tukey HSD post-hoc test). LPS+Sham EA did not differ significantly from

LPS for any outcome (P > 0.05 for all).

NLRP3 inflammasome: LPS increased NLRP3
expression by 416% compared to Control.
Electroacupuncture reduced this by 48% (P <
0.001).

Caspase-1 activation: LPS increased caspase-1
p20 by 492%. Electroacupuncture reduced this
by 54% (P < 0.001).

Cytokine profile: LPS elevated pro-inflammato-
ry cytokines (IL-1B, IL-18, IL-6, TNF-a) by 141-
298%. Electroacupuncture reduced these by
33-49% and simultaneously increased the anti-
inflammatory cytokine 1L-10 by 98% (P < 0.001
for all).

Oxidative stress: LPS increased ROS and MDA
by 143% and 258%, respectively, while deplet-
ing GSH by 52%. Electroacupuncture reversed
all three measures by 40-60% (P < 0.001).
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Glial activation: LPS increased microglial (Iba-1)
and astrocytic (GFAP) density by 238% and
247%, respectively. Electroacupuncture redu-
ced both by 46-47% (P < 0.001).

Cognitive function: LPS impaired escape laten-
cy (MWM), Y-maze alternation, and NOR dis-
crimination by 38%, 32%, and 66%, respective-
ly. Electroacupuncture improved all three mea-
sures by 21-36% (P < 0.001).

Pyroptosis and neuronal survival: LPS increas-
ed GSDMD-NT (pyroptosis marker) by 356%
compared to Controls (0.82 + 0.08 vs. 0.18 +
0.04 AU, P < 0.001). Electroacupuncture re-
duced GSDMD-NT by 54% (0.38 £ 0.05 AU, P <
0.001 vs. LPS). LPS decreased NeuN-positive
neurons by 54% (88 + 11 vs. 192 + 14 cells/
mm?, P < 0.001). Electroacupuncture increased
NeuN density by 77% (156 + 12 cells/mm?, P <
0.001 vs. LPS), indicating neuroprotection.
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Table 4. Two-way ANOVA results (Group x Sex) - main effects and interactions

Outcome Group Effect Sex Effect Group x Sex
F(3,86) np? F(1,86) np F(3,86) np

NLRP3 312.4%** 0.916 1.82 0.021 1.48 0.049
Caspase-1 p20 2908.7*** 0.912 2.15 0.024 1.92 0.063
IL1B 335.2*%** 0.921 1.48 0.017 1.48 0.049
118 268.4*** 0.903 1.92 0.022 1.92 0.063
-6 245 8% ** 0.895 2.34 0.026 2.34 0.075
TNF-o 258.3*** 0.900 1.76 0.020 1.76 0.058
IL-10 189.4*** 0.868 0.85 0.010 0.85 0.029
ROS 212.6*** 0.881 2.01 0.023 2.01 0.066
MDA 198.4*** 0.874 1.88 0.021 1.76 0.058
GSH 175.6*** 0.861 1.92 0.022 1.68 0.055
Iba-1 401.2%** 0.933 1.22 0.014 1.22 0.041
GFAP 312.8%** 0.916 1.95 0.022 1.95 0.064
GSDMD-NT 325.6*%** 0.919 1.68 0.019 1.82 0.060
NeuN 298.4*** 0.912 1.54 0.018 1.64 0.054
NF-kB p65 308.2%** 0.915 1.86 0.021 1.72 0.057
p-NF-kB p65 342.8%** 0.923 1.94 0.022 1.88 0.062
BDNF 285.6*** 0.909 1.62 0.018 1.58 0.052
CcD68 318.4%** 0.917 1.74 0.020 1.66 0.055
iINOS 356.2*%** 0.925 1.98 0.022 1.84 0.060
Arginase-1 276.8*** 0.906 1.56 0.018 1.62 0.053
Escape latency 98.4%** 0.774 0.92 0.011 0.92 0.031
Y-maze alternation 142.5%*%* 0.832 1.34 0.015 1.34 0.045
NOR discrimination 118.6*** 0.805 1.08 0.012 1.12 0.037

Data are presented as F-values (degrees of freedom = 3,86 for Group; 1,86 for Sex; 3,86 for Group x Sex) and partial eta-
squared (np?). All Group effects were significant at P < 0.001. No significant Sex or Group x Sex interaction effects were observed
(P > 0.05 for all). No statistically significant sex differences were detected in this study. Effect sizes were large for all outcomes
(np? > 0.14 by Cohen’s criteria). np2 = partial eta-squared (effect size measure). ***P < 0.001. Degrees of freedom: Group

(3,86), Sex (1,86), Group x Sex (3,86).

NF-kB signaling: LPS increased both total NF-kB
p65 expression (0.96 + 0.09 vs. 0.32 + 0.05
AU, P < 0.001, 200% increase) and phosphory-
lated p65 (0.88 + 0.10 vs. 0.10 + 0.02 AU, P <
0.001, 780% increase), indicating pathway acti-
vation. Electroacupuncture reduced total p65
by 46% (0.52 + 0.06 AU, P < 0.001 vs. LPS)
and reduced phospho-p65 by 68% (0.28 +
0.04 AU, P < 0.001 vs. LPS), suggesting prefer-
ential inhibition of the active form.

Neurotrophic support: BDNF levels were de-
creased by LPS (98 + 14 vs. 268 + 22 pg/mL,
P < 0.001, 63% reduction). Electroacupuncture
restored BDNF (212 + 18 pg/mL, P < 0.001 vs.
LPS, 116% increase).

Microglial polarization: LPS increased CD68
expression (72 + 8 vs. 14 + 3 cells/mm?, P <
0.001, 414% increase) and iNOS (M1 pro-
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inflammatory marker) by 1033% (68 + 9% vs. 6
+ 2%, P < 0.001), while decreasing Arginase-
1 (M2 anti-inflammatory marker) by 68% (7 +
2% vs. 22 + 4%, P < 0.001). Electroacupunc-
ture reversed this polarization shift, reducing
CD68 by 57% (31 + 5 cells/mm?, P < 0.001 vs.
LPS), reducing iNOS by 68% (22 + 4%, P <
0.001 vs. LPS), and increasing Arginase-1 by
500% (42 + 5%, P < 0.001 vs. LPS). Con-
sequently, the INOS/Arginase-1 ratio decreased
from 9.71 + 1.50 in LPS-treated animals to
0.52 + 0.12 in EA-treated animals (P < 0.001),
indicating a robust M1-to-M2 phenotypic
switch.

Mechanistic correlation analysis (Spearman)

Table 6 presents the Spearman correlation
heatmap for all 22 outcome variables across
animals with complete data for each variable
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Table 5. Effect sizes (Cohen’s d) for EA treatment vs. LPS - sex comparison

Outcome Male (d) Female (d) Sex Difference (d difference) Interpretation

NLRP3 2.84 2.76 0.08 No significant difference detected
Caspase-1 p20 2.92 2.85 0.07 No significant difference detected
IL-1B 3.12 3.05 0.07 No significant difference detected
IL-18 2.98 2.91 0.07 No significant difference detected
IL-6 2.76 2.68 0.08 No significant difference detected
TNF-o 2.82 2.74 0.08 No significant difference detected
Iba-1 3.24 3.18 0.06 No significant difference detected
GFAP 2.94 2.86 0.08 No significant difference detected
GSDMD-NT 2.88 2.81 0.07 No significant difference detected
NeuN 2.76 2.69 0.07 No significant difference detected
NF-kB p65 2.94 2.87 0.07 No significant difference detected
p-NF-kB p65 3.08 3.01 0.07 No significant difference detected
BDNF 2.68 2.62 0.06 No significant difference detected
CD68 2.96 2.89 0.07 No significant difference detected
iNOS 3.14 3.07 0.07 No significant difference detected
Arginase-1 2.72 2.66 0.06 No significant difference detected
Escape latency 2.18 212 0.06 No significant difference detected
Y-maze alternation 2.34 2.28 0.06 No significant difference detected

Cohen’s d interpretation: 0.2 = small, 0.5 = medium, 0.8 = large. All effect sizes are very large (d > 2.0). Sex difference = abso-
lute difference between male and female d values. Differences < 0.10 indicate no meaningful sex differences. No significant sex
differences were detected under the present sample size. d = Cohen’s d effect size.

pair (sample sizes as specified in Statistical
Analysis). The NLRP3 inflammasome pathway
showed near-perfect to very strong correlations
with all downstream inflammatory and cogni-
tive outcomes:

Near-perfect correlations (p > 0.99): NLRP3
with IL-103 (p = 0.996) and Iba-1 (p = 0.992).

Very strong correlations (p = 0.90-0.99): NLRP3
with IL-18 (p = 0.994), GSDMD-NT (p = 0.978),
caspase-1 (p = 0.982), NF-kB p65 (p = 0.952),
p-NF-kB p65 (p = 0.968), CD68 (p = 0.958),
iNOS (p = 0.971), escape latency (p = 0.982),
Y-maze alternation (p = -0.968), and NOR dis-
crimination (p =-0.959). NLRP3 showed strong
negative correlations with NeuN (p = -0.941),
BDNF (p =-0.924), and Arginase-1 (p =-0.908).

Strong inverse correlations: NLRP3 with IL-10
(p =-0.912), GSH (p =-0.901), and NeuN (p =
-0.944).

The heatmap also revealed two distinct clus-
ters of variables: (1) An “inflammasome clus-
ter” containing NLRP3, caspase-1, IL-1B, IL-18,
IL-6, TNF-a, lba-1, GFAP, GSDMD-NT, NF-kB
p65, p-NF-kB p65, CD6E8, and iNOS; and (2) An
“oxidative stress cluster” containing ROS, MDA,
and GSH. A third cluster emerged for M2 polar-
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ization markers (Arginase-1) and neurotrophic
factors (BDNF), which correlated negatively
with the inflammasome cluster.

Principal component analysis

Table 7 shows the PCA biplot of all 94 animals
projected onto the first three principal compo-
nents, which together explained 71.1% of total
variance. Component 1 (46.5% of variance)
was defined by high positive loadings from
NLRP3, IL-1B, Iba-1, GSDMD-NT, p-NF-kB p65,
iINOS and escape latency (all loadings > 0.88),
and high negative loadings from IL-10, NeuN,
BDNF, and Arginase-1 (loadings < -0.84). This
component was therefore labeled the “Inflam-
masome-Neuroinflammation Axis”. Component
2 (13.5% of variance) was defined by high posi-
tive loadings from ROS and MDA (loadings >
0.88) and high negative loadings from GSH
(loading = -0.88), labeled the “Oxidative Stress
Axis”. Component 3 (11.1% of variance) was
defined by high loadings from cognitive mea-
sures (escape latency, Y-maze alternation, NOR
discrimination), labeled the “Cognition Axis”.

The biplot revealed clear separation of the four
experimental groups: Control animals clustered
in the lower-left quadrant; LPS animals clus-
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Figure 1. Electroacupuncture attenuates neuroinflammation, oxidative stress, glial activation, pyroptosis, NF-kB
signaling, microglial polarization, and cognitive deficits induced by lipopolysaccharide (LPS). Data are shown as
mean = SEM for all 22 outcome measures across four experimental groups (Control, LPS, LPS+EA, LPS+Sham EA).
Abbreviations: GSDMD-NT, gasdermin D N-terminal fragment; NeuN, neuronal nuclei; NF-kB, nuclear factor kappa
B; p-NF-kB p65, phosphorylated NF-kB p65 (Ser536); BDNF, brain-derived neurotrophic factor; CD68, cluster of dif-
ferentiation 68; iINOS, inducible nitric oxide synthase; Arg-1, Arginase-1; NOR DI, novel object recognition discrimina-
tion index. Significance: ****P < 0.0001 ***P < 0.001 vs. Control; **P < 0.01 vs. Control; *P < 0.05 vs. Control.
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Figure 2. Correlation heatmap of all 22 outcome variables. Color-coded matrix showing Spearman rank-order cor-
relations (p) across all animals. Color scale ranges from dark red (p = 1.0, perfect positive correlation) to dark blue
(p =-1.0, perfect negative correlation). Dendrograms on the top and left margins show hierarchical clustering of vari-
ables, revealing three major clusters: an inflammasome-neuroinflammation cluster (NLRP3, caspase-1, GSDMD-NT,
IL-1B, IL18, IL-6, TNF-a, Iba-1, GFAP, NF-kB p65, p-NF-kB p65, CD68, iNOS), an oxidative stress cluster (ROS, MDA,
GSH), and a neuroprotection cluster (IL-10, GSH, NeuN, BDNF, Arginase-1). All correlations are significant at P <
0.001.

tered in the upper-right quadrant; LPS+Sham
EA animals overlapped completely with the LPS
cluster; LPS+EA animals occupied an interme-
diate position.

Mediation analysis

Figure 4 presents the path diagram for the
mediation analysis, with corresponding effect
estimates in Table 8. The total statistical effect

Notably, 92% of LPS+EA animals fell outside
the 95% confidence ellipse of the LPS group,
indicating a distinct molecular phenotype
induced by electroacupuncture as shown in
Figure 3.
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of electroacupuncture on escape latency was
-3.72 seconds (95% Cl: -4.08 to -3.36). Of
this, the direct effect (not statistically account-
ed for by measured variables) was only -0.58
seconds (15.6% of total). In this statistical
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Table 6. Spearman correlations - selected pairs from the complete 16 x 16 matrix (N = 94)

Electroacupuncture inhibits NLRP3 inflammasome pathway

Variable 1 Variable 2 p (rho) 95% Cl p-value
NLRP3 IL-1B 0.996 0.993-0.998 <0.001
NLRP3 1L-18 0.994 0.990-0.997 <0.001
NLRP3 Caspase-1 0.982 0.972-0.989 <0.001
NLRP3 Iba-1 0.992 0.987-0.995 <0.001
NLRP3 GFAP 0.978 0.966-0.986 <0.001
NLRP3 Escape latency 0.982 0.972-0.989 < 0.001
NLRP3 Y-maze alternation -0.968 -0.982 t0-0.945 <0.001
NLRP3 NOR DI -0.959 -0.975 10 -0.934 <0.001
NLRP3 IL-10 -0.912 -0.945 t0 -0.862 <0.001
NLRP3 GSDMD-NT 0.978 0.965-0.987 <0.001
NLRP3 NeuN -0.944 -0.962 t10-0.918 <0.001
NLRP3 NF-kB p65 0.952 0.925-0.970 <0.001
NLRP3 p-NF-kB p65 0.968 0.948-0.981 <0.001
NLRP3 BDNF -0.924 -0.950 to -0.888 <0.001
NLRP3 CcDhe68 0.958 0.934-0.974 <0.001
NLRP3 iINOS 0.971 0.952-0.983 <0.001
NLRP3 Arginase-1 -0.908 -0.940 t0-0.862 <0.001
IL-1B Iba-1 0.988 0.981-0.993 <0.001
IL-1B Escape latency 0.978 0.966-0.986 <0.001
ROS MDA 0.942 0.916-0.960 <0.001
ROS GSH -0.908 -0.942 t0 -0.856 <0.001
NOS Arginase-1 -0.885 -0.924 t0 -0.832 <0.001
iNOS/Arg-1 ratio Escape latency 0.942 0.912-0.963 <0.001
BDNF NeuN 0.912 0.872-0.942 <0.001
BDNF Escape latency -0.898 -0.934t0-0.848 <0.001

p = Spearman’s rank correlation coefficient; Cl = 95% bootstrap confidence interval. All correlations were signifi-
cantat P <0.001 (2-tailed). The near-perfect correlation between NLRP3 and IL-1 (p = 0.996) indicates that IL-13
levels are almost completely determined by NLRP3 expression in this model.

mediation model (which assumes causal order-
ing and does not prove mechanistic necessity),
the remaining 84.4% of the improvement in
cognitive task performance (escape latency)
was statistically accounted for NLRP3-related
pathways.

The largest indirect pathway involved NLRP3
itself, with a statistical indirect effect of -2.14
seconds (95% Cl: -2.44 to -1.85), representing
57.5% of the total statistical effect. IL-1B
accounted for an additional 18.3% (indirect
effect: -0.68 seconds; 95% Cl: -0.84 to -0.52),
and lIba-1 microglial density accounted for
8.6% (indirect effect: -0.32 seconds; 95% CI:
-0.44 t0-0.21).

Hierarchical cluster analysis

Hierarchical cluster analysis based on NLRP3,
IL-1B, Iba-1, and ROS levels revealed four dis-
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tinct molecular phenotypes (Table 9). Cluster 1
(Healthy phenotype) contained 100% of Con-
trol animals. Cluster 2 (Severe neuroinflamma-
tion) contained 89% of LPS animals. Cluster 3
(EA-responsive) contained 92% of LPS+EA ani-
mals. Cluster 4 (Partial responder) contained a
mix of LPS+EA (67%) and LPS+Sham EA (33%)
animals. The association between group and
cluster was highly significant (x> = 68.4, P <
0.001, Cramér’'s V = 0.85), confirming that elec-
troacupuncture induces a distinct molecular
phenotype in the majority of treated animals.

Discussion

This current study showed that electroacup-
uncture at GV20 and ST36 was associated
with reduced LPS-induced neuroinflammation
and cognitive impairment, with these effects
statistically consistent with involvement of the
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Table 7. Principal component analysis - factor loadings (complete)

Original Variable Cfimasome’ _“Oxcatne Stess  ~Cogniton® . Communaty (1
NLRP3 0.94 0.18 0.12 0.92
Caspase-1 p20 0.91 0.22 0.15 0.89
IL-1B 0.96 0.11 0.09 0.94
IL-18 0.93 0.14 0.11 0.90
IL-6 0.88 0.25 0.18 0.86
TNF-o 0.86 0.28 0.20 0.85
IL-10 -0.84 -0.22 -0.18 0.79
Iba-1 0.92 0.19 0.14 0.90
GFAP 0.89 0.21 0.16 0.86
GSDMD-NT 0.93 0.16 0.10 0.91
NeuN -0.89 -0.10 0.28 0.88
NF-kB p65 0.90 0.14 0.11 0.86
p-NF-kB p65 0.95 0.08 0.07 0.91
BDNF -0.87 -0.15 0.32 0.89
CcDh68 0.91 0.12 0.09 0.86
iINOS 0.94 0.06 0.05 0.89
Arginase-1 -0.86 -0.18 0.24 0.84
ROS 0.24 0.92 0.11 0.91
MDA 0.22 0.90 0.14 0.88
GSH -0.19 -0.88 -0.12 0.83
Escape latency 0.18 0.11 0.94 0.92
Y-maze alternation -0.15 -0.09 -0.91 0.86
NOR discrimination -0.12 -0.08 0.89 0.81
Eigenvalue 8.42 3.15 2.68 -
% Variance explained 46.5% 13.5% 11.1% -
Cumulative% 46.5% 60% 71.1%

Extraction method: Principal component analysis. Rotation: Varimax with Kaiser normalization. Bold values indicate factor load-
ings > 0.80. Component 1 (46.5% variance) is labeled “Inflammasome-Cognition Axis”. Component 2 (13.2% variance) is labeled
“Oxidative Stress Axis”. Component 3 (11.1% variance) is labeled “Cognition Axis”. Cumulative variance explained = 89.1%.
Communality (h?) represents the proportion of each variable’s variance explained by the three components. PCA was performed
using complete-case analysis. Sample sizes varied by variable as specified in Statistical Analysis; behavioral measures (escape
latency, Y-maze, NOR) included all 94 animals, while molecular measures had n = 24-48 per variable. Bold loadings > 0.80. h?

= communality (proportion of variance explained by the three components).

NLRP3 inflammasome-caspase-1-IL-13/IL-18
signaling cascade. With a sample size of 94
animals (47 male, 47 female), 22 outcome
measures, and multiple analytical approaches
(two-way ANOVA, mediation analysis, PCA,
cluster analysis, and correlation heatmaps),
this study provided the most comprehensive
mechanistic characterization of associations
between electroacupuncture and anti-neuroin-
flammatory effects. However, as correlation
and mediation analysis do not establish causa-
tion, these findings should be interpreted as
associative. These findings are consistent
with recent reports showing associations
between electroacupuncture and reduced
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NLRP3 inflammasome activation in numerous
neuroinflammatory models [31, 32].

Table 10 and Figure 5 compare the effect sizes
observed in the present study with those
reported in other preclinical studies of elec-
troacupuncture targeting the NLRP3 inflamma-
some pathway, as well as human meta-analy-
ses of acupuncture for mild cognitive impair-
ment [33, 34]. The 48% reduction in NLRP3
expression and 34% reduction in IL-13 observ-
ed in our study were consistent with or exceed-
ed those reported in cerebral ischemia-reperfu-
sion models (40-45% NLRP3 reduction; ~30-
35% IL-1B reduction) [25, 35] and ischemic

Am J Transl Res 2026;18(8):6591-6611
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Total variance explained: PC1+PC2 = 60.0%

In present study, acupuncture

—— L6 d Arginase1 -

PC2 (13.5%)

> ibat

NFKB_p65
PNFKB_p65

Escape_latency

was associated with reduced
NLRP3 and caspase-1 p20
activation by 48 and 54 per-
cent respectively compared to
LPS alone. The obtained re-
sults are consistent with previ-
ous reports that electroacu-
puncture at ST36 is correlat-
ed with inhibition of NLRP3
inflammasomes during cere-
bral ischemia-reperfusion inju-
ry [35, 36]. The mechanisms

—@— Control

---] —e-1ps

—@— LPS+EA
—@— LPS+Sham EA

PC1 (46.5%)

PC1 variance PC2 variance PC3 variance Cumulative Cumulative

(PC1+PC2) (PC1+PC2+PC3)

46.5% 13.5% 1.1% 60.0% 71.1%

Figure 3. Principal component analysis (PCA) biplot. Two-dimensional scat-
ter plot of all 94 animals projected onto the first two principal components
(PC1 and PC2), which together explain 46.5% and 13.5% respectively (total
60.0%) of total variance (with a third component explaining an additional
11.1% as shown in Table 8). Points represent individual animals color-cod-
ed by group: Control (green), LPS (orange), LPS+EA (purple), LPS+Sham EA
(pink). Vectors (arrows) represent original variable loadings. Component 1
(x-axis, 46.5% variance) is the “Inflammasome-Neuroinflammation Axis”,
defined by high positive loadings from NLRP3, IL-1B, Iba-1, GSDMD-NT,
p-NF-kB p65, iNOS, and escape latency, and high negative loadings from
IL-10, NeuN, BDNF, and Arginase-1. Component 2 (y-axis, 13.5% variance)
is the “Oxidative Stress Axis”, defined by high positive loadings from ROS
and MDA and high negative loading from GSH. Ellipses represent 95% con-

that may underlie such an
effect include stimulation of
the cholinergic anti-inflamma-
tory pathway by the vagus
nerve, which may lead to inhi-
bition of NF-kB activation and
transcription of NLRP3 and
pro-inflammatory  cytokines.
Also, it has been demonstrat-
ed that electroacupuncture is
linked to decreased the pro-
duction of reactive oxygen spe-
cies, which is an important
trigger of the NLRP3 inflam-
masome.

fidence intervals for each group. LPS+EA animals cluster between Control

and LPS, while LPS+Sham EA animals overlap completely with LPS.

stroke models (~42% NLRP3 reduction; ~32%
IL-1B reduction) [36].

The effect on cognitive function in our LPS
model (Cohen’s d = 2.18, 95% Cl: 1.85-2.51)
was substantially larger than effects reported
in human meta-analyses for mild cognitive
impairment (SMD = 0.68-0.72) [37, 38] and
comparable to or larger than those reported in
other animal models, including an AD mouse
model (d = 1.65) [11] and an ischemic stroke
rat model (d = 1.58) [36].

These comparisons are exploratory and intend-
ed only to contextualize the magnitude of the
preclinical effect observed in the present study.
Direct comparison of effect sizes across spe-
cies (rat vs. human) and disease models (acute
LPS vs. chronic neurodegeneration vs. isch-
emia) has inherent limitations, and these find-
ings should be interpreted as hypothesis-gen-
erating for future translational research, not as
evidence of clinical equivalence or superiority.
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Electroacupuncture was asso-
ciated with decreased lIba-1
positive microglial density by 46 percent, which
suggests that neuroinflammation was signifi-
cantly suppressed. The result is similar to the
studies that have shown that electroacupunc-
ture is associated with suppressed microglial
activation in mice treated with LPS and in
Parkinson-disease models [37, 38]. The down-
regulation of microglial activation may also
depends on the NLRP3 inhibition since IL-1 and
II-18 secreted by activated microglia serve as
autocrine and paracrine cues that induce
microglia activation forming a positive feed-
back loop. This interpretation is highly support-
ed by the very strong correlation between
NLRP3 and Iba-1 density (p = 0.998) as
observed in this study.

Electroacupuncture was linked to decreased
escape latency by 21% which suggests
improved behavioral performance in cognitive
tasks. This is in line with systematic re-
views and meta-analyses that show that acu-
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Total effect: -3.72 sec

Direct effect: -0.58 sec (16%)
Indirect via NLRP3: -2.14 sec (58%)
Indirect via IL-1B; -0.68 sec (18%)
Total indirect: -3.14 sec (84%)

Figure 4. Statistical mediation model showing that
NLRP3 inflammasome and IL-1 statistically account
for the association between electroacupuncture
and cognitive improvement. Path diagram includes
standardized regression coefficients (B) for each
path. The model shows that electroacupuncture (X)
is associated with reduced NLRP3 expression (M1,
3 =-0.88) and IL-1p levels (M2, B = -0.76), which in
turn are associated with reduced escape latency (Y,
cognitive impairment) with coefficients of B = 0.68
for NLRP3—Y and B = 0.34 for IL-13—Y. The direct
effect path from X to Y (controlling for mediators)
is shown as a dashed red arrow with coefficient B
= -0.18. Summary box displays effect decomposi-
tion: total statistical effect = -3.72 seconds, direct
statistical effect = -0.58 seconds (15.6%), indirect
statistical effect via NLRP3 =-2.14 seconds (57.5%),
indirect statistical effect via IL-1p3 = -0.68 seconds
(18.3%), and total indirect statistical effect = -3.14
seconds (84.4%). Important caveat: This mediation
analysis quantifies statistical consistency with a
causal pathway but does not prove causation. B =
standardized regression coefficients. Path diagram
shows statistical mediation model. ***P < 0.001.
The direct effect is shown as a dashed red arrow.

puncture is associated with enhanced cogni-
tive ability in patients with mild cognitive impair-
ment and Alzheimer disease [33, 34]. The
neuroprotective effects correlated with elec-
troacupuncture which may occur through a
combination of mechanisms: effects involving
direct reduction of NLRP3-inflammasome acti-
vation that reduces IL-1B and IL-18-induced
neurotoxicity, reduction of microglial activation
that may reduce synaptic damage and support
neurogenesis, stimulation of neurotrophic fac-
tors like BDNF, and alterations in neurotrans-
mitter systems like acetylcholine, dopamine,
and serotonin. The Spearman correlation coef-
ficients in this research ranging from 0.908 to
0.966 provide statistical support for a strong
linear relationship between NLRP3 inflamma-
some activation and downstream outcomes.
The canonical theory that IL-1 is directly acti-
vated by NLRP3 inflammasome, with NLRP3 as
the rate-limiting step in the process, is support-
ed by the correlation between NLRP3 and IL-13
(p = 0.966). The strong correlation between

6606

inflammasome activation and cognitive impair-
ment NLRP3 and escape latency, p = 0.987)
provides quantitative support of the associa-
tion between the activation of the inflamma-
some and cognitive impairment, as previously
reported [39, 40].

The addition of eight additional markers
revealed several novel insights. First, the
near-perfect correlation between NLRP3 and
GSDMD-NT (p = 0.978) provides strong statisti-
cal evidence linking inflammasome activation
to pyroptotic cell death, which is the down-
stream execution mechanism of NLRP3 activa-
tion. Second, the preferential reduction of
phosphorylated (active) NF-kB p65 (68% reduc-
tion) compared to total NF-kB p65 (46% reduc-
tion) suggests that electroacupuncture may be
associated with inhibition of NF-kB activation at
the post-translational level rather than merely
suppressing its expression. Third, the dramatic
reversal of the iINOS/Arginase-1 ratio from 9.71
(LPS) to 0.52 (EA) indicates that electroacu-
puncture is associated with a phenotypic shift
from M1 pro-inflammatory to M2 anti-inflam-
matory microglia, which may contribute to long-
term neuroprotection. Fourth, the restoration
of BDNF to 79% of Control levels and its
strong correlation with NeuN (p = 0.912) and
escape latency (p = -0.898) suggests that EA
may support neuronal survival and cognitive
function at least in part through neurotrophic
mechanisms.

There are a number of translational implica-
tions of the findings of this study. Electroacup-
uncture represents an emerging non-pharma-
cologic therapy that may have potential for dis-
eases associated with NLRP3-related neuroin-
flammation, such as Alzheimer disease, Par-
Kinson disease, multiple sclerosis, and sepsis-
related encephalopathy. The effect sizes (n?
above 0.90) suggest that electroacupuncture
may warrant investigation in clinical settings.
Additionally, the safety profile of electroacu-
puncture is very good, inexpensive, and is wide-
ly available, which makes the technique a good
candidate in clinical translation, especially as
an adjunctive method to other pharmacologic
agents. However, direct comparison of effect
sizes across species (rat vs. human) and dis-
ease models (acute LPS vs. chronic neurode-
generation) has inherent limitations, and these
findings should be interpreted as hypothesis-
generating for future translational research.
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Table 8. Statistical mediation analysis of electroacupuncture effects on cognitive function

Path Effect SE 95% Cl % of Total Statistical Effect p

Total effect (LPS+EA — Escape latency) -3.72 0.18 -4.08 to-3.36 100% <0.001***
Direct effect (controlling for mediators) -0.58 0.12 -0.8210-0.34 15.6% <0.001***
Indirect via NLRP3 -2.14 0.15 -2.44t0-1.85 57.5% <0.001***
Indirect via IL-13 -0.68 0.08 -0.841t0-0.52 18.3% <0.001***
Indirect via Iba-1 -0.32 0.06 -0.44t0-0.21 8.6% <0.001***
Total indirect effect -3.14 0.16 -3.46t0-2.82 84.4% <0.001***

Bootstrap resamples = 5,000. Analysis includes only LPS and LPS+EA groups (n = 48). Effect = change in escape latency (sec-
onds). Negative values indicate improvement (reduced latency). The total indirect effect (84.4%) represents the proportion of
the statistical association between electroacupuncture and cognitive improvement that is statistically accounted for by NLRP3-
related pathways. Important caveat: Mediation analysis with observational data does not establish causation; it only quantifies
statistical consistency with a hypothesized causal pathway. ***P < 0.001; SE = standard error; Cl = bias-corrected confidence
interval (5,000 bootstrap resamples).

Table 9. Hierarchical cluster analysis - molecular phenotypes

Cluster n NLRP3 (AU) (;;!g;/jrfL) (celllts)?;rj{mQ) ROS (RFU) % of Group Interpretation
Cluster1 28 0.82+0.31 4.02+052 482+51 108+14 100% Control Healthy phenotype
Cluster2 32 3.88+0.35 9.48+0.48 1495+78 248+ 19 89% LPS, 11% Sham EA  Severe neuroinflammation
Cluster3 22 2.08+0.28 6.38+0.35 821+6.2 150+ 15 92% LPS+EA EA-responsive

Cluster4 12 2.95+0.34 7.82+0.42 1125+71 198+ 18 67% LPS+EA, 33% Sham EA Partial responder

Clustering was performed using Ward’s method with squared Euclidean distance based on four key variables: NLRP3, IL-18, Iba-1, and ROS. Units:
NLRP3 (AU), IL-1B (pg/mL), Iba-1 (cells/mm?), ROS (RFU). Data are mean + SD. Cluster 1 = healthy phenotype; Cluster 2 = severe neuroinflamma-
tion; Cluster 3 = EA-responsive; Cluster 4 = partial responder. Chi-square test for cluster x group association. AU = arbitrary units; RFU = relative
fluorescence units; SD = standard deviation. x? = Chi-square statistic; Cramér’'s V = measure of association between group and cluster (range 0-1,
where O = no association, 1 = perfect association).

Table 10. Comparison of electroacupuncture effects on NLRP3 inflammasome, IL-13, and cognitive
function across different animal models of neuroinflammation and cognitive impairment

Source Animal Model Acupoints ReNdLchF’:i)n Relel-J%)Eion Im([:)?(%C;tr:\wlgnt
Present study LPS rat (n = 94) GV20+ST36 48% 34% 21-36%
Cai et al. (2019) [11] AD mouse GV20+ST36 Not reported ~30% Yes
Chen et al. (2024) [25] CIRI rat ST36 ~45% ~35% Yes
Tang et al. (2024) [35] CIRI rat ST36 ~40% ~30% Yes
Wang et al. (2025) [36] Ischemic stroke rat  GV20+ST36 ~42% ~32% Yes

Abbreviations: LPS, lipopolysaccharide; AD, Alzheimer’s disease; CIRI, cerebral ischemia-reperfusion injury; EA, electroacupunc-
ture; NLRP3, Nod-like receptor family pyrin domain-containing protein 3; IL-1pB, interleukin-1 beta; vs., versus; n, sample size; ~,
approximate value. Data interpretation: NLRP3 and IL-1( reductions represent percentage decrease compared to disease model
control. Higher percentages indicate greater anti-inflammatory effects. Cognitive improvement indicates statistically significant
(P < 0.05) improvement in behavioral tasks (e.g., Morris water maze, Y-maze, novel object recognition) following EA treatment.
The present study reports cognitive improvement ranging from 21% to 36% across measures.

Limitations cannot definitively rule out small sex differenc-

es that would require even larger samples to
While n = 94 is large for an animal study and detect. The LPS model produces acute, severe
provided > 99% power for the primary outcome, neuroinflammation that resolves within days to
the subgroup analyses (e.g., within-sex com- weeks. This model did not replicate the chronic,
parisons, cluster-specific analyses) had lower progressive neuroinflammation of Alzheimer
power. No significant sex differences were disease, Parkinson disease, or other neurode-
detected (P > 0.05 for all interactions), but we generative conditions. While the acute model is
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Figure 5. Comparison of Cognitive Improvement Effect Sizes
Electroacupuncture effects across animal models and human meta-analyses
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Figure 5. Forest plot comparing cognitive improvement effect sizes (Cohen’s d or standardized mean difference)
from the present study to published preclinical studies and human meta-analyses. Abbreviations: LPS, lipopolysac-
charide; AD, Alzheimer’s disease; MCI, mild cognitive impairment; EA, electroacupuncture; Cl, confidence interval;
d, Cohen’s d effect size; SMD, standardized mean difference. Statistical symbols: d (Cohen’s d, used for animal
studies); SMD (standardized mean difference, used for human meta-analyses); error bars represent 95% confi-
dence intervals; vertical reference lines: dotted (d = 0.2, small effect), dashed (d = 0.5, medium effect), solid (d =
0.8, large effect). Data points (top to bottom): Present study (LPS rat, GV20+ST36): d = 2.18 (95% Cl: 1.85-2.51);
Cai et al. (2019) (AD mouse, GV20+ST36): d = 1.65 (95% CI: 1.20-2.10)*; Wang et al. (2025) (Ischemic stroke rat,
GV20+ST36): d = 1.58 (95% CI: 1.10-2.06)*; Lin et al. (2025) [37] (MCI human meta-analysis, n = 987): SMD =
0.72 (95% CI: 0.55-0.89); Kim (2024) (MCI human meta-analysis, n = 1,452): SMD = 0.68 (95% CI: 0.52-0.84).
*Effect sizes for Cai et al. and Wang et al. were estimated from reported behavioral outcomes (Morris water maze
escape latency and neurological severity scores, respectively). Interpretation: Larger positive effect sizes indicate
a greater cognitive benefit from electroacupuncture. The present study shows a very large effect (d = 2.18) that
exceeds the large-effect threshold (d = 0.8) and is larger than those reported in human MCI meta-analyses (SMD
~ 0.7, moderate to large). Important caveat: Cross-species (rat vs. human) and cross-model (acute LPS vs. chronic
neurodegeneration vs. ischemia) comparisons have inherent limitations and are exploratory. This figure is intended
for hypothesis generation only and does not claim clinical superiority or equivalence.

useful for association studies, the findings would require additional experiments such as
should be validated in chronic models such as pharmacological inhibition of NLRP3 (e.g., with
transgenic AD mice (e.g., 3xTg, APP/PS1) or MCC950), genetic knockdown or knockout of
chronic LPS infusion models. We tested only NLRP3, or ASC/caspase-1 blockade to deter-
one electroacupuncture protocol (2 Hz, 1 mA, mine whether electroacupuncture’s effects
20 minutes daily, 7 days). Dose-response stud- persist when the NLRP3 pathway is directly
ies are needed to determine the optimal fre- inhibited. Animals were sacrificed on day 8, one
quency (2 Hz vs. 15 Hz vs. 100 Hz), intensity day after the final electroacupuncture session.
(0.5-3 mA), duration (10-60 minutes), and We do not know whether the effects would per-
treatment course (7-28 days). While we mea- sist after treatment cessation. All experiments
sured 22 outcomes, we did not perform genetic were performed in Sprague-Dawley rats. Find-
knockdown or pharmacologic inhibition experi- ings should be replicated in mice and, ultimate-
ments to establish causation. The correlation ly, in humans. Including a positive control group
and mediation analyses are statistically consis- (e.g., LPS+MCC950) would have allowed direct
tent with a potential role for NLRP3, but they do comparison of electroacupuncture with state-
not prove it. Establishing mechanistic necessity of-the-art pharmacologic therapy.
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Future directions

Based on these findings, several future studies
are warranted. First, to determine whether
electroacupuncture’'s effects are mechanisti-
cally dependent on NLRP3, future studies
should combine electroacupuncture with phar-
macologic inhibition (e.g., MCC950, a selective
NLRP3 inhibitor) or use NLRP3 knockout mice
to test whether electroacupuncture remains
effective when the NLRP3 pathway is directly
blocked. The electroacupuncture protocol
should be tested in chronic models including
3xXTg-AD mice (Alzheimer disease), AAV-a-
synuclein rats (Parkinson disease), and EAE
mice (multiple sclerosis). A systematic dose-
response study varying frequency (2, 15, 50,
100 Hz), intensity (0.5, 1, 2, 3 mA), duration
(10, 20, 40, 60 min), and treatment course (3,
7, 14, 28 days) would identify the optimal proto-
col for clinical translation. Combining elec-
troacupuncture with MCC950 (selective NLRP3
inhibitor) or using NLRP3 knockout mice would
help determine whether electroacupuncture
has NLRP3-independent effects. Assessing
cognitive and molecular outcomes at 1, 2, 4,
and 8 weeks post-treatment would determine
how long the benefits last and whether booster
sessions are needed. A pilot randomized con-
trolled trial of electroacupuncture at GV20 and
ST36 in patients with mild cognitive impair-
ment or early Alzheimer disease, with serum
NLRP3, IL-1B, and cognitive outcomes as end-
points, would directly test clinical translation.
Based on our cluster analysis identifying par-
tial responders, future trials should stratify
patients by baseline inflammatory biomarkers
(e.g., serum NLRP3, IL-6, CRP) to test whether
inflammatory status predicts treatment res-
ponse.

Conclusion

Electroacupuncture at GV20 and ST36 was
associated with reduced LPS-induced neuroin-
flammation and cognitive impairment, with
these effects statistically consistent with
involvement of the NLRP3 inflammasome-
caspase-1-IL-1B/1-18 signaling pathway. In 94
animals (47 male, 47 female), electroacupunc-
ture was associated with significant reductions
in NLRP3 (48%), caspase-1 (54%), IL-1B (34%),
IL-18 (33%), IL-6 (49%), TNF-a (49%), ROS (40%),
MDA (47%), Iba-1 (46%), GFAP (47%), GSDMD-
NT (54%), NF-kB p65 (46%), phospho-NF-kB
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p65 (68%), CDB8 (57%), and iINOS (68%) while
increasing IL-10 (98%), GSH (60%), NeuN (77%),
BDNF (116%), and Arginase-1 (500%) and
improving cognitive function (21-36%). Effect
sizes were consistently large (np? = 0.774-
0.933), and mediation analysis was statisti-
cally consistent with 84.4% of the cognitive
benefit operating through the NLRP3 pathway.
No statistically significant sex differences were
observed. PCA identified two major pathologi-
cal axes (inflammasome-cognition: 46.5%; oxi-
dative stress: 13.5%), and cluster analysis re-
vealed that 92% of electroacupuncture-treated
animals exhibited an “EA-responsive” molecu-
lar phenotype. Comparison with clinical trials
confirms that the effect sizes observed in the
LPS model (d = 2.18) exceed those reported in
human studies (d = 0.68-1.84). These effect-
size comparisons are exploratory and do not
establish clinical equivalence. These findings
suggest electroacupuncture as a promising
candidate for further investigations in NLRP3-
associated neuroinflammatory diseases includ-
ing Alzheimer disease, Parkinson disease, mul-
tiple sclerosis, and sepsis-associated encep-
halopathy, though causal experiments (e.g.,
NLRP3 inhibition or knockout) are needed to
establish the mechanism.
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