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Purpose: Anti-inflammatory drugs relieve primary dysmenorrhea (PDM), and nucleotide-binding oligomerization domain-like
receptor protein 3 (NLRP3) is a potential treatment target. Electroacupuncture (EA) is an effective alternative strategy for treating
PDM as it regulates the NLRP3 inflammasome. However, the exact anti-inflammatory mechanism of EA remains unclear. Therefore,
this study explored the therapeutic effect of EA on PDM and determined the potential involvement of the cyclooxygenase-2 (COX-2)/
nuclear factor kB (NF-kB)/NLRP3 signaling pathway.

Patients and Methods: The following pain management interventions were administered to a PDM rat model: saline (control), EA,
parecoxib, EA + parecoxib, or ibuprofen. After treatment, the following parameters were examined: torsion behavior; endometrial
histopathological morphology and ultrastructure; serum and uterine prostaglandin E, (PGE,) and prostaglandin F,, (PGF,,) levels;
nuclear translocation of NF-kBp65; and the expression of COX-2, phospho-NF-kBp65. NF-kBp65, NLRP3, apoptosis-associated spec-
like protein (ASC), pro-cysteine aspartate-specific protease 1 (pro-caspase-1), cysteine aspartate-specific protease 1 (caspase-1),
interleukin (IL)-1pB, and IL-18.

Results: The treatment groups showed considerably reduced pathological uterine injury compared with that of the control. This was
associated with decreased PGF,, and increased PGE, levels. The uterine tissues in the treatment groups showed reduced NF-kBp65
nuclear translocation and a decreasing trend in COX-2, NF-kBp65, phospho-NF-kBp65, NLRP3, ASC, pro-caspase-1, caspase-1, IL-
1B, and IL-18 protein expression compared with that of the controls. The levels of each protein in the parecoxib and ibuprofen groups
did not differ considerably from those in the EA group. Furthermore, EA markedly improved pain symptoms and pathological damage
in PDM rats and downregulated the expression of COX-2/NF-kB/NLRP3 signaling pathway proteins in uterine tissue.

Conclusion: Our findings demonstrated superior anti-inflammatory effects of EA + parecoxib on COX-2/NF-kB/NLRP3 signaling
pathway-related proteins compared with that of EA alone or single-drug administration.

Keywords: anti-inflammatory treatment, cyclooxygenase-2, prostaglandin, nuclear transcription factor, nucleotide-binding

oligomerization domain-like receptor 3

Introduction

Primary dysmenorrhea (PDM) refers to the pain prior to or during menstruation without pelvic pathology and is
characterized by spastic suprapubic pain.'* PDM affects 50-90% of women worldwide, of which > 50% experience
moderate-to-severe pain.> PDM is associated with mood disorders and physical discomfort,* ® which remarkably reduces

the quality of life of affected women;’ however, the exact underlying mechanisms of PDM remain unclear.
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PDM is induced by elevated prostaglandin (PG) levels in the uterine tissue.® PGF,, stimulates excessive smooth
muscle contraction in the uterus, reduces uterine blood flow, induces uterine ischemia and hypoxia, and increases the
accumulation of arachidonic acid metabolites, leading to pain.” Cyclooxygenase-2 (COX-2) catalyzes the conversion of
arachidonic acid into PG."”

Nuclear factor kB (NF-kB) proteins bind to the kB sites at the promoters of various genes and regulate the
transcription of inflammation-associated genes.'' When stimulated by external signals, inhibitor of NF-kB (IkB) is
phosphorylated by the IkB complex. This enables NF-kB dimers to enter the nucleus from the cytoplasm and activate
target genes, thus further aggravating inflammation. Concurrent activation of the NLRP3 inflammasome aggravates the
degree of inflammatory infiltration in endometritis and pelvic inflammatory diseases. NF-kB induces the expression of
various cytokine genes, including interleukin (IL)-1, IL-6, and IL-8.'? This activates the NLRP3 inflammasome,
ultimately upregulates precursor NLRP3, IL-1f, and IL-18 levels in uterine tissues, and further exacerbates NLRP3
inflammasome activation.'? Furthermore, IL-1 B and IL-18 induce pain signals.m’15 Therefore, in PDM, NLRP3
inflammasome activation may be linked to the activation and transcription of NF-kB.'® Experimental evidence shows
that inhibiting NLRP3 inflammasome activity markedly mitigates endometritis.'”'® COX-2 positively regulates and
activates the NLRP3 inflammasome and mitigates inflammatory diseases.'® ' For example, COX-2 inhibitors reduce
NLRP3, caspase-1, and IL-18 expression in epileptic hippocampal tissues*® and alleviate acute lung injury by suppres-
sing the NLRP3 inflammasome.** Collectively, the COX-2/NF-kB/NLRP 3 inflammatory pathway affects the synthesis
and release of inflammatory factors; therefore, the pathway is an important mechanism in the development of PDM
(Figure 1).
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Figure | Schematic representation of the COX-2/NF-kB/NLRP3 inflammatory pathway.

Abbreviations: COX-2, cyclooxygenase-2; NF-kB, nuclear factor kB; p-NF-«kB, phospho-nuclear factor kB; NLRP3, nucleotide-binding-oligomerization domain-like
receptor protein 3; ASC, apoptosis-associated speck-like protein; pro-caspase-|, pro-cysteine aspartic acid-specific protease |; caspase-|, cysteine aspartic acid-specific
protease |; IL-1, interleukin-1; IL-18, interleukin-18.
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Electroacupuncture (EA) is an alternative treatment for pain relief that combines acupuncture with electrical
stimulation. Compared with oral administration and injection of drugs, EA is safer with fewer side effects and has
recently attracted considerable attention. EA has been used to mitigate PDM;** however, limited data are available
regarding the mechanisms of EA intervention in PDM.

Using a rat model of PDM, we have previously reported that the levels of NLRP3 inflammasome and IL-1f protein in
uterine tissue markedly increased, along with inflammatory responses, such as endometrial peeling and edema. We also
showed that EA considerably reduced the protein levels of NLRP 3 and IL-1p and inflammation and that the NLRP3-
specific inhibitor MCC950 alleviated the release of inflammatory factors by inhibiting NF-kB signaling, suggesting the
involvement of NLRP3 in PDM. Studies have revealed that EA exerts an anti-inflammatory effect.”>* However, the
mechanism of electrical inhibition against the NLRP 3 inflammasome remains unclear.?’**

Therefore, in this study, we established a rat model of PDM and analyzed the protein levels of PGs, COX-2, NF-«B,
NLRP3, and downstream inflammatory factors to determine the potential mechanisms underlying the effects of EA and
the COX-2 inhibitor parecoxib on PDM-associated inflammation. The findings of this study will help reduce the use of
non-steroidal anti-inflammatory drugs (NSAIDs) and circumvent the side effects associated with these drugs while

relieving menstrual pain.

Materials and Methods

Chemicals and Reagents

The following reagents were purchased from Selleck Chemicals (Houston, TX, USA): estradiol benzoate (No: S411001,
C,5H,305, Molecular weight: 376.49), oxytocin (No. P1029, C45H7oN1,014S,, molecular weight: 1067.2), and parecoxib
(No. S541801, C;9H;7N,NaOQ,4S, molecular weight: 392.4). The remaining reagents used were as follows: ibuprofen
sustained-release tablets (No: H10900089, specification: 300 mg/tablet, China Tianjin Shike Pharmaceutical Co., Tianjin,
China); 0.9% sodium chloride solution (No: H20023250, Shandong Qidu Pharmaceutical Co., Shandong, China);
Methylland (No: C12086108, Shanghai MacLean Biochemical Technology Co., Shanghai, China); potassium hydroxide
(N0:20200929, Sinopharm Group Chemical Reagents Co., Ltd., Shanghai, China); electron mirror fixative fluid (No:
G1102, Wuhan Google Biology, Wuhan, China); and 812 embedding agent (No: 90529-77-4, SPI, West Chester,
PA, USA).

Rat prostaglandin E, (PGE,) enzyme-linked immunosorbent assay ELISA kit (No: 20211111-J2944) and rat pros-
taglandin F,, (prostaglandin F,,, PGF,,) ELISA kit (No: 20211111-J3106) were purchased from Hunan Aifang
Biotechnology Co. Ltd. (China). A Hematoxylin and eosin (HE) staining kit (No: C0105) was purchased from
Servicebio (Wuhan, China).

The following items were purchased from Servicebio, China: radioimmunoprecipitation assay lysate (No: G2002);
bicinchoninic acid (BCA) protein quantification kit (No: G2026); phosphoprotease inhibitors (No: G2007); anti-beta (No:
GB15001, 1:2000, Mouse); caspase-1 antibody (No: GB11383, 1:3000, Rabbit); phosphorylated-NF-kB-p65 antibody
(No: GB11142-1, 1:3000, Rabbit); NF-kB-p65 antibody (No: GB12142, 1:2000, Mouse). The following antibodies were
used: NLRP3 antibody (No: DF7438, Affinity, 1:3000, Rabbit); ASC (No: GB113966, BIOSS, 1:3000, Rabbit); COX-2
antibodies (No: 12282, CST, 1:3000, Rabbit); and pro-caspase-1 (No: GB11383, CST, 1:3000, Rabbit).

Animals

Healthy adult, virgin, specific pathogen-free 6—8-week-old female Sprague-Dawley rats weighing 180-200 g were
purchased from Beijing Huafukang Biotechnology Co., Ltd. (SCXK, Beijing; 2019-0008) and maintained in cages,
with 10 animals per cage (n = 60 total), in the Institute of Medical Laboratory Animals, Chinese Academy of Medical
Sciences. The temperature and humidity of the animal room were maintained at 20-25 °C and 50%—70%, respectively,
with 12 h light:12 h dark or 14 h light:10 h dark cycles. The rats were maintained in a natural circadian cycle and fed
with standard animal food with ad libitum access to water. The bedding was changed twice weekly, and cage disinfection

was performed four times per week.
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After one week, all 60 rats were randomly assigned to one of the following six groups: Saline, Model, EA, Parecoxib,
EA+Parecoxib, and Ibuprofen (positive control). All experimental animal procedures were performed in accordance with
the Chinese National Standard Guidelines for Animal Welfare (GB/T35892-2018). This study was conducted in strict
accordance with the recommendations of the NIH’s Health Guide for the Care and Use of Laboratory Animals. The study
protocol was approved by the Institutional Animal Care and Use Committee of Hunan University of Traditional Chinese
Medicine (protocol number LL2021040703). All procedures were performed under sodium pentobarbital anesthesia, and
efforts were made to minimize distress.

Instruments and Equipment

The following instruments were used in this study: pathological tissue embedding instrument (BM-type, Anhui Research
Institute of Electronic Science, Anhui, China); micro camera (Model 20486, Olympus, Tokyo, Japan); direct fluorescence
microscope (DM4 B, Leica, Berlin, Germany); high-speed frozen centrifuge (Sorvall ST 16R, Thermo Fisher Scientific,
Waltham, MA, USA); electrophoresis apparatus, transmembrane instrument, and gel imaging system (Gel Doc XR, Bio-
Rad Laboratories, Hercules, CA, USA); ultrathin slicer EM UC7, Leica, Wetzlar, Germany) and diamond slicing knife
(Ultra 45, Diatome AG, Nidau, Switzerland); panoramic slice scanner (3DHISTECH, Budapest, Hungary); ultramicrot-
omy (HT7700, HITACHI, Tokyo, Japan); electric acupuncture apparatus (SDZ-V type, Suzhou Medical Supplies Factory
Co., Ltd., Suzhou, China); AIPathwell automated image analysis software (Servicebio Co, Ltd, Wuhan China).

Development of the PDM Rat Model and Intervention Measures

Except for those in the Saline group, all rats were treated with estradiol benzoate for 10 days and oxytocin intraper-
itoneally on Day 11 to establish a PDM model. Estradiol benzoate was administered subcutaneously daily at 9 am
(dosage on Days 1 and 10: 0.5 mg/rat, Days 2-9: 0.2 mg/rat).”’ Rats in the Saline group were administered an equal
volume of 0.9% normal saline instead of the drug. Saline dosages were as follows: Days 1 and 10: 0.5 mL/rat; Days 2-9:
0.2 mL/rat. EA and drug administration were performed in the corresponding treatment groups alongside the treatments
used to establish the PDM model. Rats were bound and fixed. For the EA group, the SP 6 and CV 4 acupoints were
used.’® Based on the Acupuncture Point Position of Rats in Experimental Acupuncture and Moxibustion, SP 6 was
selected 10 mm above the medial malleolus apex of the hind limb, and CV 4 was selected 25 mm below the umbilicus.
The umbilicus is the lower one-fourth and the upper three-quarter intersection between the sternoclavicular joint and
pubic symphysis. After routine disinfection of each acupoint, acupuncture was performed using a disposable sterile
acupuncture needle (0.30 mm in diameter and 13 mm in length). SP 6 and CV 4 were perpendicularly punctured at 5 and
2 mm, respectively. The positive electrode of the conducting wire was connected to the needle, and the negative electrode
was clamped onto the skin next to the acupoint. Electric current was administered as a dense wave at a frequency of 50
Hz**3! and a current of 1 mA, with a slight twitch in the local acupoint muscles. An SDZ-V type EA instrument with
a pulse width of 0.2 ms + 30% was used. The treatment was initiated on the first day of modeling and administered once
daily for 20 min for 10 consecutive days. Xiao Xue performed all acupuncture procedures. The Parecoxib group was
intraperitoneally injected with 10 mg/kg parecoxib sodium solution once daily for 10 days; the EA+Parecoxib group
simultaneously received EA and an intraperitoneal injection of 10 mg/kg parecoxib sodium solution once daily for 10
days; the Ibuprofen group was treated with an 0.8 mL intragastric dose (at a concentration of 125 mg/100 mL) of
ibuprofen for 10 days. On Day 11 at 9 am, an intraperitoneal oxytocin injection (2 U/rat; concentration: 0.5 mg/mL) was
administered to rats in each experimental group, while an equal volume of 0.9% normal saline was administered to the
Saline group.

The criterion for successful model establishment in PDM rats was a torsional reaction after oxytocin injection. On
Day 11, blood was collected from the abdominal aorta, ELISA was used to assess PGE 2, and PGF2a levels, and HE
staining was used to observe the endometrial histopathological morphology of rats. When the PGF2a content is
increased, the PGE2 content is decreased, and the tissue observed under HE staining showed histopathological changes,
such as increased luminal epithelial necrosis, endometrial edema, and shedding, which indicates that the model is
successfully established.
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Measurement of the Torsional Response in Rats

We recorded the number of twists and twist latencies in the rats 30 min after oxytocin injection. The criteria for the twist
reaction were as follows: development of abdominal depression, trunk and hindlimb extension, and internal rotation of
one limb. Twist latency was calculated as the time between oxytocin injection and the first twist reaction®” while writhing
latency was calculated from the intraperitoneal oxytocin injection to the first twist reaction. Twist scores were assigned
various levels as follows: level 0 (0 points): normal posture, forepaw flat, or normal exploration behavior; level 1 (1
point): oblique body side; level 2 (2 points): hind limb extension, hind paw dorsiflexion, and body extension with
frequent pelvic lateral rotation; level 3 (3 points): abdominal muscle contraction and hind limb posterior extension.**
Normal exploration and the resulting somatic and hindlimb extensions were not considered twisting.

Blood and Tissue Sample Preparation

After monitoring for behavioral indicators, the rats were anesthetized according to the operating standards of
Experimental Zoology, and subsequently weighed and administered an intraperitoneal injection of 0.3 mL/100 g of
2% sodium pentobarbital solution. Blood samples were collected from the abdominal aorta under anesthesia. The uterine
tissue was harvested via laparosection, stored on ice discs, and processed to observe the uterine tissue morphology.

HE Staining of Uterine Tissues

A sample of uterine tissue (5-mm sections) from five rats in each group was removed, fixed in 4% paraformaldehyde
solution in Eppendorf tubes, and stored at 2025 °C for approximately 24 h. The fixed rat uterine tissues were dehydrated
using an ethanol gradient, treated with xylene for transparency, paraffin-embedded, and machine-sectioned, followed by
dewaxing and hydration of paraffin sections. HE staining was performed as follows: the tissues were initially stained with
hematoxylin, subjected to differentiation and blue counterstaining with eosin, washed with water, dehydrated, made
transparent, and sealed. Histopathological changes in the rats from all groups were observed under a light microscope.
Histopathological damage was scored based on degeneration and necrosis of the endometrium and myometrium,
inflammatory cell infiltration-induced morphological changes, edema, and increased gland size.** Based on the micro-
scopic morphological features of the uterus, the following histopathological scores were assigned as follows: 0, uterine
without pathology; 1, endometrial degeneration and necrosis; 2, lamina propria edema; 3, glandular increase in the
lamina propria; 4, inflammatory cell infiltration into the lamina propria; 5, myometrial inflammation.

Transmission Electron Microscopy (TEM)

Uterine tissue sections not exceeding 1 mm x 1 mm X 1 mm were obtained, separated using an electron microscope fix
fluid, fixed at 4 °C for 2—4 h, and rinsed with 0.1 M phosphate buffer (PB) (pH 7.4) thrice for 15 min and 1% osmium 0.1
M PB (pH 7.4) for 2 h at approximately 20 °C. The tissues were then rinsed with 0.1 M PB (pH = 7.4) thrice for 15 min
and successively dehydrated in 50, 70, 80, 90, 95, and 100% alcohol, followed by treatment with 50:50 alcohol-acetone
solvent and 100% acetone (15 min) for final dehydration. The tissues were further processed as follows: acetone, 812
embedding agents (1:1) for 2—4 h, acetone, 812 embedding agents (2:1) overnight, and pure 812 embedding agents for
5-8 h performed at room temperature. The samples were incubated with a pure 812 embedding agent in an embedded
plate in an oven at 37 °C overnight, and polymerization was performed in an oven at 60 °C for 48 h. After obtaining
ultrathin sections (60-80 nm), uranium—lead double staining (2% uranium acetate—saturated alcohol solution and lead
citrate, stained for 15 min each) was performed, and the sections were dried at 25 °C overnight. Images were acquired
using TEM.

ELISA

Blood samples were collected from the abdominal aorta (5 mL), and the collected blood was allowed to stand for
1-2 h and subsequently centrifuged in a porous centrifuge at 3500 rpm for 10 min. Serum (1-2 mL) from each tube was
aliquoted into disposable Eppendorf tubes using a pipette gun and stored in a —20 °C refrigerator for further analysis.
Ipsilateral uterine tissue (0.2—1 g) was also used to make a 10% tissue homogenate. The homogenate was centrifuged at
a radius of 15 cm at 3000 rpm for 20 min. The supernatant was aliquoted into Eppendorf tubes and stored at —80 °C for
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further use. PGE, and PGF,, levels were evaluated using ELISA according to the manufacturer’s instructions. The PG
content was expressed as pg/mL.

Immunofluorescence Detection

A part of the ipsilateral segment of the uterine tissue from each group was obtained, washed, fixed, embedded, sectioned,
and incubated with the primary antibody of nuclear transcription factor p65 (NF-kBp65) (1:100) at 4 °C with shaking
for 48 h.

After rinsing in phosphate-buffered saline, the sections were incubated with horseradish peroxidase (HRP)-labeled
goat anti-mouse secondary antibody at 25 °C with shaking for 1 h. After rinsing, an anti-fluorescence quencher was
added to the section, and the glass slides were sealed and stored without light exposure. The AlPathwell automated image
analysis software was used for image analysis. AIPathwell, a digital pathology image analysis software based on artificial
intelligence (AI) learning launched by Servicebio, uses the principle of Al deep learning to train an algorithm using
massive data for automated image analysis. The software automatically localizes the nuclei and extends the cytoplasmic
range. AlPathwell uses Al technology to identify blue nuclei in the entire tissue section, counts the total cell number, and
then identifies the red fluorescence in the whole tissue section as a positive signal, including a positive signal in the
cytoplasmic range or the nucleus. The number of cells with positive nuclei (purple-red color) was counted separately. The
nucleation rate was calculated using the following formula:

NF-kBp65 nucleus entry rate = nucleus positive cell count/(nucleus positive cell count + cytoplasm positive cell
count).

Western Blotting

Uterine tissue (30 mg) was collected from the same side of the rats in each group. The tissue was ground using a grinding
machine at 0—10 °C and lysed on ice in pre-cooled radioimmunoprecipitation assay lysis buffer containing protease and
phosphorylase inhibitors for 30 min. The sample was then centrifuged at a radius of 140 mm at 3500 rpm and 4 °C for
10 min. Subsequently, the supernatant containing the total tissue protein was collected, and after the sample buffer was
added, the sample was heated in a boiling water bath for 10 min to fully denature the proteins.

A BCA protein assay kit was used to determine the protein concentration based on a standard protein curve, and the
protein concentration was balanced within the samples. After electrophoresis, polyvinylidene fluoride membrane transfer,
and blocking with TBST, the membranes were incubated overnight at 4 °C with the following specific primary antibodies
diluted with Tris-buffered saline Tween-20: COX-2 (1:2000), phosphorylated-NF-kB-p65 (1:3000), NF-xB-p65 (1:2000),
NLRP3 (1:1000), ASC (1:3000), caspase-1 (1:3000), pro-caspase-1 (1:3000), IL-1p (1:3000), IL-18 (1:3000), and B-actin
(1:2000). The membranes were then washed with Tris-buffered saline containing Tween-20 and incubated with diluted
secondary antibodies for 60 min. Finally, membranes were developed using enhanced electroluminescence reagents. The
original figures are presented in the Supplementary materials.

Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics for Windows, version 26.0 (IBM Corp., Armonk, N.Y.,
USA). Mapping was performed using Prism 8.0 software (GraphPad Software, San Diego, CA, USA). Data visualization
was performed using R software (version 4.4.2), and data are expressed as the mean + standard deviation. If the data
satisfied the normality and homogeneity of variance assumptions, a one-way analysis of variance was used, otherwise,
the Kruskal-Wallis H-test was used. To account for multiple comparisons, statistical significance was adjusted using the
Bonferroni correction. Statistical significance was set at P < 0.05.

Results
EA Reduced the Writhing Response and Prolonged the Latency of Torsion

To determine whether EA relieved pain in PDM model rats, the effects of electro-targeting on estradiol benzoate- and
oxytocin-induced PDM were examined (Supplementary Tables 1-3). At 30 min, expectedly, rats in the Saline group
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Figure 2 Comparison of writhing number, score, and latency 30 min after oxytocin injection. The writhing behavior of each rat was recorded separately. (A) Writhing
number is the number of writhing episodes. (B) Writhing score is the highest score within 30 min. (C) Writhing latency is the time interval from oxytocin injection to the
first writhing reaction. Box plots include the median (central line), interquartile range (IQR; box boundaries), and the full data range (whiskers extending to the minimum and
maximum values). Dot plots have individual data points for each group, and reveal the distribution, variability, and potential outliers within each category. Dot and box plots
have the same underlying individual-level data, with dot plots including each data point and box plots summarizing the distribution. Statistical analyses were conducted using
the Kruskal-Wallis H-test (n = 10). *P < 0.05 and *P < 0.01 compared with the Model group.

showed no torsion response since they were not treated with oxytocin, whereas those in the Model group showed
significantly increased writhing numbers, scores, and latency (Figure 2A—C, P < 0.01). Compared with the Model group,
each treatment group showed significantly decreased writhing numbers and scores (Figure 2A-C, P < 0.05, P < 0.01)
with significantly prolonged writhing latency (Figure 2C, P < 0.01). No difference was observed in the writhing response
among the EA, Parecoxib, EA+Parecoxib, and Ibuprofen groups (Figure 2C, P > 0.05).

EA Alleviated Endometrial Cell Injury and Reduced Pathological Uterine Damage in
PDM Model Rats

Tissue sections of the uterus were stained with HE and observed under a light microscope to evaluate the protective effect
of EA on endometrial cell injury. The Saline group showed intact mucosal epithelium, with no significant epithelial cell
degeneration and necrosis or neutrophil infiltration in the endometrium.

Compared with the Saline group, the Model group displayed more luminal epithelial necrosis and severe endometrial
edema accompanied by extensive shedding. The nucleus was initially firm, but eventually fragmented and disappeared.
The endometrium was associated with neutrophil infiltration and the gland cavity was mildly dilated. The EA group
showed high luminal epithelial necrosis and mild endometrial edema. The Parecoxib group showed necrosis of the
individual luminal epithelium; the nucleus was initially firm, but eventually fragmented and disappeared, with minimal
neutrophil infiltration into the endometrium. The EA+Parecoxib group showed minimal luminal epithelial necrosis. The
nucleus was initially firm, but eventually fragmented and disappeared; hence, no significant inflammatory cell infiltration
was observed in the endometrium. Similarly, no significant inflammatory cell infiltration was observed in the endome-
trium of the ibuprofen-treated group (Figure 3A). HE pathology lesion scores were significantly higher in the Model than
those in the Saline groups (Figure 3B, P < 0.01). However, the EA (Figure 3B, P < 0.05), Parecoxib, EA+Parecoxib, and
Ibuprofen (Figure 3B, P < 0.01) groups showed significantly lower HE pathology lesion scores than the Model group.
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Figure 3 Comparison of histopathological changes and uterine morphology among study groups. (A) Pathological damage in each group was determined using HE staining.
Blue, black, and yellow arrows indicate mild expansion of the gland cavity, luminal epithelial necrosis, hyperemia, and neutrophil infiltration, respectively. (B) Pathological
scoring: histopathological scoring of uterine microstructural features in each group. Dot plots have individual data points per group, and reveal the distribution, variability,
and potential outliers within each category. Statistical analyses were performed using the Kruskal-Wallis H-test (n = 5). *P < 0.05 and *P < 0.01 compared with the Model
group.

Abbreviation: HE, hematoxylin and eosin.

The HE pathology scores were not significantly different between the EA, Parecoxib, EA+Parecoxib, and Ibuprofen
groups (Figure 3B, P > 0.05) (Supplementary Table 4).

Morphological Changes in Each Group Analyzed Using TEM

In the Saline group, endometrial fibroblasts showed regular shape with no evident cytoplasm edema, less mitochondrial
membrane damage, and no gross endoplasmic reticulum (RER) or significant degranulation. In the Model group,
endometrial fibroblasts showed irregular shape, evident cytoplasmic edema, oval mitochondria, severe swelling, slight
expansion of superficial endoplasmic reticulum (ER), and significant degranulation. In the drug/EA groups, the endo-
metrial fibroblasts were spindle-shaped, with oval mitochondria, uniform matrix, slightly higher electron density, small
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Figure 4 Transmission electron microscopy images of uterine tissue from each group. Histopathological changes in the morphology and ultrastructure of the rat uterine
tissue in all six groups were observed using transmission electron microscopy.
Abbreviations: CF, collagen fibers; N, nucleus; M, mitochondria; RER, rough endoplasmic reticulum; Go, Golgi; LD, lipid droplets.

and shortened fracture, and smaller mitochondria. The ER showed moderate expansion and retention and very little
degranulation. This indicates that electroacupuncture can reduce endometrial fibroblast cytoplasmic edema and mito-
chondrial membrane damage (Figure 4).

EA Downregulated PGF2a and Increased PGE2 Levels in Serum and Uterine Tissue of
PDM Model Rats

PGs are involved in PDM pathogenesis, and clinical trials have revealed that PGF,, inhibitors effectively improve
PDM.** Therefore, PGs can be used to evaluate whether the design of a PDM animal model was successfully established.
The serum and uterine PGF,, levels were significantly higher, while PGE, levels were significantly lower in the Model
group (Figure 5, P < 0.01) than those in the Saline group. PGF,, levels were decreased, whereas PGE, levels were
increased in the EA, Parecoxib, EA+Parecoxib, and Ibuprofen groups compared with those in the Model group (Figure 5,
P <0.01). However, these levels were not significantly different among the EA, Parecoxib, EA+Parecoxib, and Ibuprofen
groups (Figure 5, P > 0.05) (Supplementary Tables 5-8).

EA Downregulated COX-2 Protein Levels in the Uterine Tissue of PDM Model Rats

We observed the effect of EA on the expression of COX-2, which is an upstream regulator of PG. As expected, uterine
COX-2 protein levels in the Saline group were very low and undetectable by immunoblotting; however, these levels were
significantly higher in the Model group (Figure 6, P < 0.01). COX-2 protein levels in the EA, Parecoxib, EA+Parecoxib,
and Ibuprofen groups were significantly lower than those in the Model group (Figure 6; P < 0.01). Compared with those
in the EA+Parecoxib group, COX-2 protein levels were significantly increased in the EA and Parecoxib groups (Figure 6,
P < 0.01). Compared with the Ibuprofen group, COX-2 protein levels in the EA+Parecoxib group were significantly
lower (Figure 6, P < 0.01); however, no significant difference in COX-2 levels was detected among the EA, Parecoxib,
and Ibuprofen groups (Figure 6, P > 0.05) (Supplementary Figures 1-6).
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Figure 5 Comparison of serum and uterine PGF,, and PGE; levels among different groups. An enzyme-linked immunosorbent assay (ELISA) was employed to determine
PGF,, and PGE; levels in the serum and uterus. (A) Blood serum PGF2a levels in each group. (B) Blood serum PGE2 levels in each group. (C) Uterus PGF2a levels in each
group. (D) Uterus PGE2 levels in each group. Data are means * SD (n = 10). **P < 0.0l compared with the Saline group and #p < 0.0l compared with the Model group.
Abbreviations: PGF,,, prostaglandin F,,; PGE, prostaglandin E,; SD, standard deviation.

EA Inhibited NF-kBp65 Nuclear Translocation in Rat Uterine Tissues

To determine whether EA is directly involved in NF-kBp65 inhibition by COX-2, we investigated NF-kB nuclear
translocation using immunofluorescence. The uterine epithelial cytoplasm of the Saline group was weakly positive,
whereas that of the Model group was strongly positive with several positive nuclei. The other treatment groups were
positive for uterine epithelial cytoplasm, with fewer positive nuclei than the Model group. The number of NF-kBp65-
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Figure 6 Comparative analysis of uterine COX-2 protein expression in rats from different groups. Western blot analysis was utilized to quantify COX-2 expression in rats
of each group, with B-actin serving as a control. No upregulation of COX-2 expression was observed among rats in the Saline group. The molecular weight of COX-2 is 74
kDa, and that of B-actin is 42 kDa. (A) Western blot images of COX-2 and B-actin proteins in different groups. (B) Bar chart of the relative expression of COX-2 normalized
to that of -actin. Data are presented as means  SD (n = 5). Compared with the Saline group, **P < 0.01; compared with the Model group, *P < 0.01; compared with the
EA+Parecoxib group, **P < 0.01; compared with the Ibuprofen group, **P < 0.01.

Abbreviations: COX-2, cyclooxygenase-2; SD, standard deviation.

positive cells was higher in the Model than Saline groups (Figure 7, P < 0.01) and significantly reduced in the other
treatment groups (Figure 7, P < 0.01). The number of cells positive for NF-kBp65 translocation was significantly reduced
in the EA+Parecoxib group compared with that in the Ibuprofen group (Figure 7, P < 0.01). However, the rate of NF-
kBp65 translocation into nuclear-positive cells was not significantly different among the EA, Parecoxib, and Ibuprofen

groups (Figure 7, P > 0.05) (Supplementary Table 9).

EA Inhibited NF-kBp65 Activation in the Uterine Tissue of PDM Model Rats
To confirm whether the decrease in phospho-NF-kBp65 and NF-kBp65 was caused by the impairment of the COX-2
activation signal, we investigated NF-kBp65 expression using immunoblotting.

As expected, the uterine phospho-NF-kBp65 and NF-kBp65 levels in the Saline group were extremely low and
undetectable by immunoblotting; however, these levels were significantly elevated in the Model group (Figure 8, P <
0.01). Furthermore, these levels were significantly reduced in the EA, EA+Parecoxib, and Ibuprofen groups compared
with those in the Model group (Figure 8, P < 0.01), and significantly lower in the EA+Parecoxib group compared with
those in the Ibuprofen group (Figure 8, P < 0.01).

Compared with the EA+Parecoxib group, these levels were significantly increased in the EA group and the parecoxib
group (Figure 8, P < 0.01). However, no significant differences were observed among the EA, Parecoxib, and Ibuprofen
groups (Figure 8, P > 0.05) (Supplementary Figures 1-6).

EA Inhibited NLRP3 Inflammasome Activation and Reduced the Levels of its
Downstream Inflammatory Factors IL-1p3 and IL-18

We examined the expression of NLRP3, pro-caspase-1, ASC, caspase-1, and IL-1p, IL-18 levels in uterine tissues using
immunoblotting to determine whether COX-2 regulated NF-kB-mediated activation of the NLRP3 inflammasome.
Western blotting revealed low levels of NLRP3, pro-caspase-1, ASC, caspase-1, and IL-1pB, IL-18 in the uterine tissues

of the saline-injected mice.
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Figure 7 Immunofluorescence analysis of NF-kBp65 expression in rat uterine tissues. Fluorescence analysis software (AlPathwell), which uses Al technology, was used to
identify localized cells (blue nuclei) in whole tissue sections to count the total cell number. The Al software identified red fluorescence in the whole tissue section as
a positive signal for NF-kBpé5 expression. When NF-kBpé5 was expressed only in the cytoplasm, a red fluorescence signal was detected around the blue nucleus. When NF-
kBp65 is also expressed in the nucleus, the red fluorescent signal in the nucleus overlaps with the blue fluorescence, leading to a purplish-red fluorescent signal. NF-kBp65
nuclear entry rate = nucleus positive cell count/(nucleus positive cell count + cytoplasm positive cell count). (A) Immunofluorescence images of NF-kBp65 expression in
different groups; scale bar = 200 um. (B) Bar chart of the NF-kBp65 nuclear entry rate (%) for each group. Data are means + SD (n = 3).**P < 0.01, compared with the Saline
group; P < 0.01, compared with the Model group; *P < 0.05, compared with the Ibuprofen group.

Abbreviations: NF-kB, nuclear factor kB; Al, artificial intelligence; EA, electroacupuncture.

The Model group showed that the protein levels of these downstream inflammatory factors were significantly
increased compared with those in the Saline group (Figure 9, P < 0.01). However, compared with the Model group,
the protein levels of NLRP3, pro-caspase-1, caspase-1, IL-1p, and IL-18 were significantly decreased in the EA group
(Figure 9, P <0.05, P <0.01), but the differences in ASC levels were not significant (Figure 9, P >0.05); compared with
the Model group, the protein levels of NLRP3, pro-caspase-1, ASC, caspase-1, IL-1B, and IL-18 were significantly
decreased in the Parecoxib (Figure 9, P <0.05, P <0.01), EA+Parecoxib (Figure 9, P <0.01), and Ibuprofen groups
(Figure 9, P <0.05, P <0.01).

Compared with the EA+Parecoxib group, the levels of NLRP3, pro-caspase-1, IL-1p, and IL-18 were significantly
increased in the EA group (Figure 9, P < 0.05, P < 0.01). ASC and caspase-1 levels were not significantly different
(Figure 9, P > 0.05). Compared with those in the EA+Parecoxib group, the protein levels of NLRP 3, pro-caspase-1, IL-
1B, and IL-18 were significantly higher in the Parecoxib group (Figure 9, P < 0.01), however, the caspase-1 and ASC
levels were not significantly different (Figure 9, P > 0.05). Compared with the Ibuprofen group, the EA+Parecoxib group
showed a significant decrease in the protein levels of ASC and caspase-1 (Figure 9, P <0.05), NLRP3, pro-caspase-1, IL-
1B, and IL-18 (Figure 9, P <0.01). Moreover, compared with the Ibuprofen group, these protein levels in the EA and
Parecoxib groups were not significantly different (Figure 9, P > 0.05) (Supplementary Figures 1-06).
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Figure 8 Comparative analysis of phospho-NF-kBpé5 and NF-kBp65 protein expression in different groups. Western blot analysis was used to determine the expression of
phospho-NF-kBp65 and NF-kBpé5 in each group. (A) Western blot images of phospho-NF-kBpé5, NF-kBp65, and B-actin protein expression in different groups. The
molecular weight of phospho-NF-kB p65 and NF-«xB p65 is 65 kDa, and that of B-actin is 42 kDa. (B) Bar chart of relative NF-kB p65 expression normalized to B-actin for
each group. (C) Bar chart of the relative phospho-NF-kB p65 expression levels normalized to B-actin for each group. Data are the means * SD (n = 5). *P < 0.0| compared
with the Saline group, **P < 0.01 compared with the Model group, **P < 0.0 compared with the EA + parecoxib group, and **P < 0.01 compared with the Ibuprofen group.
Abbreviations: NF-kB, nuclear factor kB; SD, standard deviation; EA, electroacupuncture.
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Figure 9 Western blot analysis of NLRP3, pro-caspase- 1, ASC, caspase-|, IL-1, and IL-18 protein expression levels. NLRP3, pro-caspase-|, ASC, caspase-1, IL-1, and IL-18
protein expression was analyzed in rat uterine tissues of all groups using Western blotting. (A) Western blot images of NLRP3 (118 kDa), ASC (22 kDa), Pro - caspase - |
(45 kDa), Caspase - | (35 kDa), IL - Ip (31 kDa), IL - 18 (22 kDa), and B - actin (42 kDa)protein expression in different groups. (B—G) Relative expression of (B) NLRP3 (C)
ASC, (D) pro-caspase-|, (E) caspase-1, (F) IL-1B, and (G) IL-18 in each group normalized to B-actin. Data are the means = SD (n = 5). **P < 0.0] compared with the Saline
group, #P < 0.01 compared with the Model group, **P < 0.01 compared with the EA + parecoxib group, and **P < 0.0 and *P < 0.05 compared with the Ibuprofen group.
Abbreviations: NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; ASC, apoptosis-associated spec-like protein; IL, interleukin; SD, standard

deviation.
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Discussion

In this study, we aimed to explore the effects of EA and parecoxib on inflammatory injury in a PDM rat model.
A particular focus was placed on the potential involvement of the COX-2/NF-kB/NLRP3 signaling pathway. Our
findings suggest that both EA and parecoxib considerably reduce inflammatory injury, as evidenced by improved
behavioral and histopathological outcomes.

Estradiol benzoate and oxytocin were used to establish the PDM rat model.*> Estrogen increases uterine sensitivity by
regulating cell proliferation and angiogenesis'® and by increasing oxytocin receptor (OTR) mRNA expression.*
Oxytocin induces uterine contractions,’’ thereby causing relative ischemia and hypoxia, which leads to pain. When
activated by estrogen, OTRs are overexpressed, and their levels determine the endometrial sensitivity to oxytocin
stimulation.>®*° The spastic contraction of the uterine smooth muscle induced by oxytocin combined with estradiol
benzoate is a recognized pathological model of dysmenorrhea-like reactions.

PG influences the inflammatory response in PDM, and the mechanism of dysmenorrhea is associated with increased
PGF2a and decreased PGE2 levels in the uterine tissue.” Furthermore, increased PGF2a levels are the primary
contributor to menstrual pain.*>*' Compared with those in the Saline group, PGF,, levels in the Model group increased
considerably, whereas PGE2 levels decreased. However, the EA group exhibited the opposite effect, thus implying that
EA inhibits the elevation of PG levels. EA efficacy was comparable with that of parecoxib sodium or ibuprofen, thereby
suggesting that EA can treat PDM by regulating PG levels.

Our results showed that compared with that in the Saline group, the writhing number and scores were increased,
torsion latency was markedly shortened, remarkable inflammatory damage occurred in the endometrium, and serum
PGF,, and PGE2 levels were increased in the model group, which confirms successful model establishment. An ideal
NSAID selectively inhibits PG synthesis. Therefore, an inducible type of COX-2 may ameliorate PDM. Parecoxib
sodium, a COX-2 inhibitor, exerts anti-inflammatory and analgesic effects by specifically inhibiting arachidonic acid
synthesis via PGs.*> Parecoxib sodium extensively inhibits the excessive stress response and reduces the level of
inflammatory factors.*> Moreover, the drug produces fewer adverse effects on the gastrointestinal tract than those
produced conventional NSAIDs.**** Currently, parecoxib sodium is used for postoperative analgesia to relieve neuro-
pathic pain.***® Parecoxib sodium inhibits spontaneous and PG-induced uterine smooth muscle contraction in rats, thus
suggesting its potential in PDM treatment.*” However, further research exploring the application of parecoxib sodium to
block inflammatory injury in PDM and alternative anti-inflammatory therapies and low-toxicity treatment modalities for
PDM is required.

NSAIDs are the first-line treatment for PDM.? Ibuprofen, a PG synthase inhibitor predominantly used for treating
dysmenorrhea, inhibits COX-1, COX-2, and PGF,, synthesis.so*53 However, ibuprofen may have severe gastrointestinal

effects and impair renal function,>*>

thus limiting its clinical application. In this study, ibuprofen was used as a positive
control because of its documented efficacy in dysmenorrhea treatment.

We tested the effects of EA, parecoxib sodium, EA + parecoxib, and ibuprofen intervention on the levels of COX-2
protein, an upstream regulator of PG, in PDM rats. As expected, the COX-2 protein levels in the uterine tissues of the
Saline group were very low and could therefore not be detected using immunoblotting. However, COX-2 was markedly
increased in the uterine tissue of the Model group, thus confirming uterine histopathological changes in the experimental
animals. This suggests that the abundance of COX-2 is very low under physiological conditions but elevated upon
inflammatory stimulation. The effective increase of COX-2 protein levels in PDM rats was reversed in each treatment
group. In this study, the EA + Parecoxib group showed the greatest reduction in COX-2 levels in uterine tissue and
pathological inflammatory responses. Therefore, we conclude that EA and intraperitoneal injection of parecoxib
effectively binds COX-2 and exerts an inhibitory effect.

One of the key findings of our study is the potential involvement of the COX-2/NF-kB/NLRP3 signaling pathway in
mediating the anti-inflammatory effects of EA and parecoxib. The suppression of this pathway may play a critical role in
reducing the inflammatory injury observed in the PDM rat model. To verify that the decreased phospho-NF-kB p65 and
NF-xB p65 is caused by impaired COX-2 activation, we used immunofluorescence to investigate the nuclear transloca-

tion of NF-kBp65. Immunofluorescence and immunoblotting revealed a markedly high rate of NF-kB p65 nuclear
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translocation and increased phospho-NF-kBp65 and NF-kBp65 protein expression in the Model group. This indicated
altered histopathology and increased expression of inflammatory factors in uterine tissue. After EA and drug adminis-
tration, the levels of NF-kB p65 nuclear-positive cells, phospho-NF-kB p65, and NF-kB p65 were considerably reduced,
whereas NF-kB expression was reversed; hence, these treatments decreased NF-«kB signaling.

NLRP3 inflammasome activation occurs following post-translational modification of NLRP3 inflammasome compo-
nents (including NLRP3, ASC, and pro-caspase-1), followed by NLRP3 activation and NLRP3 inflammasome
formation.’® As a nuclear transcription factor, NF-kB upregulates the expression of proinflammatory factors, such as
the NLRP3 inflammasome and its downstream cytokines (IL-1p and IL-18), after entering the nucleus in uterine tissue.
NLRP3 inflammasome activation aggravates the symptoms of endometritis and pelvic inflammatory diseases, such as the
degree of inflammatory infiltration in gynecological conditions. The NLRP3 inflammasome is also a regulator of the
secretion of proinflammatory factors.'” The inflammatory response in PDM is primarily mediated by proinflammatory
factors, including IL-1, IL-1p, and tumor necrosis factor-a.>’ The NLRP3 inflammasome is involved in several
gynecological conditions, such as cervical cancer, preterm birth, postnatal inflammation, mycoplasma infections, and
chlamydial infections.>*->

EA ameliorates NLRP3 inflammasome activation in the brain.®' Mokhtari et al®* found that exogenous melatonin
alleviated affective disorders caused by neuropathic pain by inhibiting the NF-kB/NLRP 3 pathway and cell apoptosis.
Tang et al*> observed that the NLRP3 inflammasome is activated and expressed in PDM, and MCC950 improves PDM
by reducing IL-1p and IL-18 levels by inhibiting the NLRP3 inflammasome. Using a mouse model of postoperative

cognitive dysfunction, Sun et al®*

found that EA induced NF-«B signal inhibition and NLRP3 inflammasome activation,
thus improving neuroinflammation-related postoperative cognitive dysfunction. Additionally, in a mouse model of
diabetic nephropathy, EA intervention inhibited NLRP3 inflammasome activation, thereby protecting against diabetic
nephropathy-induced inflammation.®* We previously reported that EA reduced the protein expression of NF-kB and
NLRP3 inflammasome in the uterine tissue of PDM rats.”® The results of that study confirmed that all treatments
inhibited the activation of the NLRP3 inflammasome and expression of its downstream proteins.

Therefore, we hypothesized that EA, parecoxib, and EA + parecoxib treatments would reduce the inflammatory
response by blocking the positive feedback of COX-2 to the NLRP3 inflammasome. NF-kB is required during the
initiation phase to induce NLRP3 expression and constitutes the basis for NLRP3 inflammasome activation.®>
Therefore, a further possible mechanism underlying dysmenorrhea in PDM model rats may be COX-2-initiated activation
of the signaling pathway. This induces NF-kB phosphorylation and translocation into the nucleus, NLRP3 inflammasome
activation, and downstream release of the inflammatory factors IL-1 and IL-18. This ultimately results in uterine tissue
damage and pain. Parecoxib sodium, targeting COX-2, inhibits the COX-2/NF-kB/NLRP3 signaling pathway and uterine
inflammation in rats; hence, we hypothesized that the activation of the COX-2/NF-kB/NLRP 3 inflammatory signaling
pathway is one of the pathological mechanisms involved in PDM. EA may downregulate the inflammatory response and
alleviate pathological inflammatory damage in PDM model rats by inhibiting COX-2 expression, downregulating PG,
and inhibiting the NF-«xB signaling pathway and NLRP3 inflammasome activation. This impairs the NLRP3 inflamma-
some by effectively producing cleaved caspase-1, which interferes with IL-1f and IL-18 secretion. Therefore, the
combination of EA and parecoxib sodium may exert anti-inflammatory effects.

We have conducted a multitude of studies focusing on the inflammatory mechanism of PMD and the anti-
inflammatory mechanism of EA. Among these efforts, Liu et al** placed particular emphasis on exploring the impact
of EA on NF-kB and NLRP3 inflammasomes within the uterine tissues of rats with PMD. Through rigorous experiments
and in-depth analyses, they demonstrated that EA markedly ameliorates pain symptoms and alleviates pathological
damage. Nevertheless, this research was mainly confined to investigating the mechanism by which EA influenced these
inflammasomes, failing to conduct a profound dissection of the specific interaction relationship between EA and the
NLRP3 signaling pathway. Tang et al*> focused on MCC950 as an NLRP3 inflammasome inhibitor and examined the
mechanism by which it alleviates PMD in mice through inhibiting the activation of NLRP3. The findings of their study
robustly emphasized the crucial role of the NLRP3 pathway in the occurrence and development of PMD and also
highlighted the potential value of inhibiting this pathway in reducing inflammatory responses. However, this study did
not take EA into consideration. In contrast to these previous studies, the present study has taken a novel approach. We
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have chosen the combined application of EA and parecoxib sodium as the entry point and have conducted an in-depth
and comprehensive exploration into the comprehensive regulatory effect exerted by this combination on the COX-2/NF-
kB/NLRP3 signaling pathway. We thus clearly revealed the unique regulatory pattern demonstrated by this combined
application within this signaling pathway. Consequently, our research has opened up new avenues of thought and has
provided fresh perspectives for the treatment of PMD. Hence, this treatment shows promising potential of playing an
active and facilitating role in the optimization and improvement of subsequent treatment strategies for PMD.

Tang et al showed that MCC950 alleviated PDM in mice through the NF-kB/COX-2/PG pathway.*> However, our
study produced contrary results. This discrepancy can be attributed to several factors. First, we intraperitoneally injected
parecoxib sodium to inhibit COX-2 expression. Second, we performed morphological observations, and the hetero-
geneity of the parameters could have introduced bias. Third, the complex inflammatory mechanisms induced by various
drugs may have affected the results. COX-2 and NF-kB regulation may thus involve a complex bidirectional pathway,
which remains to be confirmed.

Our results showed that the nuclear entry rate of NF-xB p65 decreased after electro-injection intervention. This
indicated that electro-injection inhibited NF-kB nuclear entry, the expression of COX-2, p-NF-kBp65, NF-«xBp65, and
NLRP3 inflammasome and downstream factor protein was markedly reduced, uterine tissue PGF2a levels were
considerably decreased, and PGE2 levels were notably increased. This indicates that the mechanism underlying EA
intervention in PDM rats may involve the inhibition of COX-2 protein expression, NF-kBp65 phosphorylation into the
nucleus, NF-kB protein expression, the NF-«B signal transduction pathway, expression of NLRP3 inflammasome
activation, release of downstream IL-1 B and IL-18, prevention of inflammatory response and pathological damage in
uterine tissues, and production of anti-inflammatory factors. Our results also showed that EA delayed or prevented the
inflammatory response and pathological damage in the uterine tissue by regulating COX-2/NF-kB/NLRP3 signaling in
PDM model rats.

This indicated that PDM-targeted EA exerted anti-inflammatory effects. Interestingly, EA + parecoxib suppressed the
PDM inflammatory response through synergistic anti-inflammatory mechanisms. To the best of our knowledge, this is the
first study to report such findings regarding EA and parecoxib combination therapy for PDM. Indeed, EA + parecoxib
showed stronger effects on COX-2/NF-xB/NLRP 3 signaling pathway-related proteins than that of EA or parecoxib
administration alone.

The results of this study showed that electrical impulses have anti-inflammatory effects in PDM rats. EA regulated the
COX-2/NF-«B/NLRP3 signaling pathway and delayed, or prevented, the inflammatory response and pathological
damage of uterine tissue. This provides a potential new treatment option for menstrual pain and an alternative to
exclusive treatment with drugs, such as ibuprofen and parecoxib sodium. This study also revealed that the combination of
EA with parecoxib sodium may produce a synergistic therapeutic effect in PDM.

Our study has multiple strengths, including the use of a well-established PDM rat model and the comprehensive
analysis of both histopathological and molecular changes. The combination of behavioral, histological, and ultrastructural
assessments provides a robust evaluation of the effects of EA and parecoxib on PDM. Additionally, the use of TEM
allows for the detailed examination of cellular changes, providing valuable insights into the mechanisms underlying the
observed anti-inflammatory effects.

After the oxytocin-induced PDM model was established,®>*” the rats exhibited notable writhing responses, and the
levels of the pro-inflammatory factor PGF,, increased. These results indicate that oxytocin predominantly exerted a pro-
inflammatory effect under the specified experimental conditions, thereby successfully inducing dysmenorrhea-like
symptoms and validating the effectiveness of the model in simulating clinical dysmenorrhea. This aligns with the study’s
objectives and outcomes, and our findings confirm the pro-inflammatory role of oxytocin in acute PDM modeling.
Interestingly, recent studies suggest that oxytocin may also exert anti-inflammatory effects.® To further clarify the
mechanism of action of oxytocin in the model used in the present study, subsequent experiments should involve setting
different oxytocin dosage groups to thoroughly assess their dynamic impacts on inflammation and uterine contractions.
By building on the existing model, this approach will continuously refine and optimize the PMD modeling system,
thereby facilitating a more comprehensive and accurate elucidation of relevant physiological and pathological
mechanisms.
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There are also limitations that should be addressed in future research. We used histology, protein blotting, and ELISA
to determine protein expression but did not detect changes among factors at the gene level. Furthermore, we did not
isolate uterine cells to explore the precise regulatory mechanisms. While our findings suggest that EA and parecoxib can
effectively reduce inflammatory injury in the short term, longer-term studies are needed to determine the sustained effects
of these treatments. Additionally, while our findings suggest a potential mechanism involving the COX-2/NF-kB/NLRP3
pathway, further studies are needed to confirm this and to elucidate the precise molecular interactions involved.

Conclusion

In this study, we demonstrated the involvement of the COX-2/NF-kB/NLRP3 signaling pathway in the development of the
inflammatory response in PDM and that COX-2 may be a potential target for PDM treatment. Parecoxib sodium, which
targets COX-2, may have inhibited this signaling pathway in rats, thereby reducing uterine inflammation. EA delayed or
prevented inflammatory responses and pathological damage of uterine tissue, likely by regulating this pathway, which
suggests anti-inflammatory effects of electro-targeting in PDM model rats. The novel finding that inhibiting the COX-2
signaling pathway reduces the release of inflammatory mediators in PDM provides novel insights into the pathogenesis of
PDM and will help facilitate the identification of novel therapeutic targets. Furthermore, EA inhibition of COX-2 is
a potential new direction for future treatment of PDM and an alternative to ibuprofen. The combination of EA with parecoxib
markedly inhibited the release of inflammatory factors, which emphasizes the potential use of acupuncture combined with
drug treatments to inhibit PDM-associated inflammation and reduce the side effects of NSAIDs. This combination of anti-
inflammatory therapies may be a potential therapeutic strategy against PDM.
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