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SUMMARY

Endometriosis (EMS) is a prevalent disease and the etiologies has not uniform. Microbiota is associated
with human diseases. To delve into the relationship between EMS and microbiota, Ectopic (EM) and eu-
topic (EU) endometrial tissues, pharyngeal swabs, and stools were collected from EMS patients. The mi-
crobiota composition of EM and EU partially overlapped, with similar taxon numbers and diversity, but
the richness levels were significantly different. A comparison of intestinal microbes in healthy individuals
(FN) and EMS patients (FE) revealed that the richness of Enterococcus, Pseudomonas, Haemophilus, and
Neisseria was enhanced in FE. In addition, Enterococcus-induced mice (EFA) presented with a higher de-
gree of lesion infiltration and awider distribution of lesions. Proteomic analysis revealed the expression of
plant homeodomain finger 11 (PHF11) was notably downregulated in EFA. And the downregulated
expression of PHF11 was accompanied by the upregulated expression of interleukin 8 (IL-8). Our findings
suggest a potential regulatory mechanism for PHF11 in EMS development.

INTRODUCTION

Endometriosis (EMS) develops when endometrial tissues with growth functions are present outside the mucosal lining of the uterine cavity.

Pathologically, the disease may manifest as ovarian (an endometriotic cyst), peritoneal, or infiltrative EMS or adenomyosis, among which an

endometriotic cyst, a type of ovarian tumor, is the most common. EMS is prevalent among women of childbearing age. In recent years, the

incidence has exhibited a younger trend, and morbidity continues to increase annually, reaching 10–15%. In addition, 30–40% of gynecolog-

ical disease-related surgeries are performed to treat EMS.1 As a benign gynecological disease, it also demonstratesmalignant behaviors such

as invasion and implantation, with a cancer rate of 0.7–1.0%.

Several high-risk factors are associated with the disease: (1) immune dysfunction: EMS is possibly an autoimmune disease, as the patients

usually suffer from local/systemic abnormalities in cellular or humoral immune function; (2) menstrual abnormalities: the onset of EMS is often

accompanied by an excessive volume of menstrual blood; (3) genetic factors: patients with a positive family history of EMS are younger when

the disease occurs and experience more severe symptoms, suggestive of familial aggregation and an association between the disease and

genetic factors. The genes responsible for the development of EMS and ovarian tumors are homologous.2 Currently, not all hypotheses on

EMS etiologies yield a convincing conclusion, and the pathogenesis remains ambiguous. Menstrual blood reflux is considered a potential

trigger, and immune system dysfunction is a significant factor.3 Ectopically implanted endometrium is as invasive as malignant cells, and

the invasion process primarily comprises of three steps: adhesion, angiogenesis, and implantation.4 Immune mechanisms are involved in in-

vasion via numerous adhesion molecules, enzymes, and angiogenic factors, which usually lead to an abnormal immune system, inducing ab-

normalities in immune functions. Immunoreactive cells in the abdominal cavity, includingmacrophages, natural killer (NK) cells, T cells, and B

cells, constitute the first line of defense in the human abdominal cavity. These cells are released into ascites together with endometriotic cells,

cytokines, and inflammatory mediators (such as interleukin-8 [IL-8], transforming growth factor b [TGF-b], Tumor necrosis factor alpha [TNF-a],
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and epidermal growth factor receptor [EGFR]),5,6 resulting in permeability changes in the local peritoneal environment and eventually trig-

gering endometrial implantation.

As a neutrophil-activating factor, IL-8 was one of the first pro-inflammatory chemokines identified.Mainly generated by neutrophils, mono-

cytes, macrophages, T lymphocytes, epithelial cells, and endothelial cells, IL-8 regulates cell proliferation and differentiation, facilitates the

production of inflammatory proteins, and induces angiogenesis, playing a vital role in the progression of EMS.7 Thus, IL-8 is favorable for the

survival and proliferation of ectopic endometrium. In fact, elevated IL-8 levels and disease severity are associated with lesion size and activity.

Additionally, IL-8 is expressed in the endometrial stroma as an autocrine growth factor that promotes the proliferation of stromal cells from

endometriotic tissues and indirectly protects them from apoptosis.8 Collectively, IL-8 protects ectopic cells from apoptosis and induces the

development and progression of EMS by facilitating endometrial cell attachment, thereby playing a role in EMS pathogenesis.

The human body is colonized by diverse symbiotic and pathogenicmicrobiota including bacteria, archaea, fungi, protists, and viruses. The

entire habitat that encompasses such microbes, their genomes, and their surroundings is known as the microbiome.9 Different microbiota

involved in various functions from metabolism to immunity are crucial to human health. The human microbiota and metagenome play key

roles in maintaining body homeostasis and in the development of certain diseases (including cancer). In a microbiota, through mutual adap-

tation and natural selection between differentmicrobes, as well as betweenmicrobes and the host, the three elements are in a balanced state

and play an irreplaceable role in human digestive, metabolic, and immune functions.10,11 Currently, compelling evidence has demonstrated

that the humanmicrobiome is vital for the development ofmultiple tumors andoral, reproductive, and neurological diseases. In addition, over

16% of cancer incidence is attributed to infectious agents, and intratumoral bacteria have been reported in multiple tumor types. However,

these bacterial types have not yet been standardized.

The gut microbiota affects various aspects of tumor biology such as the transformation process, tumor progression, and anticancer immu-

notherapy.12 In this context, characterization of the tumormicrobiomemay be crucial for revealing the impact of bacteria on different cancers.

The oral cavity is the starting site of the human gastrointestinal and respiratory tracts, where more than 700 types of bacteria can be found.13

According to colonization site, microbiota can be classified as gut, respiratory, genitourinary, or skin microbial flora. Adequate microbiome

research based on microbiota classification can further facilitate the understanding of the pathogenesis of various diseases, thus bringing

about new diagnostic approaches. Recently, the effects of the reproductive tract and gut microbiome on female reproductive diseases

have been explored.13 However, few researchers have investigated female reproductive diseases from the perspective of the tumor tissue

microbiome. As ovarian endometriotic cysts are a prevalent type of gynecological tumor that possess malignant features, the microbial envi-

ronment of tumor tissues in patients with ovarian endometriotic cysts should be investigated to elucidate the link between the two and any

underlying molecular mechanisms.

Therefore, the present study aimed to investigate the composition characteristics of themicrobiota in different body parts of EMSpatients,

analyze the differences in gut microbiota richness between EMS patients and healthy controls, establish and analyze EMSmurinemodels with

different microbes, and explore their biological mechanisms.

RESULTS

Participant characteristics

Fourteen patients with endometriotic cysts (EMS group) and 24 healthy controls were included in this study. All patients with EMS were at

disease stages III-IV, as confirmed by r-ASRM. The clinical characteristics of the enrolled patients are shown in Table 1. For participants

from EMS and control groups, their median ages were 30.64 (29.25–32.03) and 29.38 (28.39–30.36) years, respectively; the median body

mass indices (BMIs) were 20.29 (19.12–21.46) and 22.75 (21.23–24.27) kg/m2, respectively; and the median cancer antigen 125 (CA125) levels

were 49.98 (34.85–65.11) and 15.72 (12.94–18.49), respectively (Table 1). The CA125 levels in the EMS group were significantly higher than

those in the control group (p < 0.05).

Four samples from different body parts were obtained from each patient with EMS, whereas only one sample was collected from each

healthy control; ultimately, 72 qualified samples were successfully acquired from the patients with EMS and control participants, categorized

into 5 groups (FE, FN, EM EU, and OM). 16S rRNA gene sequencing was conducted on all samples to determine the microbial features of

different tissue samples in all participants. By analyzing a-diversity dilution and hierarchical clustering curves, the species in the sequenced

samples were revealed to be uniformly distributed with high richness (Figures 1A and 2A). The number of sequences can be used for relevant

data analysis.

The bacterial composition of each sample was evaluated using the diversity indices based on different OTUs (a-diversity). The EM and EU

groups exhibited no differences in the Shannon and Simpson indices, and no abnormalities were observed in either group in terms of micro-

biota diversity or uniformity (Figure 1B). The Shannon and Simpson indices of the FE and FN groups were significantly different (p < 0.05), and

Table 1. Intergroup comparison of basic data

Variables EMS (n = 14) CON (n = 24) P-value

Age, years 30.64 (29.25–32.03) 29.38 (28.39–30.36) 0.119

BMI, kg/m2 20.29 (19.12–21.46) 22.75 (21.23–24.27) 0.010

CA125, U/mL 49.98 (34.85–65.11) 15.72 (12.94–18.49) 0.000
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Figure 1. Distribution characteristics of EMS microflora in different body parts

(A) Rank Abundance curve. The abscess is the serial number ranked by OTUs abundance, and the ordinate is the relative abundance of OTUs. Different samples

are represented by broken lines in different colors.

(B) In the analysis of intergroup differences of Alpha diversity index, the box graph can directly reflect the median, dispersion, maximum, minimum, and outlier

values of species diversity within the group. AWilcox rank-sum test was used to analyze Shannon, Simpson, Chao1, andACE index differences among the groups;

p < 0.05 was considered statistically significant.

(C) Two-dimensional PCoA analysis. The abscissa represents one principal component, the ordinate represents the other principal component, and the

percentage represents the contribution value of the principal component to the sample composition difference. The closer the two sample points are, the

more similar the species composition of the two samples.

(D) Histogram of relative abundance of EM, EU, and OM species at the phylum level.

(E) Histogram of relative abundance of EM, EU, and OM species at the genus level.

(F) In this cladistic diagram, inside-out represents the taxonomic level from phylum to genus (or species). Each small circle at a different classification level

represents a classification at that level, and the diameter is proportional to the relative abundance. The color of species with no significant difference was
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the microbes in the FN group were more diverse with a more concentrated distribution (Figure 2B). In addition, the microbiota of the OM

group showed higher richness and diversity, presenting significant differences compared with the other groups (Figure 1B).

Comparison of microflora from different body parts of patients with EMS

At the phylum level, the top 10 microbes with the highest richness in the EM, EU, and OM groups were Proteobacteria, Firmicutes, Bacter-

oides, Actinobacteria, Cyanobacteria, Fusobacteria, Phylum Gracilicutes, Campylobacterota, and spiral bacteria. Proteobacteria, Firmicutes,

and Bacteroides were among the top three microbes in terms of richness in the three groups (Figure 1D). In the EM group, the richness of the

threemicrobeswas 51.90%, 11.21%, and 1.61%, respectively. In the EU group, the richness was 23.70%, 11.41%, and 3.02%, respectively. In the

OM group, the richness increased to 32.84%, 36.35%, and 13.48%, respectively. At the genus level, the top 10 microbes with the highest rich-

ness in the EM, EU, andOMgroupswere Ralstonia,Neisseria, Pseudomonas, Ruminococcus gnavus, Streptococcus, Lactobacillus, Prevotella,

Escherichia, and Haemophilus parasuis. In the EM group, the three microbes with the highest genus-level richness were Ralstonia (41.75%),

Pseudomonas (5.47%), and Lactobacillus (3.07%), among which Ralstonia and Pseudomonas are Proteobacteria and Lactobacillus is a Firmi-

cutes. In the EU group, the threemicrobes with the highest genus richness were Ralstonia (21.53%), Ruminococcus gnavus (5.17%), and Lacto-

bacillus (2.93%). In the OM group, the three microbes with the highest genus richness were Streptococcus (23.56%), Haemophilus parasuis

(22.67%), and Prevotella (5.18%) (Figure 1E). Through pairwise comparisons in PCoA based on the Bray-Curtis distance, the microbiota

composition of the EM group was discovered to be more concentrated and partially coincided with that of the EU group but did not overlap

with that of the OM group (Figure 1C). In addition, the microbiota composition of the OM group was more diverse, exhibiting visible differ-

ences compared to that of the other two groups (Figure 1F). The t-test for each taxon at the phylum level indicated that Pseudomonas richness

was higher in the EM group than in the EU group (Figure 1G).

Gut microbiota differences between EMS and control groups

The top threemicrobes in both the FEandFNgroupswereFirmicutes (45.70%and65.57%, respectively),Bacteroides (20.72%and 9.39%, respec-

tively), andProteobacteria (16.87%and6.58%, respectively) (Figures 2D and2E). In the twogroups, Firmicutes richnesswas significantly lower and

Proteobacteria richness wasmarkedly higher in FE group. Ranked by genus richness, the top 10microbes in the FE and FNgroups were Entero-

coccus, Prevotella,Bacteroides,Ralstonia,Actinomyces,Ruminococcus gnavus, Lactobacillus,Enterobacter,Escherichia, andBifidobacterium. In

the FEgroup, the richness ofBacteroides, Escherichia coli, andBifidobacterium (5.71%, 0.94%, and 0.59%, respectively) was lower than that in the

FN group (15.48%, 4.72%, and 4.19%, respectively), whereas the richness of Enterococcus (8.62%) was higher than that in the FN group (0.23%).

The richness of Ralstonia and Prevotella in the FN group was zero (Figure 2F). By analyzing the microbial differences with PCoA based on the

Bray-Curtis distance, the microbiota composition of the FE group was found to be more concentrated and partially coincided with that of

the FN group, with several samples exhibiting unique microbiota composition (Figure 2C). At the genus level, the abundance of Enterococcus,

Prevotella, Ralstonia, Asteroleplasma, Lactobacillus, Haemophilus, and Ruminococcus gnavus increased in the FE group, whereas in the FN

group, the abundance ofBlautia, Bacteroides, Faecalibacterium, Bifidobacterium, Escherichia-Shigella, Eubacterium, Fusicatenibacter, andCol-

linsella increased (Figure 2G). A t-test of different microorganisms at the genus level showed that the richness of Bacteroides (p = 0.004), Escher-

ichia coli (p = 0.044), andBifidobacterium (p = 0.006) in the FNgroup significantly increased, whereas that of Enterococcus (p = 0.016), Prevotella

(p < 0.000), and Rawlsia (p < 0.000) in the FE group increased. This difference was statistically significant (p < 0.05) (Figure 2G).

Functional annotation of the ten microbes with highest richness from participants of the EMS and control groups

By comparing the whole-genome sequences of prokaryotes obtained through 16S rRNA analysis based on the 16S Silva database, the meta-

bolic and functional differences caused by microbes between different groups were screened. The top 35 functions were selected and com-

bined with the species richness in the samples to illustrate a functional heatmap. Clustering performed at the level of functional differences

showed that in the EM group, decarboxylative metabolism of glyoxylate, oxidative stress phosphorylation, bacterial kinetic protein function,

and glycine-serine-threonine metabolism were enhanced, whereas peptidoglycan synthesis and protein degradation were weakened. In the

EU group,mitochondrial biological functions were greatly strengthened. In the FE group, the carbon fixation pathway, alanine-aspartate-gluta-

mate, and peptidase functions were significantly enhanced, whereas pyruvate andmitochondrial functions weremarkedly reduced (Figure 2H).

Animal model analysis

The 15 recipient mice were stratified into control (CON), EFA, and EFV groups. During the modeling process, all mice in the three groups

survived with no obvious infection at the injection sites. On the 7th post-modeling day, the mice were euthanized by cervical dislocation

(Figure 3A), followed by laparotomy to detect the formation, morphology, site, and adhesion conditions of the ectopic lesions. These lesions

were observed in mice in all three groups (Figure 3B). Each lesion was transparent and cystic in a spherical shape with increasing volume and

Figure 1. Continued

yellow, and the color of different species Biomarker following group was red, green, and blue, respectively. Nodes represent important microbial groups in this

group.

(G) EM at the genus level; histogram of the distribution of linear discriminant analysis (LDA) values in the EU group, showing the significant role of themicrobiome

in both groups (species with an LDA score greater than the set value (default setting = 4)); the length of the histogram represents themagnitude of the influence of

different species.
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Figure 2. Distribution characteristics of intestinal microflora in the EMS and control groups

(A) Rank Abundance curve. The abscess is the number ranked by OTU abundance, and the ordinate is the relative abundance of the OTUs. Different samples are

represented by broken lines in different colors.

(B) In a-diversity analysis indexes of intergroup difference, the box graph represents the median, dispersion, maximum, minimum, and outlier values of species

diversity within the group. AWilcox rank-sum test was used to analyze the Shannon, Simpson, Chao1, and ACE index differences among the groups; p < 0.05 was

considered statistically significant.

(C) Two-dimensional PCoA analysis. The abscissa represents one principal component, the ordinate represents the other principal component, and the

percentage represents the contribution value of the principal component to the sample composition difference. The closer the two sample points are, the

more similar the species composition of the two samples.

(D) Histogram of the top 10 species in the FE group at the phylum level.
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gray-white cystic-solid projections. Inside the lesion was a yellow liquid with small nascent vessels on its surface. Each control mouse had a

single lesion with a diameter of approximately 4 mm, mostly located on the surface of the intestinal canal. The EFA mice exhibited a signif-

icantly enlarged lesion scope, with many lesions observed in the intestinal canal, peritoneum, and omentum. Heterogeneous blood vessels

were extremely abundant, and adhesion of the three parts was visible. The largest lesion measured approximately 11 mm in diameter (Fig-

ure 3C). Among the EFV mice, most lesions were located in the intestinal canal, whereas some were in the peritoneum, with the maximum

lesion diameter reaching approximately 7 mm. Peritoneal adhesions were also observed. The endometrial tissue blocks from each group

were dissected and weighed (Figure 3D). The tissue weights of samples from the CON, EFA, and EFV groups were 30.38 G 20.50 (mg, s),

133.62G 83.21 (mg, s), and 81.60G 73.60 (mg, s) (Table 2), respectively. Analysis of variance (ANOVA) of tissue weights indicated differences

among the three groups in terms of tissue weight (p = 0.037, p < 0.05). The tissue weight differences were statistically significant between the

CON and EFA groups (p = 0.016, p < 0.05), and between the EFA and EFV groups (p = 0.049, p < 0.05). However, no statistically significant

difference in tissue weight was observed between the CON and EFV groups (p = 0.544, p > 0.05) (Figure 3E).

Quality control of protein samples

After protein extraction from murine tissue samples, protein concentrations were measured, and SDS-PAGE was conducted, which showed

that the sample bands were clear and parallel, meeting the mass spectrometry criteria. Through TMT protein quantification technique and

tandemmass spectrometry analysis, a total of 60,959 peptides and 7,177 proteins were identified, which were subsequently analyzed with the

criteria of FC R 1.5 or %1/1.5 and p value <0.05 (Figure 4A).

Identification and bioinformatic analysis of DEPs

Compared to the proteins identified in the CONgroup, 103 proteins were upregulated and 165 were downregulated in the EFA group. In the

EFV group, 314 were upregulated and 231 were downregulated. Compared to the EFV group, the EFA group possessed only 3 proteins with

upregulated expression and 84 with downregulated expression (Figures 4B–4D).

GO classification enrichment analysis of DEPs demonstrated that these proteins were primarily involved in biological processes (BPs),

cellular components (CCs), and molecular functions (MFs). The EFA-CON proteins with upregulated expression, mainly concentrated in

the cytoplasmic membrane, extracellular membrane, and cell surface of CCs, were involved in fatty acid metabolism and positive regulation

of inflammatory responses(Figure 4E), whereas the proteins with downregulated expression were located in themitochondria, chromatin, and

nuclear matrix of CCs, with MFs showing protein homodimerization activity, actin filament binding, and nuclear receptor co-activation

activity(Figure 4F). In contrast, EFV-CON proteins with upregulated expression, mainly concentrated in the extracellular voids, cell surface,

external side of the plasma membrane, and collagen-containing extracellular matrix (ECM) of CCs, regulated innate immune responses

and viral and bacterial defense responses and participated in signal receptor binding, heparin binding, and double-stranded RNA binding

with serine-type endopeptidase inhibitor activity(Figure 4G), whereas proteins with downregulated expression, which were primarily located

in the mitochondria and inner mitochondrial membrane of CCs, modulated the assembly of mitochondrial respiratory complex I, mitochon-

drial electron transport, and tricarboxylic acid cycle(Figure 4H). The EFA-EFV proteins with downregulated expression were mainly respon-

sible for the modulation of innate immune functions and defense against viruses and bacteria (Figure 4I).

KEGG pathway analysis demonstrated that the upregulated EFA-CON proteins were enriched in oxidative activation signaling pathways,

lipolysis, bacterial infection, and hematopoietic/immune system diseases, whereas the downregulated proteins were enriched in diabetes,

cardiomyopathy, oxidative phosphorylation, hematopoietic/immune system diseases, and B cell receptor signaling pathways (Figure 4J).

The upregulated expression of EFV-CON proteins was enriched in the complement system, cholesterol metabolism, COVID-19, and oxida-

tive activation signaling pathways, whereas the proteins with downregulated expression were enriched in oxidative phosphorylation, dia-

betes, cardiomyopathy, reactive oxygen carcinogenesis, and parkinsonism (Figure 4K). Moreover, EFA-EFV proteins with downregulated

expression were enriched in viral infections such as measles, influenza, COVID-19, necrosis, and apoptosis (Figure 4L).

Screening of DEPs

The above analyses indicated a trend of downregulated expression for most core EFA-EFV proteins. The top 10 proteins with the most signif-

icantly downregulated expression were interferon induced protein with tetratricopeptide repeats 2 (Ifit2), Ifit3, Ifit1, membrane-spanning

4-domains subfamily A member 6C (Ms4a6c), lymphocyte antigen 6 complex, locus A (Ly6a), plant homeodomain finger protein 11

(PHF11), ISG15 ubiquitin likemodifier (Isg15), radical S-adenosylmethionine domain containing 2 (Rsad2), and lymphocyte antigen 6 complex,

locus C1 (Ly6c1). Compared to the CON, PHF11 was downregulated in the EFA group (FC, 0.54) but was upregulated in the EFV group (FC,

Figure 2. Continued

(E) Histogram of the top 10 species in relative abundance of the FN group at genus level.

(F) FE and FN column graphs of the top 10 species in the relative abundance of microorganisms at the genus level.

(G) Histogram of LDA value distribution of EM at the level of the EU group shows the microflora with significant effects in the two groups (species with an LDA

score greater than the set value (default setting = 4)). The length of the histogram represents the influence of different species. For the different species between

groups, a t-test between groups was performed (p value <0.05); the confidence interval and p value are shown on the right.

(H) The top 35 functions with the highest abundance and their abundance information in each group were selected to draw heat maps. The clustering was carried

out from the level of functional differences.
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1.83). The PPI network analysis revealed the 38 proteins most strongly associated with PHF11, including adenosine deaminase RNA specific

(Adar), bone marrow stromal cell antigen 2 (Bst2), cytidine/uridine monophosphate kinase 2 (Cmpk2), death domain associated protein

(Daxx), RNA sensor RIG-I (Ddx58), deltex E3 ubiquitin ligase 3 L (Dtx3l), eukaryotic translation initiation factor 2 alpha kinase 2 (Eif2ak2), inter-

feron activated gene 205 (Ifi205a), interferon induced protein 44 (Ifi44), interferon induced protein 44 like (Ifi44l), interferon induced with heli-

case C domain 1 (Ifih1), Ifit1, Iifit2, Iifit3, Isg15, Isg20, galectin 3 binding protein (Lgals3 bp), galectin 9 (Lgals9), Ly6a, lymphocyte antigen 6

family member E (Ly6e), lymphocyte antigen 6 family member E (Mlkl), myeloid cell nuclear differentiation antigen (Mnda), 2’-5’ oligoadeny-

late synthetase 1A (Oas1a), 2’-5’-oligoadenylate synthetase 2 (Oas2), 2’-5’ oligoadenylate synthetase-like 1 (Oasl1), 2’-5’ oligoadenylate syn-

thetase-like 2 (Oasl2), PHF11a, ring finger protein 213 (Rnf213), Rsad2, sterile alphamotif domain containing 9 like (Samd9l), and SP100 nuclear

antigen (Sp100) (Figure 4M). Most of these proteins, associated with the regulation of apoptosis, are implicated in B-cell growth and devel-

opment, the recognition, and initiation of antiviral innate immune responses, and interferon-specific and pro-inflammatory responses.

Validation of DEPs

To determine the credibility of the TMT-based analysis of DEPs, the expression of PHF11 (which was downregulated in both the EFA and EFV

groups) was detected by Western blot analysis. This analysis showed that PHF11 levels were downregulated in the EFA group compared to

those in the control group, consistent with the data obtained by TMT labeling. Semi-quantitative Western blot analysis of IL-8 expression

A B

C D

E

Figure 3. Analysis of lesions in an Enterococcus-induced mouse model of EMS

(A) Donor mouse model.

(B) Recipient mouse model.

(C) The anatomical image of the EMS mouse model showed that the ectopic lesion was located on the surface of the intestinal tube in a follicular shape and

formed local adhesion and nodules in the greater omentum and mesentery.

(D) Schematic diagram of ectopic lesion tissue blocks in CON, EFA, and EFV mice.

(E) Ectopic tissue weight of samples from CON, EFA, and EFV mice; p < 0.05 was considered statistically significant.
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demonstrated that IL-8 levels increased in the EFA group (Figure 4N). Collectively, these findings suggest that the proteomic analyses con-

ducted in the present study were sufficient to unveil credible changes in the expression of proteins associated with EMS onset.

DISCUSSION

EMS is a benigngynecological diseasewithmalignant potential. The disease is characterizedby infertility or pain such as dysmenorrhea, irreg-

ular pelvic pain, intercourse pain, and defecation pain and difficulty and often causes psychological illnesses such as anxiety and depression in

patients, severely impairing their quality of life. Unfortunately, the etiology of EMS has not yet been elucidated.

An article published byDeborah et al. in 202014 indicated a correlation between different cancer types and specificmicrobiota, as common

bacterial functional features were present in the corresponding tumor environment. In recent years, an increasing number of investigations on

microbes and EMS have been conducted; however, no uniform conclusion has yet been reached. Previously, Leonardi et al.15 systematically

evaluated the association between EMS and themicrobiome. They searchedMEDLINE, Embase, Scopus, andWeb of Science databases and

obtained 251 studies of interest. After duplicate removal and association determination, full-text reviews of the remaining 33 studies were

performed. Finally, 18 studies published between 2002 and 2019 were included, 13 of which were clinical studies that detected various tissue

types, including tissues from the intestinal tract, cervix, endometrium, fallopian tube, ovary, and peritoneum, as well as peritoneal fluid, follic-

ular fluid, andmenstrual blood. Among these investigations, seven delved into the correlation betweenEMS and intestinalmicrobes, and only

three studies evaluated the a-diversity and b-diversity of microbes. However, research on the association between microbes and EMS path-

ogenesis was lacking at the time, and none of the included studies yielded uniform conclusions. Therefore, it is necessary to comprehensively

analyze the association between EMS and host microbiota.

This study was the first to use bioinformatics to characterize the microbiota in ectopic/eutopic endometrial tissues and the oral cavity of

patients with ovarian endometriotic cysts. At the genus level Ralstoniawas themost abundant in these tissues, the content of which was nearly

twice as high as that in eutopic endometrial tissues. The dominant microbes in oral secretions were cocci, with Streptococcus boasting the

highest richness. The microbiota composition of ectopic and eutopic endometrial tissues partially overlapped, with similar taxon numbers

and diversity, but the richness levels of various taxa were significantly different. Significant differences were observed in both richness and

taxon diversity between the oral microbiota and the ectopic/eutopic endometrial microbiota. Comparisons of intestinal microbes revealed

that patients with EMS and healthy subjects had similar microbial compositions; however, microbial richness was significantly different be-

tween the two groups. In the intestinal microbes of EMS patients, Enterococcus, Pseudomonas, Haemophilus, and Neisseria exhibited

increased richness, while in healthy controls, the richness of Bacteroides, Escherichia coli, Firmicutes, Bifidobacterium, and Faecalibacterium

was markedly increased, indicating statistically significant intergroup differences.

The present study compared ectopic and eutopic endometrial tissues rather than themicrobiota of peritoneal fluid and external cervical os

because the microbiota of the external cervical os is susceptible to the impact of estrogen and environmental and lifestyle factors, as well as

the direct influence of the short anal-genital distance, which could induce dysbiosis of the cervicovaginal microflora. However, the female

upper genital tract, including the pelvic cavity, fallopian tube, and uterine cavity, protected by a closed cervix and cervical mucus plug, is rela-

tively confined. In this context, as the menstrual blood reflux was the primary inducement of EMS, eutopic endometrial contamination was

minimized. Additionally, we analyzed the oral microbes of patients with EMS, performed a more comprehensive analysis of the diversity

and relative richness of microbial flora in different body parts of these patients, and reported the richness changes of Enterococcus for

the first time in the diversity analysis of the intestinal microbes of patients with EMS.

Enterococcus, a Gram-positive coccus, is a common inhabitant of the human gastrointestinal tract. They are core members of the micro-

biome and can trigger severe infections. Enterococcus exhibits intrinsic and acquired antibiotic resistance and limited susceptibility to anti-

biotics.16 Currently, vancomycin, linezolid, and tigecycline are effective against Enterococcus.17 Fecal microbiota transplantation has become

an effective approach to investigate the relationship between specific diseases and gut microbiota and is a therapeutic option for autoim-

mune diseases. Nevertheless, fecal microbiota transplantation is insufficient to illustrate the microbiota-disease association because interac-

tions amongmicrobes are intricate, and the modification of fecal transportation on gut microbiota may not lead to complete immune imbal-

ance.18 Hence, the transportation of explicitly targetedmicrobes is more convincing. To explore the role of Enterococcus in the onset of EMS,

in vitro animal experiments were performed in the present study. EMS murine models were established by oral gavage of Enterococcus col-

onies (nomice died during the experiments). Using our innovative and feasible experimentalmethod, we discovered that EMSmurinemodels

establishedby gutmicrobiota gavage exhibited a higher degree of lesion infiltration andmorewidely distributed lesions, which demonstrates

an essential role for Enterococcus in the development of EMS.

Subsequently, TMT-basedquantitative proteomic analysis was conductedon tissues from these successfullymodeled animals. Proteins, as

executers of all activities, play a key role in cellular functions. Proteomic analysis based on TMT labeling has the advantage of accurately

Table 2. Intergroup ectopic tissue weight data of mice

Variables One (mg) Two (mg) Three (mg) Four (mg) Five (mg) Six (mg) Mean (mg, s)

CON 20.6 18.7 63.8 35.8 13 30.38 G 20.5

EFA 64.8 147.5 102.2 271.8 81.8 133.62 G 83.21

EFV 192.2 139.7 28.5 65 17.4 15.8 81.60 G 73.60
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Figure 4. Identification and bioinformatic analysis of DEPs in murine models of Enterococcus-induced lesions

(A) Histogram of basic protein identification results.

(B) Histogram of the different proteins in each group. The horizontal coordinate is the comparison group, the vertical coordinate is the number of different

proteins, red represents proteins with upregulated expression, and blue represents proteins with downregulated expression. The horizontal coordinate of

the volcano map is log2(FC). The farther its value is from 0, the greater the difference. The right side and left side represent proteins with upregulated and
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quantifying relative protein levels in complex samples and has been applied to identify potential disease biomarkers. Among the large num-

ber of DEPs identified in our study, the core proteins of the EFA group were primarily downregulated compared with those of the EFV group.

Among the top 10 proteins with the most significant downregulation trends, PHF11 was upregulated in the EFV group. PHF11, which is prev-

alent in 25 human tissues, is mainly expressed in immune cells. Containing a gene related to cytokine activation, PHF11 hasmultiple functions,

including DNA repair. As a polymorphism of PHF11 is correlated with elevated immunoglobulin E (IgE) levels, it has been defined as a candi-

date gene for asthma in some studies.19 However, the mechanism of action of PHF11 in this disease has not yet been clarified. Regarding

potential PHF11 functions, Clarke et al.20 noted that the atopy-related genes of PHF11 were regulators of T cells that expressed type 1 cyto-

kine genes through the NF-kB pathway. This pathway is associated with atopy and non-atopy eczema in both murine and human studies. In

2015, Pauline et al.21 investigated the keratinocyte cell line HaCaT and discovered that the downregulated expression of PHF11 was accom-

panied by increased expression of IL-8; the decreased expression of PHF11, usually associated with enhanced proliferation and migration,

facilitated inflammation and tissue remodeling after infections or tissue injuries. IL-8 is an effective angiogenic agent that can induce the

chemotaxis of neutrophils and other immune cells. A considerable body of evidence has demonstrated that IL-8 levels are positively corre-

lated with EMS severity and that IL-8 is implicated in the entire process of EMS development, including the adhesion, invasion, and implan-

tation of ectopic tissues. IL-8 also protects ectopic tissues from apoptosis.22 To illustrate the association between PHF11 and IL-8 in patients

with EMS, we confirmed that the tissues of Enterococcus-infected EMS model mice presented visibly decreased PHF11 expression, accom-

panied by abnormally elevated IL-8 expression.

In the current study, we systematically and comprehensively analyzed the distribution features of the microbiota in different body parts of

patients with EMS, identified the differentially distributed microbe Enterococcus in the gut microbiota, verified in an animal experiment in

which Enterococcus infection aggravated the development of EMS, and identified the DEP PHF11 in ectopic tissues. As the downregulated

expression of PHF11 was accompanied by the elevated expression of IL-8, we propose for the first time that the presence of Enterococcus

resulted in the downregulated expression of PHF11 in endometrial tissues and elevate IL-8 levels in ectopic tissues, thereby promoting cell

adhesion and growth in the ectopic endometrium, identifying a potential regulatory mechanism for PHF11 in EMS development.

Limitations of the study

This study has some limitations. Owing to functional interference among microbes, biological hypotheses based on microbiome alterations

have some limitations. Considering this, future research should be more standardized, include and analyze diverse samples, and adjust the

inference factors to compare the results of different studies.
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Figure 4. Continued

downregulated expression levels, respectively. The ordinate is -log10(P-value), and the farther the ordinate value is from 0, the greater the difference. The blue

dots represent downregulated DEPs, the red dots represent upregulated DEPs, and the gray dots represent non-significantly DEPs (C(EFA-CON), D(EFV-CON);

GO enrichment analysis results. The x coordinate represents the name of the GO item, and the y coordinate represents the protein quantity and its percentage of

the corresponding item.

(E) Upregulated protein enrichment histogram in the top 30 of EFA-CON.

(F) Downregulated protein enrichment histogram in the top 30 of EFA-CON.

(G) Upregulated protein enrichment histogram in the first 30 EFV-CON.

(H) Downregulated protein enrichment histogram in the first 30 EFV-CON.

(I) Histogram of downregulated protein enrichment in the top 30 of EFA-EFV; KEGG enriched top 20 bubbles, in which the x axis represents the enrichment score

and the y axis enrichment score is the pathway information of the top 20. The items with larger bubbles contain more different proteins, and the bubble color

changes from blue to red. The smaller the enrichment p value, the greater the significance.

(J) EFA-CON enrichment bubble diagram.

(K) EFV-CON enriched bubble map.

(L) EFA-EFV enriched bubble map.

(M) PPI network diagram representing the interaction relationship network diagram of different proteins.

(N) Western blot analysis was used to verify the DEPs; PHF11 and Cxcl8 expression were decreased in EFA mice.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

BALB/c mice Integrated Animals RRID:APB:4790

72 human tissue and stool specimens Han population, Asia N/A

Bacterial and virus strains

Enterococcus Microbiologics Cat#29212

Chemicals, peptides, and recombinant proteins

High-Fidelity PCR Master Mix New England Biolabs Cat#F531L

Ampicillin Medchemexpress Cat#HY-B0522

Metronidazole Medchemexpress Cat#HY-B0318

Vancomycin Medchemexpress Cat#HY-B0671

Ciprofloxacin hydrochloride Medchemexpress Cat#HY-B0356

Imipenem Medchemexpress Cat#HY-B1369A

Estradiol benzoate Medchemexpress Cat#HY-B1192

Dithiothreitol Merck Cat#3483-12-3

Iodoacetamide Merck Cat#144-48-9

Triethylammonium bicarbonate Merck Cat#15715-58-9

Acetonitrile Merck Cat#75-05-8

Antibodies

Anti-Phf11 Proteintech Cat#10898-1-AP, RRID:AB_2165207

Anti-Cxcl8 Proteintech Cat#27095-1-AP, RRID:AB_2861340

Anti-b-tubulin Beyotime Cat#AF2835, RRID:AB_2250582

Deposited data

Sequene data This paper SUB13792018

Western blotting This paper https://doi.org/10.17632/4sh78xh8zh.1

Critical commercial assays

Bicinchoninic Acid (BCA) Protein Assay ThermoScientific Cat#23225

Estain lg protein staining decolorization concentration kit GenScript Cat#L00755C-500

Phosphorylated protein enrichment Kit ThermoScientific Cat#A32992

Isobaric Tags for Relative and Absolute Quantitation kit ThermoScientific Cat#4381663-1KT

Tandem Mass Tag six kit ThermoScientific Cat#90066

Tandem Mass Tag prosixteen kit ThermoScientific Cat#A44520

Software and algorithms

Python3.7.1 Google https://www.python.org/

Uparse v7.0.1001 Robert Edgar http://drive5.com/uparse/

MUSCLE version 3.8.31 Robert Edgar http://www.drive5.com/muscle/

KEGG 102.0 Kanehisa Laboratories https://www.genome.jp/kegg/pathway.html

STRING 11.5 SIB https://cn.string-db.org/

R version 4.2.0 The R Foundation https://www.r-project.org/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yunxia Cao

(caoyunxia5972@ahmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data andmethods necessary to reproduce this study are included in themanuscript and supplemental information. Sequencing data were

deposited to the National Center for Biotechnology Information under accession number SUB13792018 and Mendeley data under https://

doi.org/10.17632/4sh78xh8zh.1 are publicly available. This research does not report original code. Other original data reported in this paper

will be shared by the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subject enrollment and sample collection

This study was approved by the Ethics Committee of the First Affiliated Hospital of Anhui Medical University (No. PJ20160409; No.

LLSC20220135), and informed consent was obtained from all participants prior to the trial. A total of 14 patients with endometriotic cysts

(the EMS group) and 24 healthy controls (CON group) were included in the study.

The inclusion criteria for the EMS group were as follows: (1) patients aged from 18 to 40 years old; (2) patients with clinical symptoms indic-

ative of EMS (dysmenorrhea, dyspareunia, and insomnia); (3) patients withmoderate to severe EMS (stages III-IV, as determined by the revised

American Society for Reproductive Medicine [rASRM]) confirmed by laparoscopic biopsy; and (4) patients who had no sexual intercourse

within 48 h, did not accept vaginal lavage or medication within 5 days, and underwent no cervical treatment within 1 week. The inclusion

criteria for the control group were female patients who underwent laparoscopic surgery for tubal examination and those who had no EMS

symptoms observed during surgery or pathological examination. Patients with inflammatory bowel diseases, functional bowel diseases, ma-

lignancies, or autoimmune diseases were excluded.

All participants had regular menstrual cycles (28 G 2.2 days) and had not accepted hormone therapies, antibiotics, or vaginal drugs for

6 months.

Samples were collected within 3–5 days of menstruation. Four samples from different body parts were obtained from each patient with

EMS, including ectopic (EM) and eutopic(EU) endometrial tissues, pharyngeal swabs(OM), and fecal samples(FE). Fecal samples from 24

healthy controls (FE) were also collected. Pharyngeal swabs and fecal samples were collected before treatment. During the collection of

pharyngeal swab samples, the posterior pharyngeal wall and tongue were swabbed three times, after which the swab head was quickly in-

serted into a disposable sampling tube, the end of the swab was discarded, and the tube cap was tightened. For fecal samples, the central

part of the stool (3–5 g) was collected in a sterile tube. Ectopic and eutopic endometrial tissues were collected intraoperatively. After disin-

fecting the cervical canal and vagina with iodine, a vacuum suction tube was inserted into the uterine cavity to collect ectopic endometrial

tissues, during which time the tube was not in contact with the vaginal wall or cervix. Subsequently, ectopic tissues pathologically confirmed

by biopsy were cut into 13 1 cm tissue blocks. Both ectopic and eutopic endometrial tissues were stored in 15 mL Falcon tubes. All samples

were transferred immediately after collection and stored at �80�C.

Animal model establishment

Female adolescent BALB/c mice (8-weeks-old) were selected and kept in sterile box cages (5–6 mice per cage) with independent ventilation.

Temperature, humidity, pressure difference, illumination, and fan operation were controlled on a computer in real-time, and sterile feed and

water were accessible to all mice. All animal testing procedures were approved by the Animal Care and Use Committee of Anhui Medical

University in accordance with China’s animal care regulations. Following one week of adaptive feeding, themice were randomized into donor

and recipient mice groups, and the recipient mice were further stratified randomly into three groups: control (CON; no intervention), aseptic

treatment with gavage of Enterococcus suspension (13 109 CFU) (EFA), and aseptic treatment with gavage of Enterococcus suspension (13

109 CFU) and vancomycin treatment (500 mg/L) (EFV). During aseptic treatment, recipient mice were orally administered a mixture of Ampi-

cillin andMetronidazole (1 g/L), vancomycin (500 mg/L), ciprofloxacin hydrochloride (200 mg/L), and imipenem (250 mg/L)23 by gavage for 14

consecutive days. Following blood plate inoculation, Enterococcus strains were cultured in a biochemical incubator (37�C, 24 h) and then

passaged. At this point, the Enterococcus strains were collected and well mixed with normal saline (NS) to prepare a suspension of 2 3

1010 CFU/mL (measured by the bacterial turbidity meter), 0.05 mL of which was finally taken for gavage. Donor mice were subcutaneously

injected with estradiol benzoate (3 mg/each) and euthanized by cervical dislocation one week later. Their uteri were separated in phos-

phate-buffered saline (PBS) and scissored into uniform fragments less than 1 mm in length. The endometrial fragments of two donor mice

were mixed and injected evenly into three recipient mice using a 1-mL syringe and a 20-mL needle. Three groups of recipient mice were sub-

jected to different gavage treatments. After seven continuous days of gavage, the mice were dissected and endometriotic lesion tissue sam-

ples were collected, which were frozen and stored at �80�C. No mice died during the experiment.
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METHOD DETAILS

16S ribosomal RNA high-throughput sequencing and data analysis

Total genomic DNA was isolated from the samples using cetyltrimethylammonium bromide, and DNA concentration and purity were

measured on a 1% agarose gel. DNA at different concentrations was diluted to 1 ng/mL with sterile water, followed by amplification

of different regions (V3-V4) of the 16S ribosomal RNA (rRNA) genes using specific primers with a barcode. All polymerase chain re-

actions (PCRs) were carried out using 15 mL PhusionHigh-Fidelity PCR Master Mix (New England Biolabs), 2 mM each of the forward

and reverse primers, and 10 ng of template DNA. Thermal cycling was performed in the following steps: initial denaturation (98�C,
1 min), denaturation (98�C, 10 s), annealing (50�C, 30 s), and extension (72�C, 30 s).24 Finally, incubation at 72�C was conducted for

5 min 1X loading buffer (containing SYBR green) and the PCR products were mixed and electrophoresed on a 2% agarose gel. The

PCR products were mixed at equal density ratios, after which the mixture was purified using a Qiagen Gel Extraction Kit (Qiagen,

Germany). Sequencing libraries were established using the TruSeq DNA PCR-Free Sample Preparation Kit (Illumina, USA) according

to the manufacturer’s recommendations, and index codes were added. The quality of the libraries was estimated using a Qubit 2.0

Fluorometer (Thermo Scientific) and an Agilent 2100 Bioanalyzer system. Finally, the libraries were sequenced on the Illumina

NovaSeq platform, which yielded 250 bp paired-end reads. Sequence analysis was performed using Uparse software (Uparse

v7.0.1001, http://drive5.com/uparse/),25 with sequences of R97% similarity categorized into the same operational taxonomic unit

(OTU). Subsequently, the representative sequences of each OTU were screened out for further annotation.26 To investigate the

phylogenetic relationships among different OTUs and the differences in the dominant species in different samples (groups), multiple

sequence comparisons were performed using MUSCLE software (version 3.8.31, http://www.drive5.com/muscle/).27 An a-diversity

analysis was performed to analyze the complexity of species diversity in our samples using six indicators (observe-species, Chao1,

Shannon, Simpson, abundance-based coverage estimators (ACE), and good coverage). All indicators were calculated using QIIME

(version 1.7.0) and displayed using R software (version 2.15.3). In addition, a b-diversity analysis was conducted to evaluate differ-

ences in sample species complexity, and b-diversity in weighted and unweighted UniFrac was calculated using QIIME. Prior to cluster

analysis, principal component analysis (PCA), followed by principal coordinate analysis (PCoA), was performed to obtain and visualize

the principal coordinates from complicated multidimensional data. Both PCA and PCoA were displayed using the ade4 and ggplot2

packages using R software (version 2.15.3). Parameter and non-parameter tests were performed. The t-test and Wilcox test were con-

ducted for two groups, whereas for more than two groups, Tukey’s test and Wilcox test of the Agricola package were carried out.

Differences were considered significant when the P-values were % 0.05.28

Tandem mass tag-labeled quantitative proteomic analysis

Protein extraction and digestion

Frozen samples (approximately 100 mg each) were ground in liquid nitrogen into a homogeneous powder, which was homogenized

in 1 mL of phenol extraction buffer. Subsequently, 1 mL of saturated phenol and Tris-HCl (pH 7.5) were added. The mixture was

held for 30 min at 4�C and centrifuged for 10 min (4�C, 7100 3g). The supernatant was collected and mixed with ammonium acetate

and methanol. After overnight storage at �20�C, a second centrifugation (4�C, 12000 3g, 10 min) was conducted to precipitate

protein pellets, which were resuspended twice with pre-chilled methanol and ice-cold acetone. After a third centrifugation, the pel-

lets were collected, air-dried, and resuspended with 300 mL lysate. Following a 3-h incubation period at room temperature, the su-

pernatant was collected and the bicinchoninic acid method was used to determine the total protein concentration. Based on

the measured concentration, an appropriate amount of protein was diluted to the same concentration and volume. A corresponding

volume of 25 mM dithiothreitol was added to the concentration of about 5 mM, followed by an incubation of 30–60 min at 55�C.
Iodoacetamide was added to the final concentration of about 10 mM, and the mixture was placed in the dark at room temperature

for 15–30 min, which was later added with a 6-fold volume of pre-cooled acetone and placed at �20�C for 4 h to precipitate

the proteins. After centrifugation (4�C, 8000 3g, 10 min), the precipitate was collected and re-dissolved in an enzymolysis dilution

(protein:enzyme = 50:1 [m/m], 100 mg proteins +2 mg enzymes), which was followed by a 12-h incubation period at 37�C for

enzymolysis.

Tandem mass tag/isobaric tags for relative and absolute quantification labeling and liquid chromatography-mass spectrometry

For tandem mass tag (TMT)/isobaric tags for relative and absolute quantification (iTRAQ) labeling, 30 mL of 100 mM triethylammonium

bicarbonate (TEAB) were used for labeling, which was mixed with acetonitrile and the TMT/iTRAQ labeling reagents at room temperature.

After 1-h of incubation at room temperature, 5% hydroxylamine was added, followed by a 15-min incubation period to stop the reaction.

The labeled peptide solution was freeze-dried and stored at �80�C. Reversed phase (RP) separation was conducted on a 1100 HPLC sys-

tem (Agilent) using an Agilent Zorbax Extend RP column (5 mm, 150 mm 3 2.1 mm). Mobile phases A (2% acetonitrile in high-performance

liquid chromatography [LC] water) and B (98% acetonitrile in high-performance LC water) were applied to the RP gradient. The solvent

gradient was set as follows: 0–8 min, 98% A; 8–8.01 min, 98–95% A; 8.01–48 min, 95–75% A; 48–60 min, 75–60% A; 60–60.01 min,

60–10% A; 60.01–70 min, 10% A; and 70–70.01 min, 10–98% A; a flow rate of 300 mL/min was used, and detection was carried out at

210 nm. The sample collection duration was 8–60 min. The separated peptides were lyophilized for mass spectrometry using a Q Exactive

HF mass spectrometer (Thermo Fisher Scientific) equipped with a Nanospray Flex source (Thermo Fisher Scientific).29,30
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Database search

All raw data from the UniProtMus musculus database were retrieved using ProteomeDiscoverer (v.2.4). The retrieval conditions were as fol-

lows: keyword, trypsin digestion specificity; fixed modification, cysteine alkylation; protein quantification approach, TMT/iTRAQ; global false

discovery rate (FDR), 0.01; and protein groups considered for quantification, at least 1 peptide.31

Western blotting

Tissue proteins from donor and recipient mice were separated using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE), transferred to a polyvinylidene fluoridemembrane using a Bio-Rad semi-dry blotter, and kept on themembrane for 60min. Themem-

brane was blocked with 2.5% skim milk powder and slowly shaken on a shaker and closed for 2 h at room temperature, followed by an over-

night incubation period at 4�C with the following primary antibodies: anti-Phf11 (Proteintech, 10898-1-AP, 1:1000), anti-Cxcl8 (Proteintech,

27095-1-AP, 1:1000) and anti-b-tubulin (Beyotime, Af2835-200 mL, 1:2000). Subsequently, the membrane was washed with TBS-Tween-20

(0.1%) three times (10 min each time), incubated with secondary antibodies at 4�C for 2 h,32 and once again washed with TBS-Tween-20

(0.1%) three times (10 min each time). Finally, enhanced chemiluminescence (ECL) detection reagent (Thermo Scientific) was used, and the

protein blotting detection SuperSignalWest Femto Chemiluminescent Substrate (Thermo Fisher Scientific) system was employed to detect

protein bands.

QUANTIFICATION AND STATISTICAL ANALYSIS

Using a t-test, differentially expressed proteins (DEPs) were assessed with a fold change (FC) ofR1.5 or%1/1.5 and p value of <0.05, and all

the identified proteins were labeled via Gene Ontology (GO) (http://www.blast2go.com/b2ghome; http://geneontology.org/) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) pathways. Furthermore, GO and KEGG enrichment analyses

were carried out on DEPs, and protein-protein interaction (PPI) analysis was performed via the String database (https://string-db.org/).33
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