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Abstract
Background  Endometriosis is a chronic, estrogen-dependent condition affecting 10% of reproductive-aged women, 
often associated with infertility and chronic pelvic pain. Recent evidence suggests that gut microbiota dysbiosis and 
alterations in the estrobolome, defined as the collection of bacterial genes involved in estrogen metabolism, may play 
a role in the pathogenesis of endometriosis and infertility.

Methods  This systematic review was registered with PROSPERO (ID: CRD42024627464). A comprehensive search 
was conducted across PubMed, Embase, Scopus, Web of Science, Cochrane CENTRAL, ClinicalTrials.gov, and grey 
literature sources up to December 2024, without a lower date limit. The search included terms such as “estrobolome,” 
“endometriosis,” “infertility,” and “estrogen metabolism”. Original articles and clinical trials investigating the role of the 
estrobolome in endometriosis pathogenesis and infertility were included. Abstract-only studies, reviews, and non-
English articles were excluded.

Results  Five studies were analyzed, highlighting gut dysbiosis, estrobolome alterations, and immunological factors 
in endometriosis and infertile patients. Some investigations reported dysregulated or increased β-glucuronidase 
activity, suggesting a potential link between microbial estrogen metabolism and disease pathophysiology. These 
microbial and enzymatic alterations were accompanied by elevated inflammatory cytokines and persistent activation 
of immune cells, possibly contributing to local and systemic estrogen stimulation and lesion progression. 

Conclusions  Our analysis emphasizes how disruptions in estrogen-metabolizing bacterial pathways may contribute 
to the inflammatory and hormonal features observed in endometriosis and infertility. Given the associations 
observed, future studies should explore whether modulating the microbiota or estrogen metabolism can improve 
clinical outcomes in patients with endometriosis or infertility.
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Background
Endometriosis is a chronic, estrogen-dependent gyne-
cological condition with a multifactorial pathogenesis 
and an inflammatory nature. It is characterized by endo-
metrial-like tissue outside the uterine cavity [1] and in 
distant organs, such as the lungs, liver, brain, and skin 
[2]. Affecting approximately 10% of the general female 
population, the prevalence of endometriosis rises sig-
nificantly to 20–50% in women experiencing infertility 
or chronic pelvic pain [1, 3]. While symptoms investiga-
tion, new classification systems and treatment options 
are continuously improving in the whole gynecologic 
field [4–8], diagnosing and managing the endometriosis 
and/or infertile patient remains challenging, in medical, 
surgical and economical terms [9–13]. The complexity of 
this disease extends beyond traditional etiopathogenetic 
theories, encompassing a combination of genetic predis-
positions, immune dysregulation, hormonal imbalances, 
environmental influences, and alterations in the gut 
microbiome and metabolome [14–18].

Recently, increasing attention has been given to the role 
of the microbiome in gynecological conditions. Dysbiosis 
and estrobolome impairments are under investigation for 
their potential impact on hormone-dependent diseases 
such as endometriosis, cancers, and infertility [18–21]. 
The human microbiota, comprising diverse symbiotic 
microorganisms including viruses, bacteria, archaea, 
fungi and protozoa [22, 23], plays an important role in 
maintaining health by influencing epithelial gut function, 
the immune system, metabolism, and endocrine balance.

In a state of eubiosis, a healthy gut microbiota, produc-
ing a wide repertoire of enzymes and metabolites [24] 
supports a robust epithelial barrier in the gut, regulates 
inflammation, and maintains metabolic and endocrine 
stability [19, 24]. However, numerous factors, including 
hormonal fluctuations and dietary patterns, can disrupt 
microbial equilibrium, potentially triggering dysbiosis 
in predisposed individuals [25]. Characterized by the 
reduction of microbial diversity and imbalances in spe-
cific taxa, dysbiosis has been implicated in a wide range 
of non-gynecological diseases, including inflammatory 
bowel disease, diabetes, obesity, autoimmune disorders, 
cardiovascular disease and cancer [21, 26–28]. Several 
recent studies have proposed a link between microbial 
imbalance and the development of endometriosis and 
infertility [18, 29, 30] possibly by affecting the estrobo-
lome [19, 20, 24, 28, 31].

The term estrobolome, introduced in 2011 by Plottel 
et al. [32], refers to the subset of bacterial genes involved 
in estrogen metabolism. The estrobolome produces 
enzymes such as β-glucuronidase, β-glucosidase, and 
β-galactosidase, which deconjugate estrogen metabolites 
(but also toxins, drugs and other substances), allowing 
them to re-enter circulation in their active forms [31, 33, 

34]. Dysbiosis can lead to an overrepresentation of bac-
terial taxa enriched with the gusB gene, which encodes 
gut microbial β-glucuronidases (gmGUSB), the key func-
tional component of the estrobolome [33, 35]. Altered 
estrobolome activity may increase estrogen bioavail-
ability, contributing to the hyperestrogenic environment 
typical of endometriosis, infertility and other estrogen-
dependent diseases [20, 21, 28, 36, 37].

Beyond hyperestrogenism, some authors report that 
microbial imbalances may exacerbate the inflammatory 
environment characteristic of endometriosis [38–44]. 
This occurs by disrupting the gut epithelial barrier, pro-
moting bacterial translocation and reducing the produc-
tion of critical protective metabolites such as short-chain 
fatty acids (SCFAs), bile acids, and tryptophan deriva-
tives [38–44]. Typically, immune clearance mechanisms 
prevent ectopic implantation of endometrial cells. When 
this clearance fails, the lesions expand due to inflamma-
tion triggered by macrophages releasing pro-inflamma-
tory cytokines and growth factors into the peritoneal 
cavity [45]. In endometriosis, the chronic activation of 
the immune system perpetuates a self-sustaining cycle 
of damage and repair. Immune cells, including neutro-
phils, Natural Killer cells (NK), B and T lymphocytes and 
macrophages, invade the endometrium, myometrium 
and peritoneum, enhancing cytokine production such as 
interleukins IL-1β, IL-6, Transforming Growth Factor-β 
(TGFβ) and other factors, like Hypoxia Induced Factor 
(HIF-1α). Combined with oxidative stress and insufficient 
iron scavenging in peritoneal fluid, these elements create 
a sustained pro-inflammatory environment that prompts 
lesions progression [46–52].

This evidence suggests that gut microbial imbalance 
and immune disruption might jointly influence estrogen-
related pathways, offering a possible explanation for dis-
ease progression.

The aim of this systematic review is to critically eval-
uate the role of the estrobolome in the pathogenesis of 
endometriosis and infertility, by analyzing human and 
animal studies that investigate the relationship between 
microbial dysbiosis, estrogen metabolism, and immune 
system activation.

Methods
Search strategy
A systematic literature review was conducted to evalu-
ate the impact of estrobolome modifications on the 
pathogenesis of endometriosis and infertility. The review 
protocol was registered with the International Prospec-
tive Register of Systematic Reviews (PROSPERO ID: 
CRD42024627464). Strictly following the Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [53], we comprehensively 
searched the PubMed, EMBASE, CLINICALTRIALS.
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GOV, Scopus, Web of Science, and Cochrane CEN-
TRAL databases. To ensure broader coverage, we also 
screened grey literature repositories (Zenodo, ProQuest, 
OpenGrey).

The search strategy combined controlled vocabulary 
terms (MeSH and Emtree) and free-text keywords related 
to the estrobolome, estrogen metabolism, gut microbi-
ota, dysbiosis, and reproductive disorders, using Boolean 
operators to ensure sensitivity and specificity. Synonyms 
and variations of these terms (e.g., “β-glucuronidase,” 
“intestinal flora,” “female infertility,” and “subfertility”) 
were also included. The complete and reproducible 
search strings for each database are provided in Addi-
tional File 1. The search was limited to full-text, English-
language articles available up to December 2024, with no 
lower date restriction applied. To ensure that no studies 
of relevance were omitted, the bibliographies of all arti-
cles retrieved were manually cross-referenced.

Two reviewers (FS and CC) conducted the literature 
screening independently and data extraction was carried 
out collaboratively by the same authors. Extracted data 
included study characteristics, the samples and analysis 
methods employed, the type of technologies used, and 
the outcomes of each study. Any disagreements regard-
ing study inclusion were resolved via consultative discus-
sions with two additional authors (MND and SGV). We 
included the present study designs: case-control studies, 
retrospective and prospective studies, randomized and 
non-randomized controlled trials and multicenter stud-
ies. Narrative and systematic reviews, abstracts-only pub-
lications, non-English language studies, opinion articles, 
editorials, case reports, case series, correspondence, and 
commentaries were excluded. No corresponding authors 
were contacted to obtain missing data or clarifications, as 
all included studies provided sufficient information for 
data extraction and qualitative synthesis.

Risk of bias
Two reviewers (SS and AD) independently assessed the 
methodological quality of the human studies included 
in this review using the Newcastle-Ottawa Scale (NOS) 
[54]. The quality of the studies was evaluated across three 
key domains: “Selection” (including representativeness of 
the cohort and ascertainment of exposure), “Compara-
bility” (control for confounding factors), and “Outcome” 
(adequacy of follow-up and assessment of outcomes). 
Each domain was scored based on predefined criteria, 
with a maximum score of 9 points. Studies scoring 7–9 
points were categorized as having a low risk of bias, 
while those scoring 5–6 points were considered mod-
erate risk, and those scoring ≤ 4 points were deemed at 
high risk of bias. Any reviewer assessment discrepancies 
were resolved through discussion and consensus with a 
third reviewer (MND). SYRCLE’s Risk of Bias Tool was 

applied for animal studies to evaluate the methodologi-
cal quality, focusing on ten domains. Random sequence 
generation, allocation concealment, blinding of caregiv-
ers and investigators, blinding of outcome assessment, 
incomplete outcome data, selective outcome reporting, 
baseline characteristics, animal housing conditions, con-
tamination, and other sources of bias [55]. Each domain 
was categorized as low risk, unclear risk, or high risk of 
bias based on predefined criteria. Discrepancies between 
reviewers were resolved by discussion and, if necessary, 
by consulting a third reviewer (MND).

Results
Study selection and included studies
In our systematic review, we initially identified 124 
records across all databases and registries. After remov-
ing 69 duplicate records, 55 records were screened based 
on title and abstract. During this initial screening phase, 
25 records were excluded because they did not meet the 
inclusion criteria. Specifically, the excluded items com-
prised review articles (n = 21), one case report, one non-
English publication, one abstract-only record, and one 
editorial article. Subsequently, 30 full-text reports were 
retrieved and assessed for eligibility. All full texts were 
successfully obtained for detailed evaluation. Follow-
ing this assessment, 25 studies were excluded: 20 were 
not directly related to the research question, one was 
an ongoing clinical trial without available results, and 
four did not satisfy the predefined inclusion criteria. At 
the end of the selection process, five eligible case-con-
trol studies were included. Among these, three studies 
focused exclusively on human patients [56–58], one on 
mice [48], and one included both human and mouse sub-
jects [59]. All five studies investigated the relationship 
between endometriosis, dysbiosis, and microbiome 
changes [48, 56–59]; two studies explored endometriosis 
and the immune system, both using animal models [48, 
59]; one examined infertility, dysbiosis, and the immune 
system [58]; and two studies assessed estrogen metabo-
lites or estrogen receptor (ER) activity [57, 58]. The sam-
ple types varied across the studies. Stool samples were 
analyzed in all five studies [48, 56–59], while histologi-
cal analyses of endometrial or other tissue samples were 
conducted in two studies [58, 59]. Additionally, urine 
samples were analyzed in one study [57] and peripheral 
blood samples were included in two studies [48, 59]. Only 
one study [56] conducted analyses adjusted for potential 
confounders (age, BMI, antibiotic use, and hormonal sta-
tus). The other studies did not specify any confounder 
adjustment. Given the heterogeneity of study designs and 
outcomes, results were synthesized narratively rather 
than statistically. The study selection process is illustrated 
in Fig. 1, and a detailed summary of the included studies 
is presented in Table 1.
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Risk of bias assessment
Human studies 
The NOS assessment revealed scores between 6 and 8, 
indicating a moderate to low risk of bias (Additional File 
2). Most studies showed strong cohort representative-
ness and appropriate exposure ascertainment. However, 
weaknesses were observed in controlling for confound-
ers, with only Scarfò et al. [58] adequately addressing this 
aspect. Follow-up completeness was another limitation, 
affecting overall scores in some cases.

Animal studies
The SYRCLE’s Risk of Bias Tool evaluation highlighted a 
moderate risk of bias for both studies [48, 59] (Additional 
File 3). Strengths included low risk in handling incom-
plete data and selective reporting. However, critical 
weaknesses were identified in randomization, allocation 

concealment, and blinding, which were often unclear or 
insufficiently detailed.

Estrobolome and dysbiosis in endometriosis
Four of the five eligible studies investigated the conse-
quences of dysbiosis on the alteration of the estrobolome 
[48, 56, 57, 59].

Prieto and colleagues explored the gut microbiome in 
a large metagenomic investigation encompassing 1000 
women (136 women with endometriosis and 864 healthy 
controls) [56]. Interestingly, their 16 S rRNA gene analysis 
on fresh stool samples found no significant differences in 
gut microbiome composition, function, or diversity (both 
α and β) between the two groups (p > 0.05). They identi-
fied 28 bacterial species with differential abundance, with 
Clostridium sp. CAG:307 (p = 0.019) and Acinetobacter 
sp. CAG:196 (p = 0.017) enriched in the endometriosis 

Fig. 1  Flow diagram of the selection process
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Author Study type Type of 
population

Case/Controls Sample(s) Outcome(s) Result(s)

Prieto et 
al., 2024

Case-control Human 
(n = 1000)

ENDO (n = 136)/
controls (n = 864)

Stools 1. Microbiome changes
2. β-glucuronidase 
changes

1. No difference in α- and β-diversity
↓ Paraprevotella clara
↓ Parabacteroides sp. D26
2. No differences in β-glucuronidase and 
β-galactosidases activity/expression

 Scarfò et 
al., 2024

Case-control Human 
(n = 40)

Patients with 
primary infertility 
and RIF (all without 
endometriosis)
Cases: Dysbiosis 
group (Lb < 90%)
Controls: Eubiosis 
group (Lb < 90%)

Endometrial 
biopsy

1. Microbioma changes
2. β-glucuronidase 
changes
3. ERα/β activity
4. Cytokines

1. N/A α- and β-diversity
↓ Lactobacillus spp
2. ↑ β-glucuronidase activity
3. ↑ in ERβ activity
4. ↑ in IL-1β, HIF-1α
No difference in ERα and IL-8

 Pai et al., 
2023

Case-control Human 
(n = 51)

ENDO (n = 27)/con-
trols (n = 24)

Stools
Urines

1. Microbioma changes
2. β-glucuronidase
3. E2 metabolites 
variations

1. No difference in α- and β-diversity
↑ Erysipelotrichia class,
↑ Einsenbergella genus,
↑ Hungatella genus
(↑ F/B ratio - p = 0.43)
2. No differences β-glucuronidase and 
β-glucosidase activity on fecal samples
3. ↑ estriol (p = 0.011) in stool
↑ 16-epiestriol (p = 0.018)
↑ 16α-hydroxyestrone (p = 0.016)
↑ 2-methoxyestradiol (p = 0.035)
No changes in metabolites in urines

 Wei et al., 
2023

Case-control Human and 
experimental 
mouse model

Human:
Stool samples
- ENDO (n = 28), 
Controls (n = 25)
Peripheral blood:
-ENDO (n = 35), 
Controls (n = 30)
Histological 
samples:
-EMs lesions 
(n = 100), NonEMs 
samples (n = 50), 
Normal endome-
trium (n = 50)

Human:
- Stools
- Peripheral 
blood
- EMs lesion 
samples

Human:
1. Microbiome changes
2. β-glucuronidase 
changes
3. Immune system 
changes

Human:
1. No difference in α- and β-diversity
↑ Desulfobacterota (phylum)
↑ Desulfovibrionia (class)
↑ Desulfovibrionales (order)
↑ Desulfovibrionaceae (family)
↑ Desulfovibrio/Biophila (genus)
↑ Eggerthellaceae (family)
↑ Eubacteriales (order)
↑ Eubacteriaceae (family)
↑ Eubacterium (genus)
2. ↑ β-glucuronidase expression and E2 
in EMs lesions
↑ β-glucuronidase levels under E2 
stimulation
3. ↑migration and invasion by M2 
polarized macrophage under β-
glucuronidase and E2 stimulation

Experimental Mice 
treated with E2 and 
β-glucuronidase 
injected in the tail 
every 3 days: 
- 0 mg/mouse 
(controls)
- 20 mg, 100 mg β-
glucuronidase + E2 
(cases)

Mice:
- Stools
- Peripheral 
blood
- Peritoneal 
fluid, vaginal 
lavage, 
endometrial 
smears

Mice:
1. Microbiome changes
2. β-glucuronidase 
changes
3. Immune system 
changes

Mice:
1. ↓ α-diversity in gut microbiome, no 
difference in β-diversity
2. ↑ β-glucuronidase in uterus and 
endometrial stromal cells in Ems
3. ↑ LPS under GUSB stimulation,
↑ macrophage polarization to M2 over 
M1 by β-glucuronidase
↑ Endometriotic lesions size/number

Table 1  Summary of the included studies
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group, and Ruminococcus sp. CAG:177 (p = 0.023) and 
Roseburia sp. CAG:45 (p = 0.005) decreased compared to 
controls. Moreover, they detected a decrease in Parapre-
votella Clara and Parabacteroides sp. D26 in women with 
endometriosis but noteworthy, none of these differences 
remained significant after False Discovery Rate (FDR) 
correction. Regarding the estrobolome, Prieto et al. ana-
lyzed 156 estrogen-related enzyme pathways, including 
β-glucuronidases and β-galactosidases, but observed no sig-
nificant differences between the two groups (p > 0.05) [56].

Using stool and urine samples, Pai et al. [57] ana-
lyzed gut microbial composition and enzymatic activity 
variations in a cohort of 51 Taiwanese women (27 with 
endometriosis and 24 controls). Their analysis, includ-
ing 16 S rRNA sequencing and estrogen metabolite pro-
filing via LC/T-MS, showed no significant differences in 
α- or β-diversity (richness, evenness, or composition). 
In contrast, the gut microbiota of women with endo-
metriosis exhibited a certain level of dysbiosis in terms 
of enrichment of some bacterial taxa including the Ery-
sipelotrichia class (p = 0.0286), Erysipelotrichales order 
(p = 0.0286), Erysipelotrichaceae family (p = 0.0286), 
Eisenbergiella genus (p = 0.0474), and Hungatella genus 
(p = 0.0497). Secondary testing with Welch’s test con-
firmed higher levels of Erysipelotrichia (p = 0.036 – at the 
class level), Erysipelotrichales (p = 0.036), and Micrococ-
cales (p = 0.039) in the endometriosis group. Although 
not statistically significant, a higher Firmicutes/Bac-
teroidetes (F/B) ratio was observed in endometriosis 
patients (0.81 vs. 0.73, p = 0.4269). In addition, neither 
the control nor the endometriosis group was significantly 
enriched with aerobic or anaerobic bacteria. Regarding 
the enzymatic evaluation, Pai and colleagues showed no 
significant differences in either β-glucuronidase levels 

(1823.45 U/L in controls vs. 1480.09 U/L in endometrio-
sis, p = 0.35) or β-glucosidase activity. However, signifi-
cantly elevated levels of estrogen metabolites, including 
estriol (p = 0.011), 16α-hydroxyestrone (p = 0.016), and 
2-methoxyestradiol (p = 0.035), were detected in the 
endometriosis group.

In 2023, Wei and colleagues [59] conducted a case-
control study to evaluate the impact of gut dysbiosis on 
estrobolome in patients with endometriosis (EMs) and 
mouse models. Their research analyzed gut dysbiosis, 
β-glucuronidase expression in EMs (including under E2 
stimulation), macrophage polarization, cytokine secre-
tion, and its effects on endometrial stromal cells (ESCs). 
They also investigated the impact of β-glucuronidase 
injections at varying concentrations in mice.

In the human investigation, they enrolled women aged 
18 to 45 with a histological diagnosis of endometriosis. 
Sample collection involved gathering peripheral blood 
(35 EMs samples and 30 control samples), stools (28 
EMs samples and 25 control samples were suitable for 
analysis) and endometriosis lesions specimens. Analyses 
were performed using ELISA, immunohistochemistry 
(IHC), and immunofluorescence. The stool sample analy-
sis revealed no significant differences in microbial α- or 
β-diversity between the EMs and control groups. How-
ever, specific microbial taxa, including Desulfobacterota 
phylum, Eubacteriales (order), Eubacteriaceae (family), 
Eubacterium (genus), and Eggerthellaceae (family) were 
significantly enriched in the EMs group. These findings 
suggest that endometriosis is associated with notable 
shifts in gut microbiome composition.

Regarding the interaction with estrobolome, 
β-glucuronidase and estradiol (E2) serum levels were sig-
nificantly elevated in EMs patients compared to controls 

Author Study type Type of 
population

Case/Controls Sample(s) Outcome(s) Result(s)

Alghatea 
et al., 2023

Case-control Animal 
(BALB/c 
mouse model)

Cases:
- OVx + END 
(ovariectomized, 
DES, endometrial 
transplant)
Controls:
- Naïve (no 
treatment)
- Naïve + ENDO (re-
cipient, endome-
trial transplant)
- OVx + VEH (donor, 
DES + ovariectomy)

- Stools
- Peripheral 
Blood
- Peritoneal 
Fluid
- Uterine Fluid
- Tissues

1. Microbiome Changes
2. Immune system 
changes
3. Metabolite variations
4. Cell respiration

1. N/A α- and β-diversity
↑ Ruminococcus spp
↑ Tenericutes (Phylum)
↑ Mollicutes (Class)
↑ Anaeroplasmatales (Order)
↑ Anaeroplasma (Genus)
↑ Lachnospiraceae (Family)
↑ Coprococcus (Genus)
2. ↑ Inflammatory cells in endometrium, 
myometrium, peritoneum
↑ NK and T cells
↑ WBC (neutrophils
3. ↓ SCFA
4. ↑ Mitochondrial ATP production in 
immune cells

Abbreviations:ENDO Endometriosis, EMs Endometriotic lesions, RIF Recurrent Implantation Failure, Lb Lactobacillus, ERα Estrogen Receptor Alpha, ERβ Estrogen 
Receptor Beta, IL-1β Interleukin-1 beta, IL-8 Interleukin-8, HIF-1α Hypoxia-Inducible Factor 1-alpha, E2 Estradiol, F/B ratio Firmicutes/Bacteroidetes ratio, OVx 
Ovariectomized, DES Diethylstilbestrol, VEH Vehicle, NK Natural Killer (cells), WBC White Blood Cells, SCFA Short-Chain Fatty Acids, LPS Lipopolysaccharide, GUSB Gut 
microbial β-glucuronidase, N/A Not Assessed

Table 1  (continued) 
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(β-glucuronidase: 0.46 ± 0.29 pg/mL vs. 0.19 ± 0.12 
pg/mL). IHC analysis further showed increased 
β-glucuronidase expression in bowel and uterosacral lig-
ament lesions compared to normal endometrial tissue.

In the mouse model, experimental endometriosis 
was induced in 6–8-week-old female C57BL/6 mice 
via intraperitoneal injection of endometrial tissue and 
subcutaneous administration of E2. Mice were divided 
into three groups based on the dose of β-glucuronidase 
injected into the tail vein: 0 mg (control group, injected 
with PBS), 20 mg, and 100 mg. The results showed that 
β-glucuronidase expression was higher in uterine stromal 
cells of EMs mice compared to controls, and its admin-
istration led to a dose-dependent increase in the volume 
and number of endometriotic lesions.

In another work in 2023, Alghetaa et al. used 6–8-week-
old female BALB/c mice to investigate the effects of dys-
biosis on experimental endometriosis. Endometriosis 
was induced using estrogen stimulation and intraperito-
neal transplantation of endometrial tissue.

Mice were divided into two primary groups: naïve mice 
(N; untreated controls) and ovariectomized (OVX) mice. 
OVX mice received subcutaneous injections of 100  µg/
kg of diethylstilbestrol (DES, a synthetic estrogen) on 
days 0 and 5. On day 7, OVX mice were subdivided into 
two groups: one group served as donors of endometrial 
tissue (OVX-VEH), and the other as recipients (OVX-
END), receiving peritoneal injections of transplanted 
endometrial tissue. OVX-VEH mice were treated with 
PBS (placebo intraperitoneal injection of Phosphate Buf-
fer Saline solution). Naïve mice were also subdivided 
into two groups: one received endometrial transplants 
(Naïve + END), while the other received no further treat-
ment. On days 10, 15, and 20, the OVX-END and OVX-
VEH groups continued receiving DES injections, while 
Naïve + END and naïve controls were left under the natu-
ral hormonal influence of intact ovaries. At the endpoint, 
mice were euthanized, and peritoneal fluid and lesion 
samples were analyzed.

The data indicated that Endometrial transplantation 
led to the emergence of distinct bacterial populations in 
each treatment group. In all groups except naïve controls, 
endometrial transplantation enriched β-glucuronidase-
producing bacteria like Ruminococcus spp, which are 
associated with estrogen metabolism and are commonly 
found within the Firmicutes phylum.

Estrobolome, dysbiosis and immune system
Two of five studies investigated the relationship between 
dysbiosis and inflammation in endometriosis: one in 
experimental endometriosis mice models [48] and one 
both in humans and in mice [59].

As cited before, the study of Wei et al. [59] also exam-
ined the interplay between immune system dynamics 

and estrobolome changes in the development of endo-
metriosis (EMs) in both human patients and mice [59]. 
In human patients, β-glucuronidase and E2 levels 
were elevated in the serum of the EMs group, with 
β-glucuronidase levels particularly high in endome-
triosis lesions. β-glucuronidase was shown to promote 
enhanced Endometrial Stomal Cells (ESC) invasion and 
migration in a wound-healing assay. Moreover, M2 mac-
rophage polarization was significantly higher than M1 
polarization in EMs lesions, especially in bowel lesions.

In vitro immunohistochemical (IHC) analysis using 
THP-1 cells (a cancer-derived monocyte-macrophage 
model) demonstrated that M2 macrophages produced 
three times more β-glucuronidase than M1 macrophages. 
Administration of E2 (10⁻⁷M) stimulated β-glucuronidase 
production in both M2 and M1 macrophages, leading to 
elevated M2 marker expression and cytokine secretion. 
Furthermore, ESC co-cultured with β-glucuronidase-
treated M0 macrophage supernatants showed higher 
optical density measurements, indicating increased pro-
liferation compared to placebo treatment.

In the mouse model, α-diversity was lower in EMs mice 
compared to controls. Additionally, increasing doses of 
β-glucuronidase led to higher lipopolysaccharide (LPS) 
levels in the peritoneal fluid, signaling inflammation, 
and contributed to an increase in the size and number of 
endometriotic lesions.

Regarding inflammation, Alghetaa and colleagues [48] 
argued that there was a correlation between dysbiosis and 
immuno-metabolic system dysregulation in mice with 
endometriosis. Locally, histopathological analysis showed 
increased inflammatory cell infiltration, predominantly 
neutrophils, in the endometrium and myometrium of the 
OVX + END group, leading to an endo-myometritis-like 
condition.

Systemically, OVX + END mice exhibited elevated lev-
els of inflammatory cells, including Natural Killer (NK) 
cells, CD3 + T cells, and CD3 + NK + cells in the peri-
toneal cavity, along with higher total white blood cell 
(WBC) counts. This was accompanied by a decreased 
lymphocyte count across all groups (except the naïve 
group) but with a significantly higher percentage of neu-
trophils in the peripheral blood of both Naïve + END 
and OVX + END mice compared to controls. Addition-
ally, a significant increase (p < 0.05) in the proliferative 
capacity of inflammatory cells was documented in the 
OVX + END and Naïve + END groups.

Estrobolome, dysbiosis and infertility
Only one study investigated the correlation between 
estrobolome imbalance, endometrial dysbiosis and infer-
tility [58]. In 2024, Scarfò and colleagues investigated 
inflammatory markers in infertile women with endome-
trial dysbiosis compared to those with eubiosis, focusing 



Page 8 of 13Saponara et al. BMC Women's Health           (2026) 26:43 

on patients without endometriosis [58]. All participants 
experienced primary infertility for at least three years, 
with ≥ 3 failed embryo transfers despite good-quality 
embryos. The participants, aged between 35 and 41 
years, underwent in-vitro fertilization (IVF) treatment 
and endometrial sampling.

The study found that patients with endometrial dysbio-
sis exhibited significantly higher levels of the pro-inflam-
matory cytokine IL-1β (p < 0.0001) and hypoxia-inducible 
factor-1α (HIF-1α; p = 0.0053). IL-1β levels rose from 
27.5 pg/mL in eubiotic patients to 70.4 pg/mL in dysbi-
otic patients, reflecting a pronounced inflammatory state 
associated with dysbiosis. HIF-1α levels also showed 
a significant increase, with dysbiotic patients record-
ing 22.9 ng/µg compared to 11.9 ng/µg in patients with 
eubiosis.

While pro-inflammatory markers IL-1β and HIF-1α 
were significantly elevated, no notable differences were 
observed in IL-6, IL-8, or IL-10 levels between the 
groups. This suggests that the inflammatory profile in 
dysbiotic patients may selectively affect specific pathways 
rather than triggering a generalized cytokine response.

Regarding β-glucuronidase activity and estrogen recep-
tor beta (ERβ) expression, both were significantly elevated 
in the dysbiosis group (p < 0.0001 and p = 0.0044, respec-
tively). Notably, Lactobacilli abundance was inversely 
correlated with β-glucuronidase activity and ERβ expres-
sion. This finding indicates that alterations in estrogen-
metabolizing enzymes could influence the expression of 
estrogen receptors. Conversely, no significant changes 
were observed in ERα expression (p = 0.3514).

Discussion
Main findings
This systematic review examined how dysbiosis-related 
estrobolome alterations may initiate or contribute to the 
progression of endometriosis and influence infertility.

The included studies primarily addressed changes in 
microbial composition, specifically diversity and taxa 
abundance, alongside β-glucuronidase activity as a 
marker of estrobolome function. Moreover, they explored 
the immune system’s response to these alterations, focus-
ing on the involvement of immune cell populations and 
pro-inflammatory cytokines.

The evidence on microbial diversity in endometrio-
sis remains inconclusive. While three reviewed studies 
[56, 57, 59] found no significant differences in micro-
bial α- and β-diversity between endometriosis and con-
trol groups, the other studies [48, 58] did not assess 
this parameter. Despite the lack of consensus, some 
studies reported an enrichment in specific bacterial 
taxa such as Firmicutes (Desulfobacterota, Eubacteria-
les, Erysipelotrichia) and Ruminococcus spp., a known 
β-glucuronidase-producing genus [19, 33, 60]. However, 

variability in β-glucuronidase gene distribution among 
these taxa complicates the interpretation of whether dys-
biosis universally impacts the estrobolome.

In the human gut microbiome, two distinct bacte-
rial β-glucuronidase-encoding genes, gus and BG, have 
been identified [35, 61]. Metagenomic datasets showed 
that gus genes were predominantly associated with 
Firmicutes, while BG genes were shared between Fir-
micutes and Bacteroidetes [62, 63]. This variability in 
β-glucuronidase expression across bacterial taxa suggests 
that enriched taxa may contribute to estrobolome activ-
ity in different ways, or not at al. Furthermore, this vari-
ability in enzyme expression among taxa likely underpins 
the inconsistencies observed across studies. Enrichment 
of bacterial taxa lacking glucuronidase-encoding genes or 
possessing different variants (gus versus BG) can result 
in significant differences in findings. Additionally, differ-
ences between human and animal microbiomes make it 
challenging to extrapolate findings from animal models 
of endometriosis, which do not naturally develop the dis-
ease [64, 65].

Only one study directly evaluated the Firmicutes/ 
Bacteroidetes ratio [57], finding a higher ratio in the 
endometriosis group, even with no statistical significance 
(0.81 vs. 0.73, p = 0.4269). In literature, the relationship 
between the Firmicutes/Bacteroidetes (F/B) ratio and 
host health remains debated as obesity and endometrio-
sis are more often linked to an increased F/B ratio and 
a lesser microbial diversity [66], whilst lean women with 
healthy gut microbiota have lower [67].

Contradictory findings, such as higher F/B ratios in 
endometriosis-induced mice [68] and lower ratios in 
other studies [69] underscore the complexity of these 
associations and their potential link to β-glucuronidase 
activity, suggesting potential alterations in the estrobo-
lome and estrogen metabolism in endometriosis but fur-
ther research is needed to elucidate the estrobolome’s 
role in this condition.

The correlation between gut dysbiosis, inflammation, 
and hormones has been widely proven [24, 33, 59, 70–73]. 
The gut microbiome in endometriosis may be enriched 
with β-glucuronidase-producing bacteria, which may 
lead to a hyperestrogenic state and exacerbate the con-
dition. In our research, results are slightly discordant. 
Some studies [58, 59] observed elevated β-glucuronidase 
levels in endometriosis and infertile patients, indicating 
that endometriosis and infertility may be linked indepen-
dently by inflammation and β-glucuronidase enrichment 
leading to hyperestrogenism. Conversely, no variation in 
β-glucuronidase levels, either in stools or in urines, has 
been described by Pai and his colleagues [57]. However, 
they identified significantly increased levels of estriol and 
three estrogen metabolites in stool samples, alongside 
enrichment of specific Firmicutes taxa (Erysipelotrichia 



Page 9 of 13Saponara et al. BMC Women's Health           (2026) 26:43 

class, Einsebergella genus, and Hungatella genus), many 
of which are known to be β-glucuronidase producer 
and potentially associated with hyperestrogenism. This 
discrepancy may be explained or depends on the multi-
tude of post-transcriptional events that may regulate an 
enzyme production, the different β-glucuronidase iso-
forms produced by different niche microbiota or bacterial 
taxa, as reported in the literature [24, 56, 57]. Moreover, 
it is worth noting that the study of Pai and colleagues [57] 
received the lowest score on the Newcastle-Ottawa Scale 
(NOS) for human studies, which may reflect potential 
biases or methodological limitations contributing to the 
observed discrepancies (Table 1).

Gut dysbiosis also disrupts the gut epithelial barrier, 
leading to increased bacterial transepithelial transloca-
tion and, as a reaction, to systemic inflammation. This 
process is exacerbated by the endotoxemia induced by 
lipopolysaccharide S (LPS) and pro-inflammatory cyto-
kines, such as interleukins IL-1β and IL-17α [44, 45, 74, 
75]. In endometriosis, this inflammatory cascade is fur-
ther influenced by sex hormones, which regulate immune 
cells, including macrophages, NK cells, T and B lympho-
cytes, and neutrophils. These immune cells play dual 
roles: they are essential for normal endometrial cyclic 
function but also contribute to the chronic inflamma-
tion characteristic of endometriosis [51, 76–82]. During 
the perimenstrual phase, immune activation facilitates 
the controlled degradation of tissue. Macrophages, for 
instance, scavenge apoptotic endometrial cells while 
promoting tissue repair through wound-healing mecha-
nisms. This transition from pro-inflammatory to an 
anti-inflammatory environment is critical for tissue 
homeostasis [83]. However, in endometriosis, this regu-
lation is impaired [49]. Macrophages fail to efficiently 
clear retrograde menstrual blood, cellular debris, and 
iron deposits in the peritoneum, leading to a persistent 
pro-inflammatory immune profile in both eutopic and 
ectopic endometrial cells. Estrogen can exacerbate this 
dysfunction by inducing macrophage polarization from 
the anti-inflammatory M1 phenotype to a pro-inflamma-
tory M2 phenotype, which sustains chronic inflammation 
and hinders immune surveillance on ectopic endometrial 
cells [77, 84]. This data aligns with the results described 
by Wei [59] and Alghetaa [48] who reported increased 
M2 macrophage infiltration and proliferation in endome-
triotic lesions. Notably, Wei and colleagues [59] reported 
a threefold increase in β-glucuronidase synthesis in M2 
macrophages lysosomes under estrogen (E2) stimulation, 
along with elevated serum levels of β-glucuronidase and 
E2, highlighting the hormonal stimulus as a key driver 
of this immune dysregulation. At the molecular level, 
chronic stimulation of estrogen receptors (ERs) contrib-
utes to the formation of inflammasomes, which drive 
the production of pro-inflammatory cytokines, such as 

IL-1β. This signaling cascade enhances TGFβ-mediated 
adhesion of cells, promotes anti-apoptotic mechanisms, 
and facilitates the proliferation of endometrial stromal 
cells (ESCs), ultimately fueling neo-angiogenesis and 
lesion expansion [81–84]. These molecular pathways are 
consistent with the immune and hormonal dysfunctions 
observed in human and animal endometriosis studies.

B and T cells also play a critical role in this inflam-
matory microenvironment. IL-17, a key cytokine, links 
these two immune cell populations by stimulating B 
cells to produce autoantibodies and enhancing Th2 cell 
proliferation. This creates a feedback loop that perpetu-
ates chronic inflammation, angiogenesis, and impaired 
immune surveillance of ectopic lesions [45, 85, 86].

Although less studied, neutrophils have been impli-
cated in chronic inflammation within the endometriosis 
microenvironment. Elevated levels of chemotactic factors 
such as IL-8 recruit neutrophils to endometriotic lesions, 
where they exacerbate their inflammatory response [87, 
88]. Estrogens also appear to influence neutrophil func-
tion and accumulation, but their precise role in endome-
triosis pathogenesis remains under investigation [80, 81, 
89, 90]. Interestingly, immune dysfunction in endome-
triosis may also interfere with endometrial receptivity 
and implantation processes [1]. In a healthy uterus, NK 
cells help prepare the endometrium for the embryo. After 
implantation, they switch to an anti-inflammatory and 
tolerating state to help maintain a pregnancy [91, 92]. 
In endometriosis, disrupted estrogen signaling reduces 
NK cell functionality, impairing embryo implantation 
and pregnancy success. This disruption may be linked to 
ERβ stimulation, which suppresses NK cell maturation 
and decreases NK cell levels during implantation [51]. 
These findings align with the observation that 20–50% of 
infertile women have underlying endometriosis [1], with 
repeated implantation failure being a common complica-
tion [82, 89].

A similar inflammatory pattern has been observed by 
Scarfò et al. in the only study identified in our review 
that examined the relationship among dysbiosis, the 
estrobolome, and infertility [58]. They reported increased 
β-glucuronidase activity, enhanced ERβ activity, and ele-
vated levels of IL-1β and HIF-1α in infertile women with 
dysbiosis (defined as Lactobacillus spp < 90% in endome-
trial samples). Interestingly, the reduction in Lactobacil-
lus spp (which has much variability in β-glucuronidase 
production among different species) was inversely corre-
lated with β-glucuronidase activity and ERβ expression, 
suggesting a direct link between dysbiosis and hormonal 
dysregulation. However, the study did not identify the 
bacterial taxa responsible for the increased enzyme activ-
ity, introducing potential analytical biases and leaving the 
exact mechanisms unclear.
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Figure 2 provides a schematic overview of the inter-
actions between gut dysbiosis, estrobolome activity, 
immune dysregulation, and hormonal imbalance, illus-
trating how these interconnected systems may contrib-
ute to the development of endometriosis and associated 
infertility.

Although only five studies met our inclusion criteria 
by directly assessing the estrobolome in the context of 
endometriosis or infertility, numerous other investiga-
tions have explored the broader interplay between gut 
dysbiosis, immune activation, and inflammatory path-
ways in endometriosis [18, 25, 27, 29, 44–47]. These stud-
ies, which were not included in our systematic synthesis 
because they did not specifically evaluate estrobolome-
related activity, consistently report alterations in micro-
bial diversity, impaired intestinal barrier function, and 
enhanced production of pro-inflammatory cytokines 
such as IL-1β, IL-6, and TNF-α [31, 34, 35, 44–47]. Such 
findings support the hypothesis that dysbiosis may act as 

an upstream trigger of systemic and peritoneal inflam-
mation, contributing to lesion progression and immune 
dysfunction.

Nevertheless, based on the limited dataset analyzed 
here, the association between dysbiosis, estrobolome 
activity, and inflammatory or immune alterations should 
be regarded as hypothesis-generating rather than con-
firmatory. Future integrative studies combining metage-
nomic, metabolomic, and immunologic approaches 
are warranted to elucidate the causal mechanisms link-
ing microbial estrogen metabolism to the inflammatory 
microenvironment characteristic of endometriosis.

Strengths and limitations
To our knowledge, this is the first systematic review 
that specifically addresses how estrobolome alterations 
may influence endometriosis and infertility, providing 
valuable insights into the intricate mechanisms link-
ing gut microbiota, estrogen metabolism, and systemic 

Fig. 2  Putative connections between dysbiosis, estrobolome, immune system, endometriosis and infertility
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inflammation. While the studies included provide crucial 
perspectives, significant gaps remain. Considerable het-
erogeneity exists among the included studies, particularly 
regarding microbiota assessment methods and samples 
types, including both human and animal models. Addi-
tionally, most of the included studies are observational, 
with no randomized controlled trials (RCTs) identi-
fied, limiting the ability to establish causal relationships. 
Methodological weaknesses, such as inconsistent con-
founder control in human studies and lack of random-
ization in animal studies, underline the need for greater 
rigor in future research. Furthermore, only one study 
directly evaluates the impact of the estrobolome on fer-
tility, underscoring the need for more robust research 
in this area to draw definitive conclusions. Finally, most 
included studies did not adjust for major confounding 
factors, such as age, BMI, or hormonal exposure. The 
absence of statistical adjustment may have influenced the 
observed associations between microbiota composition, 
estrobolome activity, and endometriosis or infertility.

Conclusions
The evidence reviewed in this study suggests that altera-
tions in the gut microbiota and immune function may 
influence estrogen metabolism in patients with endo-
metriosis and infertility. Although the precise mecha-
nisms remain incompletely understood, the involvement 
of the estrobolome appears to be a recurring element 
across several studies. These alterations may contribute 
to a hormonal and inflammatory environment that favors 
lesion persistence and reduced reproductive competence.

Data from both human and animal models point 
to a link between dysbiosis and immune cell imbal-
ances, including increased macrophage polarization and 
impaired NK cell activity, which may further impact 
endometrial receptivity and implantation.

Interestingly, the coexistence of endometriosis and 
infertility may not always reflect a direct causal relation-
ship. Rather, both conditions could stem from a com-
mon set of underlying biological disturbances, including 
genetic, hormonal, immunological, and microbial factors. 
This broader view may help reframe how these condi-
tions are studied and managed clinically.

However, the heterogeneity and limitations of the stud-
ies analyzed, including the lack of randomized controlled 
trials and standardization in microbiota analysis, empha-
size the need for further high-quality research.

Despite these gaps, microbiota-targeted therapies, 
such as probiotics or enzyme inhibitors, may offer new 
opportunities to modulate inflammation and hormonal 
pathways. Further research is needed to clarify these 
mechanisms and develop tailored interventions.
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