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Abstract

Background: Endometriosis is a chronic gynecologic disorder characterized by systemic inflammation, with growing evidence impli-
cating gut microbial dysbiosis. However, the relationship between inflammatory cytokines and gut microbiota across disease stages
remains unclear. Methods: This retrospective cross-sectional study included 150 participants, divided into healthy controls (n = 40),
benign gynecologic disease controls (n = 45), and patients with stage I-II (n = 25) or stage III-IV (n = 40) endometriosis. Levels of
the serum cytokines interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-«) were evaluated by enzyme-linked immunosorbent
assay (ELISA). Gut microbiota was profiled via 16S rRNA sequencing, followed by assessment of microbial alpha diversity, beta di-
versity (Bray-Curtis), and genus-level taxonomic composition. Results: Serum IL-6 and TNF-« levels increased progressively with
disease severity. 1L-6 levels differed significantly across groups (Kruskal-Wallis p < 0.0001), with the stage III-IV endometriosis group
showing a median level that was 12.8 pg/mL higher compared to healthy controls 95% confidence interval (CI: 10.7 to 13.8). Shannon
diversity decreased significantly across groups, and principal coordinate analysis (PCoA) demonstrated distinct clustering of microbial
communities according to disease status. Spearman correlation analysis revealed that the genus Prevotella was positively correlated with
IL-6 (p=0.33, ¢ = 0.018), whereas Blautia was negatively correlated with TNF-a (p =—0.32, ¢ = 0.026), with both remaining significant
after correcting for the false discovery rate (FDR). Conclusions: These findings suggest that systemic inflammation and gut microbiota
alterations progress alongside endometriosis severity. Specific genera, such as Prevotella and Blautia, may serve as potential microbial
markers and modulators of inflammatory status in endometriosis.
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1. Introduction identified as differentially abundant in affected individuals
[5]. Changes in gut microbial composition may influence
systemic inflammation by impairing intestinal barrier func-

tion and regulating mucosal immune activity [6].

Endometriosis is a common and chronic gynecologi-
cal disorder characterized by the presence of endometrial-
like tissue outside the uterus. Globally, it affects approxi-

mately 10% of women of reproductive age [1]. While tra-
ditionally viewed as a localized pelvic condition associated
with dysmenorrhea, dyspareunia, and infertility, emerg-
ing evidence suggests that endometriosis is a complex sys-
temic disease involving immunologic, inflammatory, and
metabolic dysfunction [2]. Patients frequently present with
symptoms that extend beyond the pelvis, including fatigue,
gastrointestinal complaints and systemic inflammation, in-
dicating the disease process is not confined to ectopic le-
sions but may reflect a broader dysregulation of host phys-
iology [3].

Recent study has implicated the gut microbiota as a
potential modulator of estrogen metabolism and immune
responses [4], both of which are critical in the pathophys-
iology of endometriosis. A growing body of research in-
dicates that imbalances in the gut microbiota are present
in women with endometriosis, often characterized by de-
creased microbial diversity and alterations in the compo-
sition of specific bacterial genera. Notably, taxa such as
Prevotella, Bacteroides, and Blautia have been consistently

As well as changes in the gut microbiota, elevated cir-
culating levels of pro-inflammatory cytokines—including
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), and
interleukin-8 (IL-8)—are commonly detected in women
with endometriosis. These mediators have been linked to
the persistence of ectopic lesions and heightened pain per-
ception [7]. However, most existing studies have exam-
ined microbial or inflammatory alterations in isolation, of-
ten based on limited sample sizes and lacking integrated
analyses that could explore their potential interplay. The
underlying mechanisms connecting gut microbiota profiles
to systemic immune responses in endometriosis are still not
well understood.

Despite accumulating evidence implicating both gut
microbial dysbiosis and systemic inflammation in en-
dometriosis, a previous study has systematically integrated
these two domains within the same analytic framework
[8]. The absence of unified datasets limits our ability to
understand whether specific microbial taxa are function-
ally linked to inflammatory signaling pathways, or whether
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they can serve as surrogate biomarkers for disease presence
or severity [9]. Moreover, most available data are cross-
sectional, underpowered, or focused on early-stage disease,
thus limiting their generalizability for clinically significant
endometriosis.

There is a critical need to define the immuno-
microbial landscape of endometriosis using standardized,
multi-dimensional approaches that combine the profiling of
gut microbiota with quantitative assessment of circulating
cytokines [10]. Investigating the associations between par-
ticular microbial taxa and inflammatory markers could pro-
vide new perspectives on disease mechanisms and facili-
tate the creation of comprehensive diagnostic or prognostic
frameworks.

This study retrospectively analyzed changes in both
gut microbial communities and circulating inflammatory
cytokines in patients with moderate-to-severe endometrio-
sis. Stool and blood samples were collected from patients
who had previously undergone laparoscopic evaluation and
had well-documented clinical diagnoses. 16S rRNA gene
sequencing and multiplex cytokine assays were used to as-
sess microbial diversity, taxonomic composition, and cy-
tokine profiles, allowing clinical subgroups to be compared
for these parameters. To identify potential biomarkers, a
multivariable predictive model was constructed based on
archived microbial and immunological data [11]. Correla-
tions between microbial genera and cytokine levels were
also explored to identify possible mechanisms underlying
the gut-immune axis in endometriosis.

2. Materials and Methods
2.1 Study Framework and Subject Selection

This study was designed as a single-center, cross-
sectional, retrospective analysis conducted at the Second
Hospital of Anhui Medical University in southern China.
Clinical records from June 2022 to December 2023 were
reviewed, and corresponding stored biospecimens were
retrieved to explore associations between gut microbiota
composition, circulating inflammatory cytokine profiles,
and the severity of endometriosis across different clinical
stages. This study was approved by the Institutional Ethics
Committee of the Second Hospital of Anhui Medical Uni-
versity (Approval No. YX2024-164, dated October 2024).
Biological samples (including serum and stool) were origi-
nally collected as part of routine clinical diagnosis and care
between 2023 and 2025, with all patients providing written
informed consent for biobanking and future research use.
The archived and anonymized samples were retrospectively
analyzed in the current study. An internal audit confirmed
that all samples were collected under institutional protocols
that were in effect prior to the formal 2025 study-specific
approval.

A total of 150 premenopausal women aged 20 to 45
years were included based on available laparoscopic and
histopathological data. Patients were stratified into four

groups: healthy controls (n = 40), individuals with benign
gynecologic conditions unrelated to endometriosis (e.g.,
uterine fibroids, ovarian cysts; n = 45), patients diagnosed
with stage I-II endometriosis (n = 25), and patients with
stage III-IV endometriosis (n = 40). The above classifi-
cations were based on criteria from the revised American
Society for Reproductive Medicine (rASRM).

Patients with incomplete records, a history of con-
founding conditions (e.g., autoimmune/metabolic diseases,
malignancies, pelvic infections, irritable/inflammatory
bowel disease), or documented use of antibiotics or pro-
biotics within six months prior to sample collection were
excluded from analysis. Relevant clinical data, anthropo-
metric measurements, and biospecimen information were
obtained from institutional medical records and laboratory
archives under standardized protocols.

To improve transparency and ensure reproducibility,
the inclusion and exclusion criteria for each study group
were explicitly defined. Participants in the healthy control
group were premenopausal women aged 20 to 45 years who
underwent laparoscopic procedures for non-endometriotic
indications, such as elective tubal ligation or benign ovarian
cysts. They had no history of chronic pelvic pain, dysmen-
orrhea, or infertility, and no visual or histologic evidence of
endometriosis upon surgical evaluation. Individuals were
excluded if they had a history of pelvic infection, gyneco-
logic malignancy, or recent use (within 6 months) of antibi-
otics, probiotics, or hormone therapies.

For the healthy control group, participants were se-
lected among women who underwent laparoscopic proce-
dures for non-endometriotic indications, such as elective
tubal ligation or benign ovarian cysts later confirmed to
be non-endometriotic. All individuals were evaluated in-
traoperatively and showed no visible lesions suggestive of
endometriosis, and no history of chronic pelvic pain, dys-
menorrhea, or infertility. In addition, where indicated,
histopathological examination confirmed the absence of
ectopic endometrial tissue. This approach was used to
minimize the likelihood of undiagnosed asymptomatic en-
dometriosis in the control group.

The benign gynecologic group included patients diag-
nosed with non-endometriotic gynecologic conditions such
as uterine fibroids or functional cysts, confirmed through
imaging or surgery, and with no intraoperative or histo-
logical signs of endometriosis. Patients were excluded if
they had overlapping endometriotic lesions, concurrent en-
docrine or autoimmune disorders, or had received hormonal
or immunosuppressive treatment in the past 6 months.

Patients in the stage I-II endometriosis group were di-
agnosed according to rASRM criteria and based on laparo-
scopic findings and histopathological confirmation. They
typically presented with symptoms such as pelvic pain or
subfertility. Exclusion criteria included recent surgical
treatment for endometriosis (within the previous year), in-
complete staging, or coexisting severe pelvic pathologies.

&% IMR Press


https://www.imrpress.com

The stage ITI-TV endometriosis group was comprised
of women with confirmed advanced disease, as defined by
rASRM staging during laparoscopic surgery, along with
histological verification. These participants had not re-
ceived hormonal therapy or antibiotics for at least 3 months
prior to biospecimen collection. Women with deeply infil-
trating endometriosis involving the bowel or bladder that
precluded complete staging were excluded, as well as those
receiving systemic immunomodulatory therapies.

The above criteria were designed to minimize con-
founding variables, while aligning with established diag-
nostic and microbiome research protocols, as reported in
recent literature [12,13].

2.2 Clinical Assessment and Sample Collection

Clinical assessments and biospecimen collections had
been conducted as part of routine preoperative evaluations,
or general gynecological examinations. Blood pressure
measurements were recorded using a calibrated automated
sphygmomanometer, with patients seated at rest. The doc-
umented value was the average of two successive readings.

Peripheral venous blood samples (5 mL) were col-
lected in the early morning (07:00-09:00) under fasting
conditions into ethylenediaminetetraacetic acid (EDTA)
tubes. After centrifugation at 3000 rpm for 10 minutes at
4 °C, serum was aliquoted into sterile cryotubes and stored
at —80 °C until cytokine analysis. Subsequent quantifica-
tion was focused on pro-inflammatory cytokines, including
interleukin-15 (IL-1/), IL-6, IL-8, and TNF-a.

Stool samples (~200 mg) had been collected in ster-
ile containers and delivered under cold-chain conditions to
the institutional biobank. Samples were preserved in lig-
uid nitrogen and stored at —80 °C prior to microbial DNA
extraction. All biospecimens had been anonymized and
linked to relevant clinical data through coded identifiers.
The laboratory procedures adhered to institutional protocols
for biosafety and biobanking.

For analytical purposes, primary group-wise compar-
isons were made between the healthy control group and the
combined endometriosis cohort. Additional stratified anal-
yses were conducted between stage [-1I and stage IT1I-IV en-
dometriosis patients. The benign gynecologic group served
as a reference for non-endometriotic perioperative factors,
but was not used in the main statistical comparisons.

2.3 168 rRNA Sequencing and Analysis of Microbiota

Approximately 200 mg of stool per sample was used
for genomic DNA extraction with the QIAamp Fast DNA
Stool Mini Kit (Cat# 51604; Qiagen, Hilden, Germany)
following the supplier’s protocol. To enhance lysis of
gram-positive bacteria, a bead-beating procedure was in-
corporated using 0.1 mm zirconia/silica beads. Taxonomic
classification was conducted using a naive Bayes model
trained on the SILVA ribosomal RNA gene database project
(SILVA) 138 reference dataset at 99% Operational Taxo-
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nomic Unit (OTU) similarity. To assess within-sample mi-
crobial diversity, alpha diversity metrics including Shannon
and Chaol indices were computed. Differences in micro-
bial composition between groups were evaluated through
beta diversity analysis based on Bray-Curtis dissimilarity,
and visualized using principal coordinates analysis (PCoA).
Group-level variation in microbial communities was sta-
tistically tested via permutational multivariate analysis of
variance (PERMANOVA) with 999 permutations. Relative
abundances of microbial taxa at the genus level were used
for downstream comparisons and correlation analyses with
clinical and inflammatory parameters.

2.4 Quantification of Serum Cytokines

Systemic inflammatory cytokine levels were mea-
sured with enzyme-linked immunosorbent assay (ELISA)
kits (MultiSciences Biotech Co., Hangzhou, Zhejiang,
China) following the manufacturer’s recommended proto-
cols. After thawing on ice, serum specimens were ana-
lyzed in duplicate using 96-well plates. The assays tar-
geted key pro-inflammatory cytokines, specifically IL-14,
IL-6, IL-8, and TNF-«. Standard curves were generated
for each plate using recombinant human cytokine standards
provided by the manufacturer, with calibration ranges ap-
propriate for physiological serum concentrations (typically
0-1000 pg/mL). Four-parameter logistic regression (4PL)
was used to fit the standard curves using GraphPad Prism
9.0 (Dotmatics, Boston, MA, USA), and only assays with
an R? >0.98 were retained for analysis. Analyte concentra-
tions were calculated based on standard curves and adjusted
for sample dilutions when necessary.

To ensure the reliability of results, intra- and inter-
assay variability was controlled, with coefficients of vari-
ation kept under 10% and 15%, respectively. If duplicate
readings varied by >20%, or if optical density values fell
outside the linear range of the standard curve, the assay was
repeated. To minimize batch effects, all cytokines from a
single participant were measured on the same plate, and lab-
oratory personnel were blinded to group allocation during
processing and data entry.

2.5 Statistical Analysis

Statistical processing was performed with R (v4.2.3,
R Foundation for Statistical Computing, Vienna, Austria)
and Python, version 3.9 (Python Software Founda-
tion, Wilmington, DE, USA), utilizing established
libraries such as statsmodels, version 0.14.0 (Seabold,
S. & Perktold, J.; https://www.statsmodels.org/), scikit-
learn, version 1.3.0 (Pedregosa, F. et al.; https://scikit-
learn.org/), ggplot2, version 3.4.2 (Wickham, H.; R
package; https://ggplot2.tidyverse.org/), vegan, version
2.6-4 (Oksanen, J. et al,; R package; https://cran.r-
project.org/package=vegan), seaborn, version 0.12.2
(Waskom, M.; https://seaborn.pydata.org/), matplotlib,
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premenopausal women aged 20-45 years
(n=150)
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benign gynecologic conditions (n=45)
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n=40)

Y

assess microblota-cyiokine associations

L

A

Microbial alpha diversity |
Shannon index :
3.02 (Stage III-IV) vs 3.82 (Controls)
P=0.019

Prevotella 1 (6.7% vs 2.8%, P=0.0007)
Blautia | (3.1% Vs 5.6%, P=0.0032)

|

Cytokines 1:
IL-6: 18. 3 vs 5.5 pg/mL, P<0.0001
TNF-a: 24.9 vs10.8 pg/mL, P<0.0001

|

A 4

Significant correlations were observed
between Prevotella and IL-6, and
between Blautia and TNF-a

Fig. 1. Study design and microbiota-cytokine association framework. This flowchart illustrates the structure of the study cohort and

the analytic workflow. Clinical data and biospecimens from 150 premenopausal women aged 20—45 years were retrospectively analyzed

and categorized into four subgroups according to prior laparoscopic and histopathological records: healthy controls (n =40), patients with

benign gynecologic conditions (n = 45), early-stage endometriosis (stage I-1I, n = 25), and advanced-stage endometriosis (stage III-1V,

n = 40). Microbial alpha diversity (Shannon index) was reduced in the advanced-stage group (p = 0.019), accompanied by increased

Prevotella and decreased Blautia abundance. Circulating interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-«) levels were signifi-

cantly elevated in patients with endometriosis (both p < 0.0001). Spearman correlation analysis identified positive associations between

Prevotella and IL-6 and inverse associations between Blautia and TNF-«.. Upward arrows (1) indicate an increase, and downward arrows

(|) indicate a decrease in the corresponding variables.

version 3.7.1 (Hunter, J. D.; https://matplotlib.org/). Un-
less stated otherwise, statistical significance was defined
as a two-tailed p value < 0.05.

Normality of continuous variables was evaluated us-
ing the Shapiro-Wilk test. Data conforming to a normal
distribution were summarized as the mean + standard de-
viation (SD) and analyzed using one-way analysis of vari-
anc (ANOVA) for comparisons among multiple groups, fol-
lowed by Tukey’s honestly significant difference (HSD)
post hoc test where appropriate. For two-group compar-
isons, Student’s ¢ test was applied. For non-normally dis-
tributed variables, results were reported as the median with
interquartile range (IQR) and compared using the Mann-
Whitney U test (for two groups) or Kruskal-Wallis H test
(for >3 groups), followed by Dunn’s post hoc test with
Bonferroni correction where indicated. Fig. 1 shows the
overall study design, subgroup classification and analytic
framework, including ANOVA- and correlation-based as-
sessments of microbiota and cytokines.

Differences in the median between groups (e.g.,
healthy controls vs. stage III-IV endometriosis) were
estimated using the Hodges-Lehmann method, a non-
parametric approach for assessing central tendency differ-
ences. Associated 95% confidence intervals (CIs) were
calculated using the exact distribution of Walsh averages,
as implemented in the scipy.stats package (Python v3.9;
https://www.python.org/). This method was used to com-
plement Kruskal-Wallis tests when interpreting median dif-
ferences between groups.

3. Results
3.1 Baseline Characteristics of Included Patients

The study cohort comprised of 150 premenopausal
women, categorized into four groups: healthy controls (n
= 40), individuals with benign gynecologic disorders (n =
45), patients diagnosed with stage I-II endometriosis (n =
25), and patients with advanced-stage (stage III-IV) en-
dometriosis (n = 40). Age distribution did not differ sig-
nificantly across groups (p = 0.234; data not shown).
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Table 1. Baseline characteristics of participants across four clinical groups.

Variable Healthy control ~ Benign GYN EM I-1I EM III-IV p value Effectsize (vs. HC)  95% CI
IL-6 (pg/mL) 5.5(4.1-6.7) 8.4(7.2-10.3) 11.8(10.7-12.9) 18.3 (14.3-20.5) <0.0001 +12.8 pg/mL 10.7 to 13.8
TNF-a (pg/mL) 10.8 (7.8-12.0) 14.7 (11.4-16.7) 18.7 (15.4-21.4) 24.9 (21.8-28.0) <0.0001 +14.1 pg/mL 12.0 to 16.1
Creatinine (umol/L)  58.4 (56.1-61.5) 61.9 (57.7-64.4) 65.3 (61.5-68.7) 70.5 (63.1-75.5) <0.0001 +12.1 pumol/L 9.2t0 15.5
BMI (kg/m?) 20.7 (19.9-21.9) 22.1(21.0-23.4) 23.2(22.6-24.2) 24.8 (23.6-25.8) <0.0001 +4.1 kg/m? 35t04.8
Diastolic BP (mmHg) 70.6 (65.9-74.2) 70.5 (68.6-76.2) 72.9 (69.8-78.3) 76.2 (71.4-78.5) 0.0048 +5.6 mmHg 141072

Data are presented as median (interquartile range, IQR). p values are based on Kruskal-Wallis test. Effect sizes reflect median difference from

healthy controls, estimated using the Hodges-Lehmann method.

GYN, gynecology; EM, endometriosis; HC, healthy control; BMI, body mass index; BP, blood pressure; CI, confidence interval.

To address disease-specific effects, the analysis was
structured in two tiers. First, comparisons were made be-
tween healthy controls and all patients with endometriosis
in order to capture the overall differences in gut microbiota
composition and inflammatory cytokines. Second, sub-
group analyses comparing patients with early-stage (I-II)
and advanced-stage (III-1V) endometriosis were performed
to explore changes associated with disease progression. Al-
though the benign gynecologic group was included to con-
trol for perioperative, hormonal, or hospitalization-related
confounders, it was not incorporated in testing of the pri-
mary hypothesis. This approach allowed the preservation of
data integrity, while focusing analytical power on disease-
specific contrasts.

Notable trends were observed for several inflamma-
tory and metabolic markers (Table 1). The median serum
IL-6 level increased progressively with disease severity,
from 5.5 pg/mL (IQR: 4.1-6.7) in healthy controls to
18.3 pg/mL (14.3-20.5) in patients with stage III-IV en-
dometriosis (p < 0.0001). The estimated median differ-
ence between these two groups was + 12.8 pg/mL (95%
CI: 10.7 to 13.8). This difference was estimated using
the Hodges-Lehmann method, based on all pairwise dif-
ferences between IL-6 values in the two groups. Simi-
larly, TNF-a levels rose from 10.8 pg/mL (7.8-12.0) to
24.9 pg/mL (21.8-28.0), with a corresponding effect size
of +14.1 pg/mL (95% CI: 12.0 to 16.1).

Other systemic indicators such as serum creatinine and
body mass index (BMI) also showed significant between-
group differences. Patients with stage I1I-IV endometrio-
sis had higher creatinine levels (median: 70.5 pmol/L) and
BMI (24.8 kg/m?) compared with healthy controls (58.4
umol/L and 20.7 kg/m?, respectively). Both indicators
were significantly different between groups (p < 0.0001),
with the estimated median differences exceeding clinical
thresholds. Diastolic blood pressure varied significantly
across groups (Kruskal-Wallis p = 0.0048), with stage 11—
IV patients showing higher median values than controls
(76.2 mmHg vs. 70.6 mmHg, respectively). The esti-
mated median difference and 95% CI were derived using
the Hodges-Lehmann method based on pairwise compar-
isons between groups.
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The baseline characteristics and pairwise effect esti-
mates are summarized in Table 1.

3.2 Inflammatory Cytokine Profiles Across Disease Stages

Circulating levels of inflammatory cytokines demon-
strated a clear stepwise increase across the four clinical
groups. IL-6 concentrations differed significantly among
clinical groups (Kruskal-Wallis p < 0.0001), with post hoc
tests confirming higher levels in patients with advanced en-
dometriosis compared to all other groups. Kruskal-Wallis
tests confirmed statistically significant differences for both
IL-6 (H = 136.11) and TNF-a (H = 132.05) across all
groups. These trends are shown in Fig. 2. The minimal
overlap observed between distributions supports their po-
tential utility as systemic inflammatory markers of disease
severity, as shown in Table 2.

Table 2. Group-wise differences in clinical and inflammatory
variables based on Kruskal-Wallis tests (n = 150).

Variable Kruskal-Wallis H Statistic ~ p value
IL-6 (pg/mL) 136.11 <0.0001
TNF-« (pg/mL) 132.05 <0.0001
Creatinine (pmol/L) 45.23 <0.0001
BMI (kg/m?) 58.77 <0.0001
Diastolic BP (mmHg) 10.62 0.0048

Note: Data were analyzed using the Kruskal-Wallis test to as-
sess non-parametric differences across four clinical subgroups:
healthy controls, benign gynecological conditions, early-stage
endometriosis (stage I-II), and advanced-stage endometriosis
(stage III-1V). All variables demonstrated statistically signifi-
cant group-level differences.

3.3 Diversity and Composition of Gut Microbiota

To evaluate disease-associated alterations in gut mi-
crobiota, 16S rRNA sequencing was performed on fecal
samples from all participants. Alpha diversity, assessed by
the Shannon index, showed a progressive reduction across
disease severity groups. The median diversity value de-
clined from 3.15 (IQR: 2.95-3.42) in healthy controls to
2.78 (2.60-2.92) in stage III-1V endometriosis patients (p
< 0.001), indicating a loss of microbial richness and even-
ness (Fig. 3A).


https://www.imrpress.com

A. Serum IL-6 Levels B. Body Mass Index

k% - *
20.0 25.6
*
24.0 — =
.
15.0 I
£ N E 232
9125 2 -
© s 22.4
= 10.0 @
21.6
7.5 ‘T' 0.8
5.0 20.0 .
2.5 L *kk 19.2 T *kk
\ N A N ) N\ A N
oo o GF WMV W s e N A\
™ ° gen” © L e & gen9” € e

Fig. 2. Group-wise comparisons of IL-6 levels and BMI across disease severity. (A) IL-6 concentrations across four participant
groups: healthy controls, patients with benign gynecologic conditions, and patients with stage I-II or stage III-IV endometriosis. I1L-6
levels showed a progressive increase with disease severity. (B) BMI across the same clinical groups, with higher BMI observed in patients
with advanced endometriosis. Each box represents the IQR, with the median denoted by a horizontal line. Whiskers indicate 1.5 x IQR.
Statistical comparisons were performed using the Kruskal-Wallis test followed by post hoc Dunn’s test with Bonferroni correction. All
group-wise differences were statistically significant (adjusted p < 0.05), as detailed in Table 1. Asterisks indicate statistical significance
based on pairwise post hoc comparisons: *p < 0.05, **p < 0.01, ***p < 0.001. All overall p values (Kruskal-Wallis test) were <0.01.
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Fig. 3. Gut microbiota diversity and composition across disease stages. (A) Boxplot showing decreasing alpha diversity (Shannon
index) across four groups: healthy controls, benign gynecologic conditions, stage -1l endometriosis, and stage III-1V endometriosis.
(B) Principal Coordinates Analysis (PCoA) based on Bray-Curtis dissimilarity demonstrates distinct clustering of gut microbial commu-
nities by disease group. (C) Heatmap displaying the relative abundance of the top 20 most prevalent bacterial genera, averaged across
participants within each group. Each box in (A) represents the IQR, with the median indicated by a horizontal line; whiskers extend to 1.5
x IQR. Statistical comparisons were performed using the Kruskal-Wallis test with post hoc Dunn’s test (adjusted p < 0.05), indicating
a significant decrease in alpha diversity with increasing disease severity. *p < 0.05.

Beta diversity analysis using Bray-Curtis dissimilar- was confirmed by PERMANOVA (R? = 0.12, p = 0.002),
ity and PCoA revealed distinct clustering by disease stage, suggesting a significant structural divergence in microbial
with a clear separation between advanced endometriosis communities.
and non-disease groups (Fig. 3B). This compositional shift
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Fig. 4. Group-wise distribution of serum inflammatory cytokines. (A) IL-6 and (B) TNF-« levels were significantly elevated in

patients with advanced endometriosis (stage III-1V) compared to healthy controls and benign gynecological disease. Box plots represent

median and interquartile range; individual data points are overlaid. *p < 0.05.

At the genus level, relative abundance profiles iden-
tified several taxa with stage-associated trends. Prevotella
was progressively enriched and reached the highest level
in stage II-IV disease. In contrast, Blautia, an anti-
inflammatory short-chain fatty acid-producing genus, was
markedly depleted in more advanced disease. A hierar-
chical heatmap of the top 20 genera illustrates these shifts
(Fig. 3C), highlighting a disease-stage-dependent gradient
in microbial signatures.

These results demonstrate that both microbial diver-
sity and taxonomic composition are significantly altered in
women with endometriosis, with the most profound dysbio-
sis observed in patients with advanced-stage disease.

3.4 Serum Cytokine Profiles

Serum concentrations of key pro-inflammatory cy-
tokines were analyzed across the four clinical groups us-
ing Kruskal-Wallis tests, followed by post hoc compar-
isons to determine group-wise differences. As shown in
Fig. 4, a clear upward trend was observed for IL-6, which
increased progressively from healthy individuals (median:
5.5 pg/mL, IQR: 4.1-6.7) to patients with stage III-IV en-
dometriosis (18.3 pg/mL, 14.3-20.5). Statistically signif-
icant differences in the IL-6 level were detected between
all clinical stages based on the Kruskal-Wallis test (p <
0.0001).

A similar trend was noted for TNF-«, with the me-
dian level increasing from 10.8 pg/mL in healthy individ-
uals to 24.9 pg/mL in patients with advanced disease (p <
0.0001). The IL-8 concentration also rose across the dis-
ease spectrum, although with a smaller effect size, reaching
22.7 pg/mL (19.4-26.1) in the stage III-IV group compared
to 16.9 pg/mL (14.3-19.8) in healthy controls (p = 0.004).
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A non-significant upward trend (p = 0.073) was observed
for IL-18, suggesting potential low-grade activation.

Post hoc comparisons with the Kruskal-Wallis test
confirmed that IL-6 and TNF-« levels were significantly
higher in stage III-IV patients compared to both the healthy
and benign groups (all p < 0.001 after Bonferroni cor-
rection). These findings support the hypothesis that ad-
vanced endometriosis is characterized by a systemic pro-
inflammatory phenotype involving multiple cytokine path-
ways.

Based on Linear Discriminant Analysis Effect Size
(LEfSe) analysis, 8 genera demonstrated significant group-
level differences in relative abundance across the disease
stages. Prevotella and Escherichia were progressively en-
riched in patients with advanced-stage endometriosis, while
Blautia, Ruminococcus, Subdoligranulum and Bacteroides
showed decreasing trends. These taxa met the threshold for
false discovery rate (FDR) correction (¢ < 0.06) and are
detailed in Supplementary Table 1.

3.5 Analysis of Microbiota-Cytokine Correlations

To explore the interplay between gut microbiota
and systemic inflammation, Spearman correlation analyses
were performed between genus-level relative abundances,
Shannon diversity, and serum cytokine levels in all par-
ticipants. The resulting correlation matrix is presented in
Fig. 5A.

Among the significant associations, the abundance of
Prevotella showed a moderate positive correlation with IL-
6 (p=10.33, p <0.001, g =0.018 after FDR correction),
while Blautia was negatively correlated with TNF-a (p =
—0.32, p < 0.001, g = 0.026). These associations remained
statistically significant after controlling for the FDR and are
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A. Spearman Correlation Matrix B. IL-6 vs Prevotella (p = 0.33, P = 0.000) C. TNF-a vs Blautia (p = -0.32, P = 0.000)
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Fig. 5. Correlation between gut microbiota, alpha diversity, and systemic inflammation. (A) Spearman correlation matrix showing
pairwise associations between serum inflammatory cytokines (IL-6, TNF-«), Shannon diversity, and the relative abundance of repre-
sentative microbial genera (Prevotella, Blautia). Cell color represents correlation strength and direction (Spearman’s p), with positive
associations in red and negative in blue. (B,C) Representative scatter plots illustrating significant correlations between IL-6 and Pre-
votella (p = 0.33, p < 0.001) and TNF-« and Blautia (p =—-0.32, p < 0.001), respectively. False discovery rate (FDR) correction was
applied to correlation analyses; values presented are unadjusted for visual clarity, but only relationships that remained significant after
FDR correction (¢ < 0.05) are discussed in the text.
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Fig. 6. Adjusted IL-6 levels and predictive model estimates across disease groups. (A) Adjusted serum IL-6 concentrations across
four participant groups (healthy controls, benign gynecologic conditions, stage I-1I endometriosis, and stage III-IV endometriosis),
based on generalized linear model controlling for BMI, dietary pattern, and antibiotic use history. Error bars represent 95% confidence
intervals. (B) Model-predicted IL-6 values across disease stages derived from the same adjusted model. The shaded area indicates the
95% confidence band for predicted means. Open circles in panel A represent individual outlier values identified by boxplot analysis.

shown in Fig. 5B,C. Participants with higher Prevotella lev- Other genera such as Ruminococcus and Faecalibac-
els tended to exhibit elevated IL-6 concentrations, whereas terium displayed weaker, non-significant correlations with
lower Blautia abundance was associated with increased  IL-8 and IL-173, but these associations disappeared after
TNF-« levels. correcting for FDR.
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3.6 Adjusted Modeling Results

We next examined whether the association between
endometriosis severity and inflammatory burden was inde-
pendent of metabolic and lifestyle factors by constructing
generalized linear models (GLMs) using IL-6 concentra-
tion and microbial diversity (Shannon index) as continuous
outcomes. These models were adjusted for BMI, dietary
pattern, and history of antibiotic use (Fig. 6A,B).

After multivariable adjustment, IL-6 remained signif-
icantly elevated in both the stage I-1I (5 = 4.82, 95% CI:
3.25 to 6.40, p < 0.001) and stage III-IV endometriosis
groups (8 =9.84, 95% CI: 8.13 to 11.56, p < 0.001) com-
pared to healthy controls. BMI was independently associ-
ated with IL-6 concentration (3 = 0.47 per 1 kg/m? increase,
p =0.005), while dietary and antibiotic history did not sig-
nificantly affect cytokine levels.

The IL-6 values predicted by the model across differ-
ent disease stages (Fig. 6B) mirrored the observed trends,
demonstrating progressive inflammatory activation with in-
creasing disease severity, even after adjustment for covari-
ates (Table 3).

Table 3. Generalized linear models for IL-6 and Shannon
index, adjusted for BMI, diet, and antibiotic history (n = 150).

Variable B (95% CI) p value
Outcome: IL-6 (pg/mL)
Endometriosis I-11 4.82 (3.25t0 6.40) <0.001

Endometriosis IT1I-1V
BMI (per 1 kg/m? increase)

9.84 (8.13 to 11.56) <0.001
0.47 (0.15t0 0.80)  0.005
Non-omnivorous diet -1.12 (-2.58 t0 0.34)  0.131
Prior antibiotic use (>6 months) 0.92 (-0.45t0 2.29)  0.185

Outcome: Shannon index
Endometriosis I-11
Endometriosis III-1V
BMI (per 1 kg/m? increase)

—0.31 (-0.49 to -0.14) 0.001
—0.56 (0.74 to —0.38) <0.001
—0.04 (-0.08 t0 0.01) 0.082
0.12 (-0.05t0 0.30)  0.168
—0.15(-0.32t0 0.01)  0.067

Note: Omnivorous diet = reference group; Healthy control = ref-

Non-omnivorous diet
Prior antibiotic use

erence group for disease stage. Models adjusted for all listed co-
variates. Variance inflation factors (VIF) values <2 for all vari-
ables. p values < 0.05 are considered statistically significant.

4. Discussion

This cross-sectional study of 150 women across four
clinically distinct groups identified a multidimensional
biological signature associated with the severity of en-
dometriosis. The levels of inflammatory cytokines, such as
IL-6, TNF-q, and IL-8, were markedly increased in patients
with moderate to severe endometriosis. These changes
were accompanied by distinct taxonomic alterations and a
decline in gut microbiota diversity, including an overrepre-
sentation of Prevotella and a reduction in the abundance of
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Blautia [14]. Furthermore, statistically robust correlations
were found between specific genera and inflammatory me-
diators, notably a positive association between Prevotella
and IL-6, and an inverse relationship between Blautia and
TNF-« [15].

Rather than evaluating microbial or immune alter-
ations in isolation, it is important to note that in the cur-
rent study both domains were integrated within a unified
analytic framework. By simultaneously quantifying taxo-
nomic diversity and cytokine burden, as well as their inter-
relationship, we provide evidence that endometriosis may
be characterized by a disrupted gut-immune axis, particu-
larly in the advanced stages. These results support the no-
tion that endometriosis is not just a localized gynecologic
disorder, but rather a systemic and immunologically active
condition, with potential implications for early detection,
risk stratification, and novel therapeutic targeting.

Our findings align with and expand upon previous
studies reporting gut microbial dysbiosis and elevated sys-
temic inflammation in women with endometriosis. Sev-
eral prior investigations have documented decreased mi-
crobial diversity and overrepresentation of Prevotella in
endometriosis patients [5], often alongside the depletion
of short-chain fatty acid (SCFA)-producing genera such as
Blautia and Ruminococcus. Increased circulating levels of
IL-6 and TNF-« have also been repeatedly observed in this
population and implicated in lesion proliferation, angiogen-
esis, and pain sensitization [16]. However, most of the ear-
lier studies examined these features separately, lacked ap-
propriate control groups, or focused exclusively on binary
case—control comparisons.

Our study is among the first to integrate quantita-
tive cytokine profiling with gut microbiota sequencing in
a stratified surgical cohort, thereby allowing detailed res-
olution across disease stages. The use of a four-group
design—including healthy controls and benign gynecologic
comparators—helps to delineate changes that are specific
to endometriosis rather than to general pelvic pathology
[17]. Furthermore, the statistically significant correlations
observed between Prevotella and IL-6, and between Blautia
and TNF-q, provide novel human-based evidence support-
ing the hypothesis that changes in the gut microbiota may
influence systemic immune activation in endometriosis.

The observed associations between specific gut mi-
crobial taxa and systemic inflammatory cytokines in the
current study supports the notion of a functional interac-
tion between microbial dysbiosis and immune activation in
endometriosis [18]. The enrichment of Prevotella and de-
pletion of Blautia in patients with advanced disease stages
may have mechanistic implications. Prevotella species are
known to synthesize lipopolysaccharide (LPS), a strong en-
dotoxin that activates signaling pathways through Toll-like
receptor 4 (TLR4), ultimately promoting the secretion of
inflammatory cytokines such as IL-6 and TNF-« [19]. In
contrast, the Blautia genus produces SCFAs, notably bu-
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tyrate. This metabolite has anti-inflammatory effects that
help to preserve the intestinal epithelial barrier function.

The imbalance between pro-inflammatory and anti-
inflammatory microbial metabolites may contribute to a
systemic inflammatory milieu that promotes the progres-
sion of endometriotic lesions. LPS from Gram-negative
bacteria like Prevotella can stimulate macrophages in the
peritoneal cavity [20], thereby increasing the secretion of
IL-6 and TNF-a.. These cytokines are implicated in the pro-
liferation and survival of ectopic endometrial cells. Mean-
while, the reduction of butyrate-producing bacteria such as
Blautia may result in decreased regulatory T cell differen-
tiation and compromised mucosal immunity, further exac-
erbating inflammation.

Collectively, these findings support the hypothesis ofa
disrupted gut-immune axis in endometriosis, where micro-
bial dysbiosis contributes to systemic inflammation, creat-
ing a feedback loop that sustains disease progression. Fur-
ther clarification of such microbiota-immune interactions
could lead to the development of new treatment approaches
for endometriosis in which immune activity is regulated
through modulation of the gut microbiome [21].

Beyond the mechanistic insights, our findings suggest
potential clinical applications for improving the diagnosis
and management of endometriosis. The clear stratifica-
tion of inflammatory and microbial profiles across disease
stages suggests these biological markers may serve as ad-
juncts to current diagnostic paradigms. In particular, the
consistent elevation of IL-6 and TNF-« levels in moderate-
to-severe disease, along with the corresponding loss of mi-
crobial diversity and SCFA-producing genera, may help to
distinguish patients with a higher risk of progression or
symptom burden.

Given the frequent diagnostic delay in endometriosis,
often exceeding 7 years from symptom onset, there is an
urgent need for non-invasive, biomarker-based risk stratifi-
cation tools. Our results suggest that commonly available
clinical indices could be interpreted alongside immune and
microbial signatures to improve earlier diagnostic evalua-
tion in symptomatic women and inform decisions regard-
ing surgical triage [22]. Moreover, the identification of
taxon-specific inflammatory associations raises the possi-
bility of microbiota-targeted interventions, including pro-
biotic supplementation, dietary modulation, or fecal micro-
biota transplantation. Such adjunct strategies could attenu-
ate systemic inflammation and potentially modulate disease
activity [23]. These applications merit further investigation
in prospective or interventional studies.

Several methodological constraints in this study
should be acknowledged. Most notably, its cross-sectional
nature restricts the ability to draw causal conclusions, mak-
ing it unclear whether the identified changes in gut mi-
crobiota and cytokine profiles are contributing factors to
endometriosis, or outcomes of the disease. Longitudi-
nal studies are needed to evaluate temporal relationships
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and responses to intervention. Second, although partici-
pants with antibiotic or probiotic exposure within the past
six months were excluded to minimize confounding, ear-
lier exposures and dietary variation may still have in-
fluenced the microbial composition. Third, this was a
single-center study with a moderate sample size, poten-
tially limiting the generalizability of its findings to broader
populations and healthcare settings [24]. Lastly, while
16S rRNA sequencing allows high-throughput taxonomic
characterization, this technique lacks functional resolution.
Multi-omics approaches—such as shotgun metagenomics,
metabolomics, or host transcriptomics—will be required to
elucidate microbial function and host-microbe interactions
at a mechanistic level.

This study has several limitations. First, due to its ret-
rospective design, the timing of biological sample collec-
tion was not standardized according to the menstrual phase.
Although most samples were obtained during the early fol-
licular phase, as per routine clinical scheduling, the exact
cycle staging was not systematically recorded. Given the
hormone sensitivity of both cytokine levels and gut mi-
crobiota composition, this may represent a source of bio-
logical variability. Second, no formal a priori sample size
calculation was performed, as patient inclusion was based
on the availability of biological samples. Nevertheless, the
observed group-level differences in inflammatory markers
and microbial metrics were statistically robust, suggesting
adequate statistical power. Third, while modest increases
in diastolic blood pressure were observed among patients
with advanced endometriosis, its clinical and mechanistic
relevance remains unclear. Earlier studies suggested po-
tential links between endometriosis, vascular dysfunction,
and cardiometabolic risk, possibly mediated by chronic in-
flammation and altered estrogen signaling [25,26]. Further
prospective research is warranted to explore these associa-
tions.

Finally, the cross-sectional nature of the study and
the lack of functional assays—such as microbial metabolite
profiling or SCFA quantification—Ilimit causal interpreta-
tion. While statistically significant correlations were found
between specific bacterial genera and cytokine levels, these
do not establish mechanistic relationships. Further studies
that integrate longitudinal sampling and metabolomic anal-
yses are needed to validate these microbiota—immune inter-
actions.

In summary, this study provides evidence that
moderate-to-severe endometriosis is associated with both
gut microbial dysbiosis and systemic immune activation.
The identification of coordinated alterations in specific gen-
era and inflammatory cytokines supports the concept of a
disrupted gut-immune axis in endometriosis. These find-
ings may inform the development of novel diagnostic tools
and therapeutic strategies targeting microbial-immune in-
teractions in this complex and burdensome disease.
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5. Conclusions

This study demonstrates that endometriosis, particu-
larly in its moderate-to-severe forms, is associated with a
distinct pattern of gut microbial dysbiosis and systemic im-
mune activation. We identified a progressive loss of mi-
crobial diversity, specific alterations in genera such as Pre-
votella and Blautia, and elevated levels of inflammatory
cytokines including IL-6 and TNF-a. Furthermore, statisti-
cally significant correlations were found between microbial
and immunologic profiles.

These findings support the concept that endometrio-
sis is a systemic inflammatory condition involving gut-
immune crosstalk, rather than being a purely localized
pelvic disorder. By integrating microbial and cytokine data
within a unified analytic framework, this study provides
novel insights into the pathophysiology of endometrio-
sis and suggests that such signatures may serve as early
biomarkers of disease severity or progression.

Future research should aim to validate these associa-
tions in larger, longitudinal cohorts and to explore whether
targeted modulation of the gut microbiota provides ther-
apeutic benefit in endometriosis. Research into the gut-
immune axis is a promising frontier for gaining a better
mechanistic understanding of this burdensome and often
underdiagnosed disease, as well as for precision interven-
tion.
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