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Purpose: This study aims to investigate the efficacy of electroacupuncture in treating inflammatory bowel disease (IBD) accompanied
by depressive symptoms. The potential mechanisms of electroacupuncture are also investigated, particularly in terms of its modulation
of oxidative stress and NLRP3 inflammasomes to influence microglial activation and neuroinflammation, thereby alleviating depres-
sive symptoms.

Material and methods: The inflammatory bowel disease model in mice was induced by dextran sulfate sodium (DSS), and the mice
were randomly assigned to the CON group, DSS group, DSS+EA group, and DSS+ MCC950 group. The assessment of depressive-
like behavior in mice involved behavioral tests, while the detection of oxidative stress in the PFC, NLRP3 inflammasomes, central
inflammation expression, and microglial activation were conducted using enzyme-linked immunosorbent assay (ELISA), Western blot,
immunofluorescence, and biochemical Kkits.

Results: Mice in the DSS group exhibited significant depressive-like behavior, which was effectively alleviated by electroacupuncture
intervention. The intervention also reduced the expression of inflammatory factors and microglial activation in the medial prefrontal
cortex (PFC) region. Electroacupuncture effectively attenuated oxidative stress, suppressed the recruitment of NLRP3 inflammasomes,
and mitigated central nervous system inflammation, with effects similar to those of the NLRP3 inhibitor MCC950.

Conclusion: Electroacupuncture significantly alleviated depressive symptoms in IBD mice by inhibiting oxidative stress and
microglial activation in the PFC region, thereby ameliorating the neuroinflammatory environment. The findings can provide new
theoretical and scientific support for the clinical application of electroacupuncture in treating depressive symptoms associated with
IBD.
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Introduction

Inflammatory Bowel Disease (IBD), including Crohn’s Disease and Ulcerative Colitis, is a chronic condition character-
ized primarily by persistent intestinal inflammation.'~ Recent studies have demonstrated a higher prevalence of comorbid
psychological or psychiatric disorders (particularly depressive symptoms) among patients with IBD, surpassing that
observed in the general population.®> The latest research suggests that neuroinflammation may play a critical role in
depression symptoms induced by IBD.®’ The abnormal activation of microglial cells represents a central pathological
feature of neuroinflammation.® Consequently, modulating the excessive activation of microglia and alleviating neuroin-

flammation are effective therapeutic strategies for managing comorbid IBD accompanied by depression.
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Neuroinflammation is closely associated with the abnormal activation of microglia, which serve as immune cells of the
central nervous system responsible for dynamically maintaining the brain’s internal environment. However, when peripheral
inflammatory factors breach the blood-brain barrier and infiltrate into the brain, they stimulate the inflammatory activation of
microglia, thereby inducing and exacerbating neuroinflammation.” Recent studies have shown that the NLRP3 inflammasome
plays a pivotal role in mediating the inflammatory activation of microglia and can exacerbate the inflammatory response in the
central nervous system.'®'" The intensification of central neuroinflammation ultimately results in or intensifies depressive
symptoms.'>'* Moreover, oxidative stress has been found to impact the activation of the NLRP3 inflammasome.'*

Electroacupuncture has been increasingly validated through clinical and animal studies as an effective intervention for
treating IBD with comorbid depression. This traditional Chinese medicine approach is highly regarded for its potential to
modulate immune responses and enhance neuroprotection. By activating specific biological pathways, electroacupuncture
exhibits anti-inflammatory and neuroprotective properties, potentially contributing to its therapeutic effects on IBD and
related depressive symptoms.'>'® Clinical observations have revealed that an eight-week course of electroacupuncture can
significantly alleviate the symptoms in patients with depression.'” Moreover, animal studies have discovered that electro-
acupuncture can suppress microglia activation in the hippocampal and prefrontal cortical areas and modulate NLRP3 and NF-
kB to relieve depressive symptoms in depression model animals.'®'® Nevertheless, there is still a relative scarcity of studies
investigating the specific mechanisms through which electroacupuncture mitigates depression symptoms caused by IBD.

Based on the previous findings, this study aims to explore the potential mechanisms of electroacupuncture in treating
IBD-associated depression. Specifically, it focuses on how electroacupuncture regulates the oxidative stress-NLRP3/
ASC/Caspase-1 pathway to inhibit abnormal microglial activation, reduce neuroinflammation, and alleviate depressive-
like behaviors in mice with IBD-associated depression.

Materials and Methods

Experimental Animals

Male wild-type C57BL/6J mice at 6-8 weeks of age were provided by Slake Jingda Laboratory Animal Company Ltd
(Hunan, China) and kept in the Animal Experiment Center of Hunan University of Traditional Chinese Medicine (License
No.: SYXK [Xiang] 2019-0009). The mice were maintained under specific pathogen-free (SPF) conditions with a 12-hour
light/12-hour dark cycle (lights on at 07:00) and housed in polypropylene cages with solid bottoms, accommodating 3—5
mice per cage and utilizing wood shavings as bedding. The room temperature was controlled at 22+1 °C, and the humidity
was maintained at 60+£10% throughout the experiment. Except for necessary experimental requirements, the mice had free
access to food and water. The animal experiments in this study were approved and permitted by the Animal Experiment
Ethics Committee of Hunan University of Traditional Chinese Medicine (LL-202209110002). All animals’protocols were
strictly conducted following the Care and Use of Laboratory Animals by the National Academy of Sciences (8th edition).

Model Preparation and Intervention Methods

Ulcerative colitis was induced by administering a 2% aqueous solution of dextran sulfate (DSS) (MP Biomedicals, Cat#
9011-18-1) to the mice for seven consecutive days. The concentration and duration of DSS treatments were selected after
calibration experiments with reference to a previous study.>”** The DSS solution was refreshed on a daily basis. During
the administration period, the mice were closely monitored for general conditions and symptoms, including weight
changes, stool consistency, and rectal bleeding. After a 7-day acclimation feeding period, the animals were randomly
assigned into two groups based on their weight: control mice (CON group) and DSS-treated mice. The CON group was
provided with tap water as their drinking source for one week, whereas the DSS group received a 2% DSS aqueous
solution over the same period. Subsequently, further randomization was conducted within the DSS group, which was
further divided into the DSS group, DSS+EA group, and DSS+MCC950 group. To induce sedation, mice were initially
placed in an induction anesthesia chamber using a small animal respiratory anesthesia machine. Afterward, the mice were
placed on a warming blanket and maintained under continuous anesthesia by securing their heads in a gas delivery mask.
In the DSS+EA group, electroacupuncture was administered at specific acupoints, including Zusanli (ST36: located
posterolateral to the knee joint, approximately 2 mm below the fibular head in mice), Tianshu (ST26: located 5 mm
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lateral to the umbilicus), and Taichong (LR3: located between the first and second metatarsal bones on the dorsum of the
foot). The EA intervention involved vertical insertion of acupuncture needles (13mm in length, 0.18mm in diameter;
Huatuo, Suzhou Medical Supplies Co., Ltd.) at Zusanli and Tianshu acupoints to a depth of 2-5 mm below the skin and
oblique insertion at Taichong to a depth of 1-2 mm. For the EA group, needling at Zusanli and Tianshu acupoints was
alternated daily between the left and right sides, with intervention lasting for one week. Electro-stimulation was
performed using a Korean-style electroacupuncture device (HANS-200, Nanjing Jisheng Medical Technology Co.,
Ltd)., delivering a current of 1 mA at a frequency of 2/15 Hz for 20 minutes. The EA treatment included inserting
acupuncture needles (Huatuo, Suzhou Medical Supplies Factory Co., Ltd). measuring 13 mm in length and 0.18 mm in
diameter into the unilateral Zusanli and Tianshu points, reaching a depth of 2—5 mm beneath the skin. In the DSS+EA
group, the Zusanli and Tianshu points were alternately needled each day for a continuous intervention of 1 week. Mice in
the DSS+MCC950 group received daily intraperitoneal injections of MCC950 (10 mg/kg) for two consecutive weeks.
MCC950 is a potent and selective small-molecule inhibitor of the NLRP3 inflammasome. It was utilized in this study as a
pharmacological positive control because it specifically blocks NLRP3-dependent ASC oligomerization and Caspase-1
activation, thereby inhibiting IL-1p and IL-18 processing and release. During the entire treatment process, the CON and
DSS groups were only subjected to routine anesthesia and restraint. The preparation of the IBD mouse model and the
treatment process are illustrated in Figure 1A.
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Figure | 2% DSS induced inflammatory bowel disease with depressive-like symptoms in mice. (A) Overall experimental timeline. (B and C) DSS treatment resulted in
significant shortening of the colon in mice. (D) DSS induced colonic inflammation (40x). (E-H) DSS increased the levels of peripheral inflammatory cytokines IL- 18, IL-6, IL-
8, and TNF-a. (I and J) Representative movement tracks and total distance traveled over 4 minutes in the open field test. (K-M) DSS prolonged immobility time in the TST
and FST, and reduced sucrose intake. All data are presented as mean # standard error of the mean, #p<0.05, ##p<0.0| compared to the control group. (n=10 per group).
Abbreviations: OFT, Open Field Test; TST, Tail Suspension Test; FST, Forced Swim Test; SPT, Sucrose Preference Test.
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Sample Collection and Processing

Tissue sampling was conducted after completing the treatment and behavioral assessments. Anesthesia was initially
induced by injecting 0.6 mL of a 1.5% sodium pentobarbital solution. Subsequently, mice requiring immunofluorescence
staining of brain sections underwent cardiac perfusion with 0.9% saline solution, followed by extraction of the entire
brain, preservation in 4% paraformaldehyde, and storage at 4°C. For mice designated for ELISA, Western Blot (WB),
g-PCR, and biochemical assays of the PFC area, euthanasia was performed via decapitation. The PFC was subsequently
dissected and stored at —80°C. Blood samples were collected from mice through ocular bleeding, and serum was
separated using high-speed centrifugation. Finally, the separated serum was preserved in a —80°C freezer for a
subsequent experiment.

Assessment of Depression-Like Behaviors

The mice were acclimated to the testing environment for at least 24 hours for all behavioral tests and underwent minimal
handling in a completely quiet setting. The tests were separated by at least one day for proper rest intervals. Following
each assessment, all chambers were thoroughly sanitized with 75% ethanol to eliminate potential olfactory cues in the
equipment. The mice’s behavior was recorded using the ANY-maze video tracking system and subsequently analyzed
offline. The observers remained blinded to the experimental objectives.

Open Field Test (OFT)

This test was conducted in a dimly illuminated room. The mouse was positioned within one corner of a square enclosure
constructed from white wooden boards (50%50 cm?), surrounded by white wooden boards (50 cm high). The mouse was
allowed to explore its surroundings for 5 minutes freely, and its movement distance was recorded.

Sucrose Preference Test (SPT)

The mice were housed individually and provided with two identical bottles of tap water on the first day, which were
replaced by two bottles of 1% sucrose solution on the second day. On the third day, the mice were water-deprived for 24
hours. Subsequently, the mice were provided with two bottles, one filled with 1% sucrose solution and the other with tap
water. The sucrose solution bottle was randomly placed on the left or right side of the cage to avoid side preferences.
Finally, the intake of each type of liquid was quantified, and the sucrose preference rate was determined by calculating
the weight change of the sucrose solution relative to the total weight change of both bottles.

Tail Suspension Test (TST)
The mouse was individually suspended by taping its tail vertically about 1 cm from its tip, approximately 50 cm above
the floor. During the 6-minute test, a blinded observer measured the duration of immobility time in the last 4 minutes.

Forced Swimming Test (FST)

Each mouse was gently immersed in a transparent plastic cylinder with a diameter of 15 cm and a height of 35 cm filled
with water at a temperature of 20+1°C (the mouse did not contact the cylinder bottom while swimming). During the 6-
minute test, an initial 2-minute adaptation period was conducted, followed by the observer’s documentation of immo-
bility duration over the subsequent 4 minutes. Immobility was defined as the absence of active escape-oriented behaviors,
characterized by maintaining a fixed posture in one place or minimizing paw movements to keep the head above water.
Prolonged immobility was considered “behavioral despair”.

Enzyme-Linked Immunosorbent Assay (ELISA)

The serum and brain tissues were homogenized and centrifuged to detect pro-inflammatory factors. According to the
manufacturer’s protocol, the protein levels of IL-6 (LMB, Cat# LM-IL-6), IL-18 (LMB, Cat# LM-IL-183), TNF-a
(LMB, Cat# LM-TNF-a), and IL-1B (LMB, Cat# LM-IL-1PB) were analyzed using corresponding ELISA kits. The
absorbance was measured at a wavelength of 450 nm.
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Western Blot (WB)

Total proteins were extracted from brain tissue or cells using lysates containing RIPA buffer supplements, protease
inhibitors, and phosphatase inhibitors. The protein concentration of each sample was determined using the bicinchoninic
acid (BCA) assay (Biotinyan, Shanghai). Subsequently, proteins were separated using SDS-PAGE gel electrophoresis and
transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). Following a 5% milk or BSA blocking
step, the membranes were incubated overnight at 4°C with the primary antibodies as follows: NF-kB (ProteinTech,
Cat#10745-1-AP, 1:2000); p-NF-xB (ProteinTech, Cat#82335-1-RR, 1:3000); NLRP3 (ProteinTech, Cat#19771-1-AP,
1:1200); ASC (ProteinTech, Cat#10500-1-AP, 1:4000); Caspase-1 (ProteinTech, Cat#22915-1-AP, 1:2000); GSDMD
(ProteinTech, Cat#20770-1-AP, 1:1000); GSDMD-N (Affinity, Cat# DF13758, 1:1000); p-actin (ProteinTech,
Cat#66009-1-1g, 1:5000). After performing three washes with TBST buffer (10 minutes each), the membranes were
incubated with secondary rabbit or anti-mouse antibodies at room temperature for 1 hour. Enhanced chemiluminescence
was employed to visualize the protein bands, and data analysis was performed using ImagelJ software (NIH, USA).

Immunofluorescence

Brain sections with a thickness of 30 pym were dewaxed using a stepwise ethanol-to-water gradient. Next, antigen
retrieval was performed on the slices using citrate buffer (pH 6.0), followed by blocking with a 3% hydrogen peroxide
solution. The sections were washed with phosphate-buffered saline (PBS) and subsequently blocked with serum for
further experiments. The tissue was incubated overnight at 4°C with an anti-Ibal (1:200) secondary antibody. After
completing these procedures, the slices were rinsed with PBS and incubated with HRP-labeled secondary antibody at
room temperature for 1 hour. Subsequently, the sections were washed again with PBS before being treated with tyramide
signal amplification (TSA) reagent (1:1000) at 37 °C for 30 minutes. These steps were repeated for double staining using
the anti-NLRP3 (ProteinTech, Cat#10745-1-AP) antibody. Finally, an anti-fade sealer was added, and the slides were
encapsulated upon completion of the PBS wash and DAPI staining of the samples. An inverted fluorescence microscope
(Zeiss, Germany) was employed to capture images for the quantitative analysis with Image J.

HPLC (High-Performance Liquid Chromatography) Analysis

Briefly, 0.06 g of the sample (accurate to 0.0001 g) was weighed and placed in a 1.5 mL transparent centrifuge tube, and
1 mL of methanol was added. The mixture was homogenized and vortexed for 1 min to ensure thorough mixing. Then,
the mixture was sonicated at a low temperature for 30 min. After sonication, the mixture was centrifuged at 4000 rpm for
10 min, and the supernatant was transferred to a new centrifuge tube. This process was repeated twice, and all three
supernatant fractions were combined and evaporated under nitrogen at room temperature until the volume reached 0.5
mL. Subsequently, the supernatant was passed through a 0.22 um filter before quantifying 4-HNE using high-perfor-
mance liquid chromatography (HPLC1100) with electrochemical detection. The mobile phase consisted of water (A) and
methanol (B), and the flow rate was 1 mL/min. The 4-HNE was separated using a cation-exchange guard column
(1.0 mm LD. x 15 mm) followed by a protected cation-exchange column (2.0 mm I.D. x 200 mm). Electrochemical
detection was conducted using an electrochemical detector (ECD-700, Eicom, Kyoto, Japan) with a glass working
electrode at a potential of +50 mV.

Tissue Biochemical Index Assay

The samples were analyzed using commercial assay kits for glutathione peroxidase (GPx) activity (LBM, LMB-W-A202)
and protein carbonyl content (LBM, LMB-W-A405), according to the manufacturer’s instructions. Specifically, GPx
activity and protein carbonyl content were measured after extraction according to the manufacturer’s procedures, and the
absorbance was determined at wavelengths of 340 nm and 370 nm using a microplate reader.

Quantitative-Polymerase Chain Reaction (q-PCR)
Total RNA was isolated from the mouse PFC samples using the Total RNA Isolation Kit (Vazyme, RC101-01). cDNA
synthesis was performed with HiScript II Q RT SuperMix (Vazyme, R223-01). The SYBR Green-based real-time
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Table | Primer Sequences Used in Real-Time RT-PCR Analysis

Gene Sequence Product

Mus_GAPDH Forward GCCTCCTCCAATTCAACCCT 145 bp
Reverse CCCAATACGGCCAAATCCGT

Mus_NLRP3 Forward CCTTAAGCTGGAGCTGCTGT 188 bp
Reverse TCACCTCTCGGCAGTGGATA

Mus_Caspase | | Forward TGCCTGGTCTTGTGACTTGG 100 bp
Reverse GGTCACCCTATCAGCAGTGG

Mus_ASC Forward TGAGCAGCTGCAAACGACTA 200 bp

Reverse CACGAACTGCCTGGTACTGT

Mus_GSDMD Forward GATCAAGGAGGTAAGCGGCA 195 bp

Reverse CACTCCGGTTCTGGTTCTGG

Mus_NF-xB Forward GGCTACACAGGACCAGGAAC 154 bp

Reverse | CTCTATAGGAACTATGGATACTGCG

quantitative PCR method was utilized, and the gene expressions of NLRP3, ASC, Caspase-1, GSDMD, and NF-kB were
determined on a fluorescence quantitative PCR instrument (Keopu Medical), with GAPDH as the internal reference gene.
The primer sequences are presented in Table 1. The PCR conditions were initial denaturation at 95°C for 30s, followed
by 40 cycles with denaturation at 95°C for 10s and annealing at 65°C for 30s. The relative gene expression levels were

determined using the 274" method.

H&E (Hematoxylin-Eosin) Staining

Colon tissue samples collected from the mice were dehydrated using sequential ethanol solutions (70%, 80%, and 90%).
The samples were then immersed in a 1:1 mixture of pure ethanol and xylene for 15 min. After that, the samples were
treated with xylene I for 15 min and xylene II for another 15 min until transparency was achieved. After that, the samples
were placed in a 1:1 mixture of paraffin and xylene for 15 min. Subsequently, they were transferred to paraffin I and
paraffin II for wax infiltration for 50 to 60 min. Following that, the samples were embedded in paraffin and sectioned.
After baking, the paraffin sections were dewaxed and rehydrated before staining them with hematoxylin solution for 3
min and differentiating them using hydrochloric acid ethanol solution for 15s. After briefly rinsing with water and
treating with the bluing reagent for 15s, the sections were rinsed under running water. Eosin staining was carried out for 3
min, followed by rinsing under running water, dehydration, and mounting. Finally, the histological changes in the colon

were observed.

Statistical Analysis

The experimental data are expressed as mean =+ standard deviation. A two-tailed unpaired Student’s #-test was performed
to compare two independent samples. In the case of a two-factor design with a single independent variable or a two-way
ANOVA when comparing more than two groups, a one-way ANOVA was performed, followed by Bonferroni’s post hoc
test to further examine pairwise group differences. All statistical analyses and graphical representations were conducted
in GraphPad Prism 8 (GraphPad Software, Inc., USA). Significance levels are indicated as follows: * (#) indicates P <
0.05, and ** (##) indicates P < 0.01. P < 0.05 was considered statistically significant.
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Results

IBD Mice Display Pronounced Depression-Like Behaviors

As shown in Figure 1, the mouse colons in the DSS group were significantly shorter than the CON group (p < 0.01)
(Figure 1B and C). H&E staining revealed significant inflammatory infiltration, nuclear pyknosis, and cell membrane
swelling in the colons of the DSS group (Figure 1D). ELISA results indicated significantly higher expression levels of
inflammatory markers IL-1f3 and TNF-a in the serum of the DSS group than in the CON group (p < 0.01) (Figure 1E-H).
These results indicate that the 2% DSS successfully induced IBD mouse models. Subsequent behavioral tests were
conducted to assess whether IBD mice exhibited depressive symptoms, including open field tests, tail suspension tests,
forced swim tests, and sucrose preference tests. The results showed that, compared to the CON group, the DSS group had
a significantly reduced movement distance in the open field tests (Figure 11 and J), increased immobility time in the tail
suspension and forced swim tests (Figure 1K and L), and a markedly decreased sucrose preference rate (p < 0.01)
(Figure 1M). These results demonstrate that the IBD mouse models induced by the 2% DSS exhibited depressive-like
behaviors.

Significant Neuroinflammation Is Observed in the PFC Region of IBD Mice

ELISA analysis of the PFC brain region revealed significantly higher expression levels of inflammatory factors IL-1f, IL-
6, IL-18 and TNF-a in the DSS group compared to the CON group (p < 0.01) (Figure 2A—D). Western Blot analysis
demonstrated that the DSS group had significantly increased levels of nuclear transcription factor NF-xB p65 and its
phosphorylated form p-NF-xB p65 compared to the CON group (p < 0.01) (Figure 2E-G). q-PCR analysis was
conducted to further investigate NF-kB expression, which found significantly higher mRNA transcription levels of
NF-kB in the DSS group (p < 0.01) (Figure 2H).

Electroacupuncture Alleviates Inflammatory Levels in the Intestine and PFC of IBD

Mice and Reduces Depression-Like Behaviors
The H&E staining results of the colon revealed that, compared to the DSS group, the DSS+EA group exhibited a more
organized colon epithelial cell arrangement, decreased inflammatory infiltration, and smoother cell membranes
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Figure 2 DSS induced neuroinflammation in mice. (A—D) DSS modeling increased the levels of IL-1p, IL-6, IL-18, and TNF-o in the PFC region. (E-G) DSS treatment
resulted in elevated relative expression of NF-kB p65 and p-NF-kB p65. (H) DSS caused increased mRNA transcription of NF-«B in the PFC region. All data are presented as
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Abbreviations: IL-1p, Interleukin-1 beta; IL-6, Interleukin-6; IL-18, Interleukin-18; TNF-a, Tumor Necrosis Factor-alpha; NF-kB p65, Nuclear Factor kappa-light-chain-
enhancer of activated B cells p65 subunit; p-NF-kB pé5, phosphorylated NF-kB p65; PFC, Prefrontal Cortex.
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(Figure 3A). Additionally, the ELISA findings showed that following electroacupuncture treatment, the inflammatory
cytokines IL-1p, IL-6, IL-18 and TNF-a decreased markedly in the DSS+EA group (p < 0.01) (Figure 3B-E). Intestinal
inflammation decreased noticeably. WB analysis of the PFC indicated that the DSS+EA group had significantly reduced
levels of nuclear transcription factor NF-kB p65 and its phosphorylated p-NF-«B p65 than the DSS group (p < 0.01)
(Figure 3F—H). Likewise, the NF-kB mRNA transcription levels in the DSS+EA group were markedly reduced compared
to the DSS group (p < 0.05) (Figure 3I). After electroacupuncture treatment, the depressive-like behaviors decreased
significantly. Specifically, the DSS+EA group showed a significantly longer movement distance than the DSS group in
the open field tests (p < 0.01) (Figure 3J and K), significantly reduced immobility time in the open field and forced swim
tests (p < 0.01) (Figure 3L and M), and a significantly increased sucrose preference rate (SPR) (p < 0.01) (Figure 3N).

Electroacupuncture Alleviates Inflammation in the PFC of IBD Mice by Inhibiting

Excessive Microglial Activation
Immunofluorescence (IF) findings indicated that the DSS group had more Ibal-positive cells than the CON group (p <
0.01). Following electroacupuncture treatment, the DSS+EA group showed markedly reduced Ibal-positive cells relative
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Figure 3 Electroacupuncture alleviated DSS-induced colonic and central inflammation, as well as depressive-like symptoms (40%). (A) Electroacupuncture (EA) improved
intestinal morphology in IBD mice. (B—E) EA reduced the expression levels of IL-1p, IL-6, IL-18, and TNF-a in the intestines of IBD mice. (F-H) EA decreased the protein
expression of NF-kB p65 and p-NF-«B pé5 in the PFC region. (I) EA reduced the mRNA transcription of NF-«B in the PFC region. (J and K) EA increased the total distance
traveled by IBD mice in the open field test (OFT). (L—N) EA decreased immobility time in the tail suspension test (TST) and forced swim test (FST), and increased sucrose
intake. All data are presented as mean # standard error of the mean, ##p<0.01 compared to the CON group. *p<0.05, *p<0.01 compared to the DSS group. (n=10 per
group).

Abbreviations: IL-1, Interleukin-1 beta; IL-6, Interleukin-6; IL-18, Interleukin-18; TNF-a, Tumor Necrosis Factor-alpha; NF-kB p65, Nuclear Factor kappa-light-chain-
enhancer of activated B cells p65 subunit; p-NF-kB p65, phosphorylated NF-kB p65; q-PCR, quantitative Polymerase Chain Reaction; PFC, Prefrontal Cortex; IBD,
Inflammatory Bowel Disease; OFT, Open Field Test; TST, Tail Suspension Test; FST, Forced Swim Test; SPT, Sucrose Preference Test.
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Figure 4 Electroacupuncture inhibited microglial activation in the PFC of IBD mice. (A) Representative images of Ibal+ immunofluorescence in the PFC (40% magnification).
(B) Electroacupuncture reduced the expression of Ibal™. All data are presented as mean + standard error of the mean, ##p<0.0] compared to the CON group*p<0.0|
compared to the DSS group. (n=10 per group).

Abbreviations: Ibal, lonized calcium-binding adapter molecule |; DAPI, 4',6-Diamidino-2-phenylindole.

to the DSS group (p < 0.01) (Figure 4A and B). These results indicate that electroacupuncture inhibits microglial cell
activation.

Electroacupuncture Suppresses Microglia Overactivation by Modulating the NLRP3/

ASC/Caspase-| Pathway

IF results showed that the number of NLRP3-positive cells was significantly higher in the DSS group than the CON
group (p < 0.01) but significantly lower in the DSS+MCC950 group compared to the DSS group (p < 0.01) (Figure SA
and B). Similarly, the DSS+EA group also showed a significantly decreased number of NLRP3-positive cells than the
DSS group (p < 0.01) (Figure 5A and B). The positive expression of Ibal in the PFC is similar to that of NLRP3.
Compared with the CON group, the positive expression of Ibal in the DSS group was significantly increased (p < 0.01),
but the expression of Ibal in the DSS+MCC950 group was significantly decreased (p < 0.01). At the same time, the
results of the DSS+EA group were similar to those of the DSS+MCC950 group, and the positive expression of Ibal was
significantly lower than that of the DSS group (p < 0.01) (Figure 5C). In order to further investigate the regulatory effect
of electroacupuncture on NLRP3, Western Blot analyses were performed on the signaling pathways associated with the
NLRP3 inflammasome. The results revealed that, compared to the DSS group, the relative expression levels of NLRP3,
ASC, Caspase-1, GSDMD, and GSDMD-N in the DSS+EA and DSS+MCC950 groups were significantly reduced (p <
0.01) (Figure 5D-I).

Electroacupuncture Decreases NLRP3 Inflammasome Recruitment by Suppressing

Oxidative Stress within Microglia

GPx, Protein Carbonyl, and 4-HNE are crucial indicators of oxidative and antioxidative processes during oxidative stress.
The biochemical data indicated significantly elevated levels of antioxidant enzyme GPx in the DSS+EA and DSS
+MCC950 groups compared to the DSS group (p < 0.01) (Figure 6A), whereas Protein Carbonyl levels were markedly
reduced relative to the DSS group (p < 0.01) (Figure 6B). LC-MS analysis revealed that the 4-HNE contents in the DSS
+EA and DSS+MCC950 groups were significantly lower than in the DSS group (p < 0.01) (Figure 6C). These results
indicate that electroacupuncture can significantly inhibit oxidative stress. To clarify the relationship between oxidative
stress and NLRP3, g-PCR tests were conducted on NLRP3, ASC, and Caspase-1. The results showed significantly lower
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Figure 5 Electroacupuncture regulated the NLRP3/ASC/Caspase |/GSDMD pathway. (A) Representative immunofluorescence images of NLRP3 and Ibal+ expression in
the PFC (40% magnification). (B) Electroacupuncture (EA) reduced the number of NLRP3+ cells. (C) EA reduced the expression of Ibal+ marker. (D-I) EA decreased the
relative protein expression levels of NLRP3, ASC, Caspase |, GSDMD, and GSDMD-N in the PFC region. All data are presented as mean * standard error of the mean,
##p<0.01 compared to the CON group. ¥p<0.01 compared to the DSS group. (n=10 per group).

Abbreviations: NLRP3, NOD-like receptor family pyrin domain containing 3; ASC, Apoptosis-associated speck-like protein containing a CARD; Caspase-|, Cysteine-
aspartic protease-|; GSDMD, Gasdermin D; GSDMD-N, N-terminal fragment of Gasdermin D; Ibal, lonized calcium-binding adapter molecule I; DAPI, 4',6-Diamidino-2-
phenylindole; MCC950, NLRP3-selective inhibitor.

mRNA transcription levels of NLRP3, ASC, and Caspase-1 in the DSS+EA and DSS+MCC950 groups than the DSS
group (p < 0.01) (Figure 6D-G).

Discussion

Recently, the comorbidity of IBD complicated with psychiatric disorders, particularly anxiety and depression, has
garnered extensive academic attention.”* Neuroinflammation was identified as a crucial pathological mechanism under-
lying the comorbidity of IBD complicated with depression.?> This study found that IBD mouse models induced by DSS
exhibited significant depressive-like behaviors, accompanied by abnormal microglial activation and neuroinflammatory
changes in PFC. After electroacupuncture intervention, the IBD models exhibited fewer depressive-like behaviors, lower
abnormal microglial activation, and alleviated neuroinflammation. Thus, the NLRP3/ASC/Caspase-1 signaling pathway
mediated by oxidative stress plays a crucial role in these effects.

As a chronic systemic inflammatory disease, IBD induces localized inflammatory responses in the intestines and
releases substantial pro-inflammatory cytokines (eg, TNF-a, IL-6, and IL-1p) into the bloodstream. These cytokines can
cross the blood-brain barrier or transmit to the central nervous system via the vagus nerve, thereby inducing neuroin-
flammation in the brain.?*’ As the most widespread immune cells in the brain, microglia play crucial roles in immune
defense, waste clearance, neural environment stability, and neural repair and disease processes.”*° Persistent inflam-
matory stimuli lead to abnormal microglial cell activation, inducing them to adopt a pro-inflammatory phenotype. As a
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result, substantial pro-inflammatory cytokines are released, which disrupt the normal functionality and structural integrity
of neurons, compromise neural plasticity, and ultimately trigger depressive symptoms.®***! Numerous studies indicated
that the pathophysiological progression of depression is companied by abnormal microglial cell activation in various
brain regions, such as the prefrontal cortex, hippocampus, and anterior cingulate cortex.’*>> Consequently, the primary
clinical treatment strategies for IBD with comorbid depression involve inhibiting the abnormal microglial cell activation
and alleviating neuroinflammation.

Clinically, IBD treatments mainly involve managing intestinal inflammation and addressing co-occurring depressive
symptoms. Numerous therapeutic approaches mitigate inflammation by suppressing inflammatory cytokines. Biological
agents like the anti-TNF medications infliximab (IFX) and adalimumab (ADA) effectively relieve IBD symptoms and
depression by inhibiting specific cytokines.>*** The JAK inhibitor tofacitinib (TOFA) disrupts the JAK-STAT signaling
pathway, reduces inflammatory responses, and alleviates depressive symptoms in IBD.*” Additionally, therapies mod-
ulating the gut microbiota, such as probiotics, reduce inflammation by influencing the gut-brain axis, thereby alleviating
depressive symptoms.***! This study found that electroacupuncture alleviated IBD symptoms and significantly mitigated
depression by modulating the neuroimmune system and reducing inflammatory responses. In summary, these therapies
effectively control the inflammatory response in IBD and alleviate associated depressive symptoms through common
mechanisms like immune regulation and inflammation suppression, thereby providing multiple effective strategies for
comprehensively managing the psychological health of IBD patients.

The NLRP3 inflammasome is crucial in neuroinflammation mediated by microglial cell activation. Initially, the
activated NLRP3 inflammasome triggers caspase-1, thus cleaving the precursor cytokines pro-IL-1$ and pro-IL-18
into active IL-1B and IL-18. These cytokines are secreted extracellular via the secretory pathway, thereby advancing
the inflammatory response.*? In addition, caspase-1 cleaves Gasdermin D (GSDMD), whose N-terminal fragment
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forms membrane pores for the leakage of cellular contents and pyroptosis. As a result, local inflammation is
exacerbated, and more inflammatory mediators are released, which continuously secrete pro-inflammatory factors
that stimulate microglial cells and keep them in an activated inflammatory state, thereby initiating and aggravating
neuroinflammation.****

Noteworthy, the NLRP3 inflammasome activation is regulated by oxidative stress. Specifically, oxidative stress
induces mitochondrial dysfunction, causing the release of danger signals like mitochondrial DNA and cardiolipin,
which NLRP3 recognizes to activate the NLRP3 inflammasome.*> Additionally, oxidative stress can induce the
dissociation of thioredoxin-interacting protein (TXNIP) from thioredoxin, and TXNIP binds to NLRP3 to promote
the assembly and activation of the NLRP3 inflammasome.*® Oxidative stress may also cause the efflux of
potassium ions, and the resultant low-potassium environment is crucial for NLRP3 inflammasome activation.*’
Excessive oxidative stress further enhances the NLRP3 inflammasome response through oxidative modification of
NLRP3 and its accessory proteins. Ultimately, the interaction between ASC and Caspase-1 is promoted, Caspase-1
is activated, the maturation and secretion of pro-inflammatory cytokines IL-1B and IL-18 are accelerated, and
pyroptosis is induced. In this process, changes in oxidative and antioxidative molecules like protein hydroxyl
groups, 4-HNE, and GPx can effectively reflect the changes in the oxidative stress state. Through these mechan-
isms, oxidative stress regulates the activation of the NLRP3 inflammasome and the progression of
neuroinflammation.

This research found that the DSS-induced IBD models displayed depressive-like behaviors, accompanied by notably
increased relative protein expression levels of NLRP3, ASC, and Caspase-1 in the prefrontal cortex (PFC). Furthermore,
significantly increased levels of inflammatory cytokines IL-1p, IL-6, and TNF-a were observed. Following electroacu-
puncture, the relative protein expression levels of NLRP3, ASC, and Caspase-1 in PFC decreased notably compared to
the DSS group, the protein contents of IL-1p, IL-6, and TNF-a were significantly reduced, and depressive-like symptoms
were evidently mitigated, demonstrated by a significant decrease in immobility time in the tail suspension and forced
swim tests. These results were further validated based on NLRP3 inhibitor MCC950, which showed that the inhibitory
effects of electroacupuncture on NLRP3 were comparable to those of MCC950. This further substantiates that the
NLRP3/ASC/Caspase-1 signaling pathway is likely a key pathway through which electroacupuncture regulates abnormal
microglial activation and alleviates neuroinflammation.

Additionally, the contents of protein hydroxyl groups and 4-HNE in the PFC of IBD mice were significantly
reduced following electroacupuncture, whereas the antioxidant enzyme GPx showed a notable increase. Thus,
electroacupuncture can effectively mitigate oxidative stress. Meanwhile, electroacupuncture significantly decreased
the mRNA transcription levels of NLRP3, ASC, Caspase-1, and GSDMD. Therefore, electroacupuncture can
effectively inhibit NLRP3 inflammasome activation. In conclusion, this research suggests that electroacupuncture
may suppress microglial cell activation and ameliorate neuroinflammation by modulating the oxidative stress-
mediated NLRP3/ASC/Caspase-1 signaling pathway. The mechanism schematic is given in Figure 7 summarized
from the previous analysis.

Although this study elucidates how EA alleviates IBD-associated depression by modulating the oxidative stress-
NLRP3/ASC/Caspase-1 pathway to suppress microglial activation, several limitations warrant attention. First, while the
necessity of the NLRP3 pathway was pharmacologically confirmed using MCC950, direct genetic rescue experiments
(eg, NLRP3 overexpression or knockout) are lacking to establish definitive causality. Future studies will employ brain-
region-specific gene manipulations (eg, AAV-mediated) to validate target specificity. In addition, given the high
prevalence of anxiety in IBD patients, incorporating anxiety-like behavioral tests (eg, elevated plus maze) in future
study is crucial. Eventually, this study focuses primarily on the regulatory effects of electroacupuncture on the NLRP3/
ASC/Caspase-1 signaling pathway, while whether the substances released during oxidative stress are key molecules
regulating this pathway requires further verification. Addressing these gaps will advance the precision application of EA
in IBD-related neuropsychiatric comorbidities.
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Figure 7 Mechanism of electroacupuncture in alleviating IBD-related depression through modulation of the NLRP3 inflammasome and neuroinflammation. Created in
BioRender. Zugiang, (L) (2025) https://BioRender.com/b01p810.

Journal of Inflammation Research 2025:18 hetps: 11947


https://BioRender.com/b01p810

Li et al

Conclusion

Overall, this study provides new insights into the treatment of depressive symptoms induced by ulcerative colitis. The
results indicate that electroacupuncture exhibits an anti-depressive effect by improving oxidative stress in the PFC while
reducing NLRP3 inflammasome recruitment, thereby inhibiting microglial cell over-activation and alleviating neuroin-
flammation. These findings provide important references for treating IBD complicated by depression through
acupuncture.
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