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ARTICLE INFO ABSTRACT
Keywords: Primary dysmenorrhea is a common gynecological disease with typical clinical symptoms and
Primary dysmenorrhea diverse treatment methods. Acupoint patch therapy is one of the traditional external treatments of

Graphene nuangong acupoint plaster

traditional Chinese medicine, with a long history, and has been widely used in the treatment of
Metabolomics

many diseases in China. Graphene nuangong acupoint plaster (GNGAP) developed based on
traditional acupoints and new materials have been used in the clinical treatment of primary
dysmenorrhea, and satisfactory therapeutic effects have been achieved. However, the underlying
mechanisms of GNGAP still need further investigation. In this study, we used estradiol benzoate
combined with oxytocin intraperitoneally to establish dysmenorrhea model rats, and observed the
torsion response, uterine organ coefficients, prostaglandin levels and metabolite changes of rats
with dysmenorrhea model after the intervention of GNGAP, to elucidate the mechanism of the
effect of GNGAP. Compared with normal rats, the dysmenorrhea model rats exhibited increased
writhing response and latency time, increased uterine organ coefficient, and significant changes
in 79 metabolites. Twenty-three significantly enriched pathways were discovered, including
amino acid metabolism, arachidonic acid metabolism, pyrimidine metabolism, and ovarian ste-
roidogenesis, which may be involved in the pathogenesis of primary dysmenorrhea. Compared
with the model group, the torsion response, latency time and uterine organ coefficient of rats in
the acupoint patch group were significantly improved, and nine uterine metabolites were
significantly altered, among which metabolites such as 4-pyridoxic acid, p-glucarate and Phenol
were identified as potential biomarkers for the therapeutic effects of GNGAP. Vitamin B6 meta-
bolism, Ascorbate and aldarate metabolism and Tyrosine metabolism were enriched in nine
metabolic pathways. These findings contribute to the screening study of potential pathological
metabolic pathways in primary dysmenorrhea. Additionally, they reveal the biological effects of
GNGAP in the treatment of primary dysmenorrhea at the metabolite level.

1. Introduction

Primary Dysmenorrhea (PD) is a common gynecological disease characterized by cyclic lower abdominal pain during the menstrual
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cycle, in the absence of pelvic pathological changes, and it typically occurs within 6-24 months after menarche, with an incidence rate
of 50 %-90 % among females [1]. The clinical symptoms of this disease have certain characteristic features, and the main symptom
experienced by patients is lower abdominal pain, which may radiate to the lower back and inner thighs. The pain is often spasmodic
and intermittent, with regular occurrence during menstruation. The nature of the pain is similar in each episode. Patients may also
experience discomfort such as nausea, vomiting, diarrhea, and headache, the severity of which can affect the sleep and quality of life
[2]. First-line medical treatments for PD include nonsteroidal anti-inflammatory drugs (NSAIDs) and hormones, both of which can
alleviate the clinical symptoms of PD by inhibiting the production of prostaglandins in the uterus, but they may also cause adverse
reactions, such as NSAIDs may lead to gastrointestinal discomfort in patients, while hormone medications may disrupt menstrual
patterns and even affect fertility [3]. In addition, surgical interventions, vasodilators, calcium channel blockers, Chinese herbs,
acupuncture, and transcutaneous electrical nerve stimulation (TENS) have shown certain clinical efficacy, but due to limitations in the
quality of clinical evidence, further validation of the effectiveness of some of these therapies is still required [4].

In recent years, there has been an increasing amount of research on the treatment of PD using both traditional Chinese medicine
(TCM) and Western medicine. And significant progress has been made in understanding the pathogenesis and therapeutic approaches
of this disease [5,6]. Acupoint application therapy is one of the traditional external treatments in TCM, which is not only has a simple
application method and no significant side effects but also reduces psychological stress during treatment, making it well accepted
among patients. Researchers found through network meta-analysis that acupoint application therapy has certain advantages in clinical
efficacy and symptom improvement for PD [7]. However, traditional acupoint application therapy has limitations regarding the onset
time, allergic reactions, drug penetration, and prescription formulation, which hinder its clinical promotion. To address these limi-
tations, the research team has upgraded the materials and improved the techniques used in acupoint application products. We have
incorporated water-soluble high-polymer medicinal adjuvants and graphene powder as carriers, utilizing their water solubility and
strong molecular adsorption capacity to effectively enhance the dissolution and mutual stabilization of active ingredients in Chinese
medicine, thereby improving transdermal drug penetration. Nevertheless, the mechanism of how graphene Nuangong acupoint plaster
(GNGAP) treats PD remains unclear. Therefore, in this study, we employed a rat model of PD and applied GNGAP for intervention. We
observed the twisting response, uterine organ coefficient, prostaglandin levels in the normal control group, model group, and graphene
nuangong acupoint plaster group of rats. Additionally, we analyzed uterine metabolites using non-targeted metabolomics techniques
to investigate the analgesic mechanism of GNGAP, providing new research insights into the external treatment methods of TCM.

2. Experimental material
2.1. Laboratory animals and groups

Eighteen female virgin SPF-grade SD rats (7-8 weeks old, weighing 200 + 20 g) were selected for this study. The rats were pur-
chased from Changchun Yisi Experimental Animal Technology Co., Ltd. (Jilin Province Experimental Animal Quality Certificate No.:
202200042265). All the rats were housed at the Animal Experimental Center of Changchun University of Chinese Medicine. After a 3-
day adaptation period, the rats were randomly divided into three groups: normal control group, model group, and graphene nuangong
acupoint plaster group, with 6 rats in each group. Roman numerals were used to mark the rats’ tails for differentiation after grouping.
This animal experimental protocol has been approved by the Ethics Review Committee for Animal Experiments of Changchun Uni-
versity of Chinese Medicine, with approval number: 2022005.

2.2. Main reagents and instruments

Project-specific Graphene Nuangong Acupoint Plaster (1 cm * 1 cm size, Jilin Ailuokang Pharmaceutical Technology Development
Co., Dedicated to National Key R&D Program Projects); Estradiol Benzoate Injection (Harbin Sanma Veterinary Pharmaceutical Co.,
Ltd, Certificate No. (2018) Veterinary Drug GMP Certificate No. 08006, Approval No. (2018) Veterinary Drug GMP Certificate No.
080232511, specification 2 ml: 4 mg); Peptide Injection (Hefei Xinkexin Animal Pharmaceutical Co., Ltd, Certificate No. (2020)
Veterinary Drug GMP Certificate No. 12010, Approval No. Veterinary Drug No. 120031571, specification 1 ml); ELISA kits for PGF2u
(Wuhan Fabre Biotechnology Co., Ltd, Batch No. E-ELR0795c) and PGE2 (Wuhan Fabre Biotechnology Co., Ltd, Batch No. E-EL-
0034c).

Acetonitrile (Brand: Fisher Chemical, Grade: Ultra-pure, High-purity, Content: 99.9 %, Product Specification: 4L, [tem No.: A955-
4); Ammonium Acetate (Brand: Sigma, Purity: >99.0 %, Product Specification: 25 g, Item No.: 73594); Methanol (Brand: Fisher
Chemical, Purity: OPTIMA LC/MS, Specification: 4L, Item No.: A456-4); Ammonia (Brand: Fisher Chemical, Grade: Ultra-pure, High-
pure, Content: 99.9 %, Product Specification: 2.5LT, Item No.: A470-500).

Mass Spectrometer (AB Triple TOF 6600 Mass Spectrometer, Q Exactive Series Mass Spectrometer); LC Ultra-High Pressure Liquid
Chromatograph (Agilent 1290 Infinity LC Ultra-High Pressure Liquid Chromatograph, Vanquish UHPLC Ultra-High Pressure Liquid
Chromatograph); Cryogenic High Speed Centrifuge (Eppendorf 5430R); chromatographic column (Waters ACQUITY UPLC BEH
Amide, 1.7 pm, 2.1 x 100 mm column).
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3. Experimental methods
3.1. Animal modeling

According to the relevant literature [8,9] and preliminary experiments, the project team used a combination of benzoic acid es-
trogens and oxytocin to prepare a rat model of PD. After an adaptation period of 3 days, except for the normal group, all rats were
injected subcutaneously with a combination of benzoic acid estrogens and oxytocin to establish the rat model of primary dysmen-
orrhea. The inguinal region of the rats was chosen as the subcutaneous injection area. On the 1st and 13th day, benzoic acid estrogens
were injected subcutaneously at a volume of 0.5 ml per rat, and from the 2nd to the 12th day, a dosage of 0.2 ml per rat was
administered. Twenty-four hours after the last injection of estrogen, each rat was intraperitoneally injected with 2U of oxytocin.
During this period, the normal group received an equivalent amount of distilled water injection.

3.2. Methods of intervention

Three groups of rats were subjected to abdominal hair removal prior to the experiment, exposing the entire abdomen. During the
experiment, the regrowth of abdominal hair in each group of rats was observed and weighed. If there was regrowth, a second hair
removal treatment was performed. The normal group received no intervention other than the aforementioned procedures. The model
group underwent modeling without any other interventions. Starting from the fourth day of modeling, the graphene warm uterus
acupoint patches group applied acupoint patches on the lower abdomen and lower limbs at the Sanyinjiao acupoint area of the rats.
The patches were applied continuously for 5 h once a day for 10 consecutive days. To prevent the patches from falling off, the
application sites were secured with medical adhesive tape. To minimize the interference caused by tape fixation, all three groups of rats
had the adhesive tape fixed at the same location.

3.3. Evaluation indicators

3.3.1. Twisting frequency

After the administration of the final oxytocin injection, each group of rats was individually placed in an observation cage. The
number of twisting reactions and the latency period of twisting within a 30-min period were recorded for each rat. Except for the
normal group, the other groups of rats showed an increased number of twisting episodes. The rats primarily exhibited a contracted
concave abdomen, torsion of the trunk, extension of the hind limbs, and raised hips. The presence of these behaviors indicated suc-
cessful modeling.

3.3.2. Coefficient of uterine organs

After the observation of twisting behavior, the rats were anesthetized by intraperitoneal injection for uterine dissection. The
personnel involved in specimen collection swiftly extracted fresh uterine tissue on an ice tray. The uterine tissue was then rinsed with
homemade pre-chilled PBS buffer to remove blood and any adipose or connective tissues. Afterward, the uterine organ coefficient was
measured using an electronic balance. The weighed uterine tissue was sealed in EP tubes and rapidly frozen using liquid nitrogen
before being stored at —80 °C in a freezer. The organ coefficient was calculated as the ratio of uterine weight (g) to rat body weight (g),
multiplied by 100 %.

3.3.3. Uterine prostaglandin levels

An appropriate amount of frozen uterine tissue was weighed and mixed with 9 times the volume of PBS solution. The mixture was
homogenized in a cold grinding machine at 4 °C. After centrifugation at 3000 rpm for 20 min, the supernatant was separated to obtain
a 10 % tissue homogenate. Following the instructions provided in the manual, an ELISA assay kit was used to measure the levels of
PGE2 and PGF2a in the uterine tissue.

3.3.4. Metabolomics detection

A 200 mg portion of thawed uterine tissue was taken and mixed with a pre-chilled solution of methanol, acetonitrile, and water in a
1:1:1 ratio. The mixture was thoroughly homogenized using a vortex oscillator, followed by 30 min of low-temperature ultrasound
treatment and a 10-min incubation at —20 °C. The sample solution was then subjected to centrifugation for 20 min in a low-
temperature high-speed centrifuge (speed: 14,000 rpm, temperature: 4 °C). After successful centrifugation, the supernatant was
collected and dried under vacuum. For subsequent mass spectrometry analysis, 100 pL of acetonitrile-water solution was added to
dissolve the sample, followed by another 15 min of low-temperature high-speed centrifugation. Finally, the supernatant was collected
for analysis.

All samples were separated using the Agilent 1290 Infinity LC Ultra-High Performance Liquid Chromatography (UHPLC) system
with a HILIC chromatographic column. During the instrumental analysis process, the samples were kept in an automatic sampler at
4 °C. To minimize the impact of instrument detection signals on the results, a random order was used for data analysis of each in-
dividual sample. Additionally, during the detection process, quality control (QC) samples prepared earlier were included in the
detection sequence to assess the stability and reliability of the detection system and ensure the credibility of the obtained results. After
the chromatographic system described above, the researchers used an AB Triple TOF 6600 mass spectrometer to collect the primary
and secondary spectra of the samples for mass spectrometry analysis. The detection mode employed was electrospray ionization (ESI)
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in both positive and negative ion modes. The secondary mass spectra were collected in data-dependent acquisition (DDA) mode, and
the inclusion of spectra was based on peak intensity values. In each scan, up to 10 fragmentation spectra were generated and included
for analysis.

3.4. Analysis of experimental data

For the analysis of data related to rat twisting observation, uterine weighing, and prostaglandins, SPSS 26.0 was used to assess
differences. Numeric values were presented as mean + standard deviation (Mean + SD). One-way analysis of variance (ANOVA) was
performed for multiple group comparisons, with P < 0.05 indicating statistical significance.

After chromatography-mass spectrometry analysis, the raw data were converted to .mzXML format using ProteoWizard software.
The converted data were then uploaded to XCMS plus software for spectral processing and database searching. Preliminary screening
of identified metabolites was conducted based on parameters such as retention time and mass-to-charge ratio. A retention time de-
viation range of 0.2 min and a mass deviation range of 5 ppm were set. Peak alignment was performed for samples from different
groups to ensure the accuracy of identification results. After retention time correction, peak areas of the samples were obtained.

The structures of the identified metabolites were determined using accurate mass matching (<25 ppm) and matching of secondary
spectra. Relevant data were retrieved from self-built databases (mzCloud/mzVault/Masslist). The data were preprocessed by Pareto
scaling before conducting multidimensional statistical analysis. S-plots and VIP (variable importance in projection) values were ob-
tained after OPLS-DA (orthogonal partial least squares-discriminant analysis) modeling. For univariate analysis, t-tests were used to
calculate whether the differences in metabolites between two groups were statistically significant (P < 0.05). Additionally, fold change
(FC) values representing the magnitude of differences between metabolite groups were calculated, with a threshold of 1.5 for selecting
differentially expressed metabolites and a total VIP threshold of 1 for OPLS-DA. The data processing in this study was performed using
the Windows 10 operating system, as well as R and Python. After retrieval from databases such as KEGG, HMDB, and LIPIDMaps,
differentially expressed metabolites were annotated, and their biological functions and metabolic pathways were analyzed.

4. Findings
4.1. Twisting responses and uterine organ coefficients of each group

The normal control group of rats did not exhibit any twisting responses, and their uterine organs showed no significant swelling. In
comparison to the normal control group, the model group of rats had a significantly increased number of twisting episodes (P < 0.01)
(Fig. 1A), a shortened latency period for twisting (P < 0.01)(Fig. 1B), and a significantly increased uterine organ coefficient (P < 0.01)
(Fig. 1C). In contrast, compared to the model group, the graphene nuangong acupoint plaster group of rats showed a significant
decrease in the number of twisting episodes (P < 0.05)(Fig. 1A), an extended latency period for twisting (P < 0.05)(Fig. 1B), and a
significantly reduced uterine organ coefficient (P < 0.01) (Fig. 1C).

4.2. Uterine prostaglandin levels

Compared to the normal control group, the model group exhibited a significant increase in PGFy, levels (P < 0.01)(Fig. 2A) and a
significant decrease in PGE; levels (P < 0.01)(Fig. 2B)in the uterine tissue. Additionally, the PGF5,/PGE; ratio was significantly higher
in the model group (P < 0.01)(Fig. 2C). In comparison to the model group, the graphene nuangong acupoint plaster group showed a
significant decrease in PGFq, levels (P < 0.05)(Fig. 2A), a significant increase in PGE; levels (P < 0.05)(Fig. 2B), and a significant
decrease in the PGF5,/PGE; ratio (P < 0.01) in the uterine tissue (Fig. 2C).
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Fig. 1. Effect of GNGAP on the apparent indexes of PD model rats. Comparison of (A) number of twisting episodes, (B) latency period for twisting,
(C) uterine organ coefficient.

Note: Control: Normal control group; Model: Model group; Plaster: Graphene nuangong acupoint plaster group. ** indicates P < 0.01 compared to
the control group; # indicates P < 0.05, ## indicates P < 0.01 compared to the model group.
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Fig. 2. Effect of GNGAP on the levels of PGF4, and PGE; in the uterine tissue of PD model rats. Comparison of (A) PGFy, levels, (B) PGE, levels, (C)
PGF»,/PGE, ratio.

4.3. Results of metabolomics analysis

4.3.1. Partial least squares discriminant analysis (PLS-DA)

Further analysis of the metabolic profiles in uterine samples from the normal control group, model group, and graphene nuangong
acupoint plaster group was conducted using supervised discriminant analysis, specifically Partial Least Squares Discriminant Analysis
(PLS-DA). The PLS-DA scatter plot, shown in Fig. 3, reveals distinct separation between the three groups.To validate the effectiveness
of the model, a repeated cross-validation process was performed to obtain model evaluation coefficients. R? represents the explanatory
power of the model, while Q? indicates the predictive ability of the model. A higher Q? value closer to 1 indicates better predictive
capability of the model. The R? value is 0.9674, Q2 is 0.7307, and Q2 is 0.864. The results demonstrate that the model can reliably
explain and predict the differences between the three groups of samples.

4.3.2. Orthogonal partial least squares discriminant analysis (OPLS-DA)

The supervised identification and multivariate statistical analysis technique, Orthogonal Partial Least Squares Discriminant
Analysis (OPLS-DA), was employed to establish correlation models between the expression of metabolites and individual samples in
each group. OPLS-DA can eliminate interference from factors unrelated to the classification information, thus improving the analytical
and effective capabilities of the model. As shown in Fig. 4, the R%X value between the normal control group and the model group is
0.667, R%Y is 0.991, and Q2 is 0.864. These values indicate that the X and Y variables explain 66.7 % and 99.1 % of the model’s
variation, respectively. If new data were to be included to construct the model, the predictability of the model for grouping accuracy
would reach 86.4 %. The R2X value between the model group and the graphene nuangong acupoint plaster group is 0.588, R%Y is
0.999, and Q2 is 0.579. These results suggest that the constructed model is reliable.

4.3.3. Significantly different metabolites

The OPLS-DA model was utilized to analyze metabolites with significant differences between groups. The criteria for determining
differentially expressed metabolites were set as having a Variable Importance for the Projection (VIP) value greater than 1 and a p-
value less than 0.05 based on one-way analysis of variance (ANOVA).

According to the aforementioned screening criteria, a total of 79 differentially expressed metabolites were identified between the
model group and the normal group. Among them, 40 metabolites were identified in the positive ion mode, while 39 were identified in
the negative ion mode. Among the 23 enriched metabolic pathways significantly associated with the model group compared to the
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Fig. 3. (A): the PLS-DA scatter plot of the normal control group, model group, and graphene nuangong acupoint plaster group in total ion mode is
displayed; (B): the permutation test of the PLS-DA model for the normal control group, model group, and graphene nuangong acupoint plaster group
in total ion mode is shown.
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Fig. 4. (A): Plot of OPLS-DA scores for the normal control group and the model group; (B): Plot of OPLS-DA scores for the model group and the
graphene nuangong acupoint plaster.

normal group, there were 27 differentially expressed metabolites, as shown in Table 1. Hierarchical super class classification revealed
that the differentially expressed metabolites were mainly concentrated in lipid and lipophilic molecules, organic acids and their de-
rivatives, and organic oxygen compounds. Metabolites such as maltotriose, Uridine 5-monophosphate, taurocholate, 4-aminobutyric
acid and pyruvate, and phosphocholine were significantly up-regulated in the model group, and metabolites such as 20-hydroxyara-
chidonic acid, pregnenolone, 2-aminoadipic acid, thymine, and glycine were significantly down-regulated.

In comparison between the graphene nuangong acupoint plaster group and the model group, a total of 9 significantly different
metabolites were identified, with 2 in the positive ion mode and 7 in the negative ion mode. Among these, 3 metabolites were
downregulated, while 6 metabolites were upregulated. The details are shown in Table 2.

4.3.4. Metabolic pathway analysis

The metabolic pathways associated with Parkinson’s disease (PD) were analyzed using the KEGG database (Kyoto Encyclopedia of
Genes and Genomes, http://www.kegg.jp/) and the MetaboAnalyst 4.0 platform. Fisher’s Exact Test was employed to screen for
significantly enriched metabolic pathways (P < 0.05) or pathways with an impact factor >0. The biological processes of key pathways
were further analyzed. In the comparison between the model group and the normal group, 23 significantly enriched metabolic
pathways were identified, as shown in Table 3. Among them, there were 10 pathways that showed highly significant correlations (P <
0.01), including amino acid metabolism, arachidonic acid metabolism, and pyrimidine metabolism. Additionally, there were 13
pathways that showed significant correlations (P < 0.05), including ovarian steroidogenesis, arginine biosynthesis, and niacin and
nicotinamide metabolism. Within the arachidonic acid metabolism pathway, three types of differentially expressed metabolites were
found, including prostaglandin D2, 20-hydroxyeicosatetraenoic acid, and phospholipids. Within the ovarian steroidogenesis pathway,
pregnenolone ketone was significantly upregulated, indicating its involvement in progesterone synthesis.

The differential metabolites between the graphene nuangong acupoint plaster group and the model group were subjected to
pathway analysis, revealing 9 metabolic pathways, as shown in Table 4. Among them, Vitamin B6 metabolism showed a significant
correlation (P < 0.05). Other pathways such as Ascorbate and aldarate metabolism, Tyrosine metabolism, and Nicotinate and nico-
tinamide metabolism may be considered as potentially correlated metabolic pathways (P > 0.05).

5. Discussion

Graphene and its derivatives possess excellent antibacterial properties, drug-loading capabilities, biocompatibility, and low
toxicity, making them widely utilized in the field of biomedicine [10,11]. Additionally, polymer hydrogels exhibit favorable char-
acteristics such as antimicrobial activity, conductivity, antioxidant properties, and adhesion. They are commonly used as clinical
dressings to promote wound healing and enhance transdermal drug permeation [12,13]. Graphene Nuangong Acupoint Plaster
combine traditional herbal formulations with materials like graphene and hydrogels as drug carriers. These patches aim to address the
limitations of traditional topical therapy, including short onset time, skin sensitivity, and low transdermal drug delivery rate, providing
a new approach for the treatment of PD.

The prescription of Graphene Nuangong Acupoint Plaster includes Corydalis yanhusuo, cloves, cinnamon, dried ginger, Sinapis
semen, Cistanche deserticola, fennel, Sichuan pepper, mugwort leaf, Cyperus rotundus, and Evodia rutaecarpa. These herbs are mixed
in equal proportions with 1 %o graphene powder. The main active component of Corydalis yanhusuo, tetrahydropalmatine (THP), is a
natural alkaloid that has been used to treat various types of pain and inflammatory diseases [14]. Researchers have found that the
major chemical constituents of Corydalis yanhusuo can exert analgesic effects by inhibiting glial cell activation and inducing apoptosis,
as well as exhibiting anti-inflammatory effects by reducing endogenous inflammatory factor levels [15,16]. Euodiae Fructus contains
multiple pharmacologically active components with anti-inflammatory, analgesic, and antimicrobial properties. It can also regulate
levels of PGE,, ET-1, P2X3, and Ca®" in the uterine smooth muscle of rats with dysmenorrhea, improving the tension state of the
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Table 1
Potential differential metabolites in primary dysmenorrhea model rats.
Name Fold. p- VIP m/z rt(s) adduct Trend ESI  SuperClass
change value
Maltotriose 11.112 0.000 11.444  503.161 451.759 [M-H]- 1 - Organic oxygen compounds
Uridine 5-monophosphate 8.928 0.000 5.758 325.113  439.185  [M+H]+ T + Nucleosides, nucleotides,
and analogues
Taurocholate 6.703 0.006 2.767 514.283  199.036 [M-H]- t - Lipids and lipid-like
molecules
Isomaltose 4.651 0.000 7.824 341.108  391.152 [M-H]- t - Organic oxygen compounds
Trehalose 4.585 0.000 9.641 360.150 371.668  [M+NH4]+ 1 + Organic oxygen compounds
p-Maltose 4.009 0.000 3.354 401.129  390.981 (M-+CH3CO00)- ) - Organooxygen compounds
Maltose 3.701 0.000 6.688 365.105  371.395 [M-+Na]+ T + Organic oxygen compounds
4-Aminobutyric acid(GABA) 3.630 0.000 3.025 104.070 349.747 [M+H]+ T + Organic acids and
derivatives
Cellobiose 3.458 0.000 1.762 381.079 372113 (M+K)+ T + Organic oxygen compounds
Taurochenodeoxycholate 2.968 0.006 2.224 498.288 157.559  [M-H]- 1 - Lipids and lipid-like
molecules
Pyruvate 2.822 0.005 6.750 87.009 123.461  [M-H]- 1 - Organic acids and
derivatives
1-(3-pyridyl)-1-butanone-4- 2.471 0.001 1.710 134.080  58.694 [M+H- 1 + Organic acids and
carboxylic acid CH202]+ derivatives
Phosphocholine 2.085 0.007 5.565 367.139  473.072 [2 M+H]+ T + Organic nitrogen
compounds
2-Deoxycytidine 5- 1.941 0.002 1.023 323.077  478.738  (M+NH4-2H)- 1 - Nucleosides, nucleotides,
monophosphate (dCMP) and analogues
L-citrulline 1.760 0.002 1.338 174.088 390.498 [M-H]- t - Organic acids and
derivatives
Fructose 1,6-diphosphate 1.572 0.032 1.346 338.988  501.130 [M-H]- t - Organic oxygen compounds
Argininosuccinic acid 1.540 0.006 1.523 291.129 459.852 [M+H]+ 1 + Organic acids and
derivatives
PGD2 0.664 0.025 2.069 351.217 116.173  [M-H]- ! - Lipids and lipid-like
molecules
L-Tyrosine 0.663 0.041 1.360 182.080 314.955 (M+H)+ | + Organic acids and
derivatives
PC(16:0/16:0) 0.661 0.006 4.453 734.568  69.473 [M-+H]+ ! + Lipids and lipid-like
molecules
Thymidine 5'-monophosphate 0.646 0.032 1.202 321.039 69.341 [M-H]- | - Nucleosides, nucleotides,
and analogues
Glycine 0.586 0.008 2.550 74.024 363.125 (M-H)- | - Organic acids and
derivatives
Thymine 0.509 0.002 2.236 125.035  73.809 [M-H]- l - Organoheterocyclic
compounds
2-aminoadipic acid 0.440 0.010 1.142 162.075 392.364 [M+H]+ | + Organic acids and
derivatives
12s-hydroxy-5z,8z,10e,14z- 0.304 0.004 9.154 319.227  37.168 [M-H]- ! - Lipids and lipid-like
eicosatetraenoic acid molecules
Pregnenolone 0.261 0.032 1.506 317.246  32.161 [M-+H]+ ! + Lipids and lipid-like
molecules
20-hydroxyarachidonic acid 0.100 0.002 1.283 639.460 53.511 [2M-H]- | - Lipids and lipid-like
molecules

uterine smooth muscle [17]. Additionally, various extracts of Euodiae Fructus, such as rutaecarpine (Rut), dehydroevodiamine (Deh),
and evodianinine (Evo), have been found to possess analgesic and anti-inflammatory effects [18,19]. The main chemical component of
cloves is clove volatile oil, which exhibits antioxidant, anti-inflammatory, antibacterial, and analgesic effects, while also promoting
transdermal absorption [20,21]. Previous studies have shown that polyphenols in cinnamon can modulate macrophage
anti-inflammatory phenotypes, and cinnamaldehyde (CA) can inhibit the expression of pro-inflammatory cytokines [22,23].
Furthermore, the essential oil of Cinnamomum species can reduce the levels of PGFy, Ca®*, and cyclooxygenase-2 (COX-2) in uterine
tissues, thereby alleviating uterine smooth muscle spasms in a dysmenorrhea rat model [24]. Fennel contains volatile oils, organic
acids, sterols, and other components that have anti-inflammatory, antioxidant, and antibacterial effects. They can reduce the intensity
of uterine contractions induced by oxytocin and PGE; in dysmenorrhea rats [25,26]. Researchers have found that Cistanche deserticola
extracts can improve oxidative stress, DNA damage, cell apoptosis, and inflammatory injury [27,28]. Additionally, Sichuan pepper
[29,30], mugwort leaf [31,32], and Cyperus rotundus [33] contain volatile oils and their main constituents, which exhibit
anti-inflammatory, antioxidant, and analgesic effects. Dried ginger can improve the pathological condition of the uterus in a Par-
kinson’s disease rat model by modulating the ERK1/2/NF-kB signaling pathway mediated by transient receptor potential (TRP) ion
channels [34]. In summary, the pharmaceutical ingredients of GNGAP possess analgesic and anti-inflammatory properties, providing
assurance for the treatment of PD.

After modeling with combined estradiol and oxytocin, significant changes in prostaglandins were observed in the uteri of model
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Table 2
Differential metabolites screened in the graphene nuangong acupoint plaster group vs. model group.
Name Fold. p- VIP m/z rt(s) adduct Trend ESI  SuperClass
change value

Orotidine 1.638 0.027 2.266  287.051  310.040 [M-H]- 1 - Organoheterocyclic
compounds

1-Methylnicotinamide 0.621 0.023 3.980 137.070 271.831 M+ | + Organoheterocyclic
compounds

4-pyridoxic acid 3.599 0.001 1.909 182.045 43.610 [M-H]- 1 - Organoheterocyclic
compounds

p-glucarate 1.655 0.037 2.461 208.985 160.184 [M-H]- 1 - Organic oxygen
compounds

Philanthotoxin 74 2.132 0.013 1.231 433.330 102.457 [M-H]- 1 - Organic acids and
derivatives

Tetrahydrocorticosterone 2.789 0.004 5.529  349.237 139.971 [M-H]- 1 - Lipids and lipid-like
molecules

Siduron 0.644 0.031 2.560 137.070 343.349 [M+H- | + Benzenoids

C7H12]+
Phenol 1.760 0.026 2.602 93.0344 26.926 [M-H]- 1 - Benzenoids
1-Palmitoyl-2-oleoyl-sn-glycero-3- 0.261 0.018 2921 673.480 36.977 (M-H)- 1 - NA
phosphate

Note: NA: Not identified to.

Table 3
Significant enrichment of metabolic pathways in model group vs. normal group.
Map_Name p- richFactor ~ Related Metabolites
value
Starch and sucrose metabolism 0.0007 0.1081 p-Maltose, Isomaltose, Cellobiose, Maltose, Trehalose
Central carbon metabolism in cancer 0.0007  0.1081 Fructose 1,6-diphosphate, Glycine, Pyruvate, 1-Tyrosine
Biosynthesis of amino acids 0.0029  0.0469 Glycine, L-citrulline, Pyruvate, 2-aminoadipic acid, Argininosuccinic acid, 1-Tyrosine
Alanine, aspartate and glutamate 0.0036  0.1071 Pyruvate, 4-Aminobutyric acid(GABA), Argininosuccinic acid
metabolism
Thiamine metabolism 0.0049 0.0968 Glycine, Pyruvate, L-Tyrosine
Cholesterol metabolism 0.0053  0.2000 Taurochenodeoxycholate, Taurocholate
Pyrimidine metabolism 0.0059  0.0615 2-Deoxycytidine 5-monophosphate (dACMP), Thymidine 5-monophosphate, Thymine,
Uridine 5-monophosphate
Choline metabolism in cancer 0.0064 0.1818 PC(16:0/16:0), Phosphocholine
Synaptic vesicle cycle 0.0077  0.1667 Glycine, 4-Aminobutyric acid(GABA)
Arachidonic acid metabolism 0.0097 0.0533 12s-hydroxy-5z,8z,10e,14z-eicosatetraenoic acid, 20-hydroxyarachidonic acid, PGD2, PC
(16:0/16:0)
Primary bile acid biosynthesis 0.0155  0.0638 Glycine, Taurochenodeoxycholate, Taurocholate
ABC transporters 0.0182 0.0365 p-Maltose, Glycine, Maltotriose, Cellobiose, Maltose, Trehalose
Retrograde endocannabinoid signaling 0.0189  0.1053 4-Aminobutyric acid(GABA), PC(16:0/16:0)
Neuroactive ligand-receptor 0.0203  0.0577 Glycine, PGD2, 4-Aminobutyric acid(GABA)
interaction
Nicotinate and nicotinamide 0.0235 0.0545 Pyruvate, 1-(3-pyridyl)-1-butanone-4-carboxylic acid, 4-Aminobutyric acid(GABA)
metabolism
Aldosterone synthesis and secretion 0.0250  0.0909 12s-hydroxy-5z,8z,10e,14z-eicosatetraenoic acid, Pregnenolone
AMPK signaling pathway 0.0250  0.0909 Fructose 1,6-diphosphate, Pyruvate
Taurine and hypotaurine metabolism 0.0250  0.0909 Pyruvate, Taurocholate
Arginine biosynthesis 0.0272  0.0870 L-citrulline, Argininosuccinic acid
Ovarian steroidogenesis 0.0294 0.0833 12s-hydroxy-5z,8z,10e,14z-eicosatetraenoic acid, Pregnenolone
Glucagon signaling pathway 0.0342  0.0769 Fructose 1,6-diphosphate, Pyruvate
Carbohydrate digestion and absorption ~ 0.0367  0.0741 p-Maltose, Maltotriose, Maltose
Taste transduction 0.0500 0.0625 p-Maltose, 4-Aminobutyric acid(GABA), Maltose

rats, along with torsion responses and a significant increase in uterine organ coefficient, indicating successful modeling in this study.
The metabolism of arachidonic acid plays an important role in the occurrence and development of inflammatory reactions. Arach-
idonic acid and its metabolites, such as prostaglandins and leukotrienes, directly regulate inflammatory factors in the body [35,36].
Fang Hong et al. [37] found that differential metabolites in the serum of PD model rats were mainly enriched in biological metabolic
pathways such as arachidonic acid, unsaturated fatty acids, nitrite, and amino acids. In this study, compared to the normal group,
differential metabolites in the uterus of the model group rats were significantly enriched in the AA metabolic pathway, and significant
changes were observed in PGD,, 20-HETE, lecithin, and 12(S)-HETE in this pathway. Li Na et al. [38] discovered 31 differential
metabolites in the serum of PD model rats, including cholesterol, 1-tyrosine, and citric acid, which are mainly involved in primary bile
acid synthesis, various amino acid and glycerophospholipid biosynthesis in the body. Lama Assaf et al. [39] suggested that the
mTOR/AMPK signaling pathway promotes uterine cell growth, migration, and proliferation through the regulation of steroids and
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Table 4
Enrichment of KEGG pathway in uterine tissue samples of graphene nuangong acupoint plaster group vs. model group.
Map_Name p.value richFactor Related Metabolites
Vitamin B6 metabolism 0.0462 0.0357 4-pyridoxic acid
Protein digestion and absorption 0.0765 0.0213 Phenol
Ascorbate and aldarate metabolism 0.0797 0.0204 p-glucarate
Nicotinate and nicotinamide metabolism 0.0890 0.0182 1-Methylnicotinamide
Pyrimidine metabolism 0.1045 0.0154 Orotidine
Tyrosine metabolism 0.1242 0.0128 Phenol
Bile secretion 0.1523 0.0103 1-Methylnicotinamide
Steroid hormone biosynthesis 0.1553 0.0101 Tetrahydrocorticosterone
Metabolic pathways 0.5655 0.0018 4-pyridoxic acid, p-glucarate, Orotidine, Phenol, 1-Methylnicotinamide

other hormones, thereby improving uterine inflammation and oxidative stress response. In this study, 79 differential metabolites were
screened in the uterine tissues of the model group compared to the blank group, mainly enriched in 23 significantly metabolic
pathways, including primary bile acid biosynthesis, AMPK signaling pathway, and ovarian steroidogenesis. Among these 23 metabolic
pathways, 27 relevant differential metabolites were identified. These findings are consistent with previous studies while also iden-
tifying potential biomarkers for PD occurrence.

The results of this study showed that GNGAP significantly regulated the levels of PGFy, and PGE, in the uteri of PD model rats,
thereby reducing the number of torsion responses and the uterine organ coefficient in the model rats. Metabolomic analysis revealed
that compared to the model group, 9 differential metabolites were identified in the uteri of the graphene nuangong acupoint plaster
group rats, including 4-pyridoxic acid, p-glucarate, orotidine, tetrahydrocorticosterone, phenol, 1-methylnicotinamide, philanthotoxin
74, siduron, and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate. 4-Pyridoxic acid is a degradation product of vitamin B6, and it was
significantly upregulated in the uteri of the graphene nuangong acupoint plaster group rats compared to the model group, with sig-
nificant enrichment in the Vitamin B6 metabolism pathway. B-complex vitamins can regulate inflammation and neurotransmitter
levels in neuropathic pain, and they possess anti-inflammatory, antioxidant, and nerve repair functions [40]. Per Magne Ueland et al.
[41] suggested that vitamin B6, as a co-factor, participates in immune regulation and related metabolic pathways at the local site of
inflammation. Further research has shown that vitamin B6 not only inhibits the NF-xB and MAPK signaling pathways but also regulates
the activity of sphingosine-1-phosphate lyase (SPL) in macrophages, reducing the level of sphingosine-1-phosphate (S1P) and exerting
anti-inflammatory effects [42]. p-glucarate is one of the glucose derivatives found in fruits and vegetables and can also be secreted in
small amounts in mammalian bodies. Compared to the model group, there was a significant increase in p-glucarate in the uteri of the
graphene nuangong acupoint plaster group rats. Studies have shown that metabolites derived from the oxidation of p-glucarate can
participate in body metabolism, lower estrogen levels, regulate hormone environments, and possess antioxidant properties [43,44]. In
addition, there was a significant increase in phenol in the uteri of the graphene nuangong acupoint plaster group rats compared to the
model group. Researchers have found that phenolic compounds in blood-activating and stasis-resolving herbal medicines can alleviate
the contraction of uterine smooth muscle in PD model rats, thereby providing analgesic effects [45]. 1-Methylnicotinamide is a direct
metabolite of niacin and has various immune-regulatory properties, and it can inhibit the activation of the NLRP3 inflammasome by
regulating reactive oxygen species levels [46]. Moreover, niacin is catalyzed by nicotinamide N-methyltransferase to generate 1-Meth-
ylnicotinamide, and overexpression of nicotinamide N-methyltransferase can activate the STAT3/IL1p/PGE2 pathway, leading to
worsened inflammatory reactions [47]. Compared to the model group rats, there was a significant decrease in 1-Methylnicotinamide in
the uteri of the graphene nuangong acupoint plaster group rats.

In addition to the pharmacological effects, graphene nuangong acupoint plaster also includes the stimulation of acupoints. In this
study, we selected Guanyuan (CV4), Sanyinjiao (SP6), and Zigong (EX-CA1) as the application sites. Guanyuan, Zigong, and Sanyinjiao
are commonly used for the treatment of PD [48,49], with Sanyinjiao having an immediate analgesic effect and causing changes in
cerebral blood flow (CBF) in specific brain regions [50]. The graphene nuangong acupoint plaster exerts intervention effects through
the combination of drug formulation and acupoint stimulation, regulating prostaglandin levels in the uteri of rats with primary
dysmenorrhea, reducing twisting responses and uterine organ coefficients, and affecting the expression of uterine metabolites and
related metabolic pathways. However, further research is still needed.

This study found that the induction of PD in rats with benzoic acid estradiol combined with oxytocin resulted in uterine metabolic
disorders, affecting 23 metabolic pathways including amino acid metabolism, arachidonic acid metabolism, ovarian steroidogenesis,
and nicotinate and nicotinamide metabolism. Graphene Nuangong Acupoint Plaster were able to regulate uterine metabolites in
primary dysmenorrhea rats, reducing torsion responses and uterine coefficients by intervening in metabolic processes such as Vitamin
B6 metabolism, protein digestion and absorption, and nicotinate and nicotinamide metabolism. This study is the first to use uterine
metabolomics to reveal the biological mechanism of GNGAP in treating PD and further explore the potential pathogenesis of PD,
providing new insights and strategies for the diagnosis and treatment of this disease.
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