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Abstract

Widespread exposure to persistent pollutants can disrupt the bodies’ natural endocrine functions and contribute to reproduc-
tive diseases like endometriosis. In this review, we focus at the relationship between endocrine-disrupting chemicals (EDCs),
including metals and trace elements, organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), polybrominated
biphenyls (PBBs), poly-brominated diphenyl ethers (PBDEs), polychlorinated dibenzodioxin (PCDDs), polychlorinated
dibenzofurans (PCDFs), and per- and polyfluoroalkyl substances (PFAS) exposure and risk of endometriosis. Relevant stud-
ies from the last 10 years by November 2022 were identified by searching Pubmed, Web of Science, and Scopus. The cohort
and case—control studies that reported effect size with 95% confidence intervals (Cls) of EDC exposure and endometriosis
were selected. Twenty three articles examining the relationship between endometriosis and exposure to persistent EDCs
were considered. Most of the studies indicated association with exposure to persistent chemicals and development of endo-
metriosis. The consistent results were found in case of lead, PCB-28, PCB-138, PCB-153, PCB-180, PCB-201, 1,2,3,7,8
— PeCDD, 2,3,4,7,8 — PeCDF and all described OCPs, showing the increased risk of endometriosis. These results support
that exposure to certain EDCs, including OCPs, PCBs, PBBs, PBDEs, PFAS, and lead increase the risk of endometriosis.
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Introduction

Every day, people are exposed to chemicals and contami-
nants. Pollutants generated from rapidly developing agri-
cultural and industrial sectors are ubiquitous. The major
worldwide problem generates the persistent pollutants
because they are resistant in the environment conditions,
can fast and easily migrate for a long distance with air and
water, and readily bioaccumulate in human tissues (Ren
et al. 2018). Persistent organic pollutants (POPs) are char-
acterized by long half-lives in soils, air, sediments, or biota
(years or decades). They possess strong hydrophobic and

Responsible Editor: Ludek Blaha

< Dorota Szczesna
dorota.szczesna@imp.lodz.pl

Department of Chemical Safety, Nofer Institute
of Occupational Medicine, St. Teresa Street 8, 91-348 Lodz,
Poland

Department of Toxicology, Medical University of Lodz,
Muszynskiego 1A Street, 90-151 Lodz, Poland

@ Springer

lipophilic properties (Lind and Lind 2020). The group of
POPs includes such compounds like: chemicals with indus-
trial and technical use (polychlorinated biphenyls (PCBs),
polybrominated diphenyl ethers (PBDEs), and perfluorooc-
tanesulfonate (PFOS)); pesticides (organochlorine pesticides
(OCPs) such as dichlorodiphenyltrichloroethane (DDT) and
its metabolites); and residual material from the industrial
processes (polychlorinated dibenzo-p-dioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), and polyaromatic
hydrocarbons (PAHs)) (Nisha et al. 2018). PAHs do not
strictly belong to POPs, but they are frequently classified as
POPs in many studies, since they are metabolized by most
living systems (UNECE 1998; Alharbi et al. 2018). The
POPs are able to easily bioaccumulate especially in human
fatty tissue. Their persistence in the environment and in the
human body make POPs a major threat to human health
(Lind and Lind 2020). Epidemiological studies have shown
also a negative impact of exposure to metals and trace ele-
ments on reproductive health and endocrine system that met-
als and trace elements are also suspected of being endocrine
disruptors (Diamanti-Kandarakis et al. 2009). The exposure
to persistent chemicals is associated with adverse health
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effects such as endocrine disruption, reproductive prob-
lems, cancer, cardiovascular disease, obesity, and diabetes
(Cabrera-Rodriguez 2019; Papadopoulou 2013). Endocrine
disrupting chemicals (EDCs) are substances in the environ-
ment (air, soil, or water supply), food sources, personal care
products, and manufactured products that interfere with the
normal function of your body’s endocrine system (Endocrine
Society 2022). A report by the United Nations Environmen-
tal Program (UNEP) and World Health Organization (WHO)
highlighted 800 chemicals as potential EDCs (UNEP 2013).
Endocrine disruptor chemicals are intensively examined due
to their estrogenic, androgenic, anti-androgenic, and antithy-
roid activity (Arnold et al. 1997; Guillette 2006; Kristensen
et al. 2011). Several classes of EDCs act as anti-androgens
(p-DDT) and as thyroid hormone receptor agonists or antag-
onists (PCBs), and more recently, androgenic and estrogenic
EDCs have been identified (PBDEs, PCBs, DDT) (Kelce and
Gray 1998; Zoeller 2021; Amir et al. 2021). Heavy metals
also indicate hormonal activity, suggesting that these com-
pounds are EDCs (Pérez-Debén et al. 2020; Baltaci et al.
2019; Mitra et al. 2017). The EDCs may cause endocrine
disruption in the hypothalamic-pituitary—gonadal pathway
and cerebral-pituitary-thyroid pathway or affect nerve trans-
mitters (neurotransmitters) in the central nervous system.
Crucial adverse effect on the hormonal system has an acrylic
hydrocarbon receptor (AhR) which acts in regulation of the
cytochrome P-450 induction. EDCs can bind this receptor
consequently and many side additional biological reactions
are triggered at the level of the whole body (Safe et al. 1998;
Guo et al. 2019). One of the effects of exposure to these
chemicals is the adverse impact on the reproductive system
including poor fertility and pregnancy outcome (Vested et al.
2014). According to the WHO (World Health Organization)
report, 10% (190 million) of reproductive age women and
girls suffer from endometriosis (Zondervan 2020). The cur-
rent literature confirms the existence of a link between per-
sistent EDC exposure and the development of endometriosis
(Rumph et al. 2020). The first report about the connection
between EDCs and endometriosis was noticed after the
application of diethylstilbestrol (DES). Daughters of women
taking DES to prevent miscarriages and preterm birth in
pregnant (from 1938 to 1971) had increasing odds for pro-
gressing endometriosis and infertility later in life (Schechter
et al. 2005; Stillman and Miller 1984). DES has not harmful
effect on pregnancy outcomes.

Endometriosis is a disease characterized by the presence
of tissue resembling endometrium (the lining of the uterus)
outside the uterus (WHO 2018). Endometriosis has histolog-
ical subtypes like ovarian endometrioma (OVE), deep infil-
trating endometriosis (DIE), and peritoneal endometriosis
(Bordonné et al. 2021). Endometriosis occurs in 5—-10% of
women of childbearing age, 50-60% of women and teenag-
ers with pelvic pain and up to 50% of women with infertility

(Zondervan et al. 2018). Endometriosis is more common in
Caucasians than African Americans and Asians, in taller
women with lower BMI and genetic factors increase its risk
by 50% (Chatman 1976). It is the most common cause of
deep dyspareunia, pelvic pain, and reduced fertility (Ota
et al. 2018). Numerous articles indicate association with
exposure to persistent EDCs and development of endometri-
osis. This review is a summary of the last 10 years studies at
the connection between persistent environmental pollutants
with endocrine disruption properties and endometriosis risk.

Materials and methods

Literature search methodology — strategy
and eligibility criteria

The PRISMA (Preferred Reporting Items for Systematic
reviews and Meta-analyses extension for Scoping Reviews
(PRISMA-ScR) was employed to guide this review (Tricco
et al. 2018). A literature search of relevant papers was
conducted from the beginning of 2012 to November 2022
(10 years) using the electronic bibliographic database Pub-
med, Web of Science, and Scopus. Only original articles
were included. The period was chosen to reflect findings
over the past 10 years, during which the availability of sen-
sitive, specific, and affordable bioassays made biomarkers
feasible for use in epidemiological studies for measuring
exposures to those compounds. Additionally, the period
2012-2022 was chosen because there were only few studies
conducted on endometriosis risk and exposure to persistent
environmental EDCs prior to 2012. The search strategy
included the keywords in the title or abstract. The search
combined terms referring to the exposure to environmental
EDCs and endometriosis. The combinations of the keywords
used were as follows:

1. Those referring to the exposure: environmental exposure
to persistent endocrine disrupting chemicals, exposure
to organochlorine pesticides (OCPs), polybrominated
diphenyl ether (PBDEs), polychlorinated biphenyls
(PCBs), polybrominated biphenyls (PBBs), polychlorin-
ated dibenzo-p-dioxins, and to polychlorinated dibenzo-
furansphthalates, and metals (cadmium, lead, mercury,
copper, nickel, zinc and chromium).

2. Those referring to the outcome: endometriosis.

Relevant studies were also identified through a review
of the references cited in all the published studies. In total,
340 articles were found as the result of the search, and they
were checked for eligibility. The review included peer-
review studies on the effect of exposure to environmental
persistent endocrine disrupting chemicals and endometriosis

@ Springer



13976

Environmental Science and Pollution Research (2023) 30:13974-13993

risk. Studies that analyzed the association of environmen-
tal exposure to non-persistent pollutants as well as those
assessing the occupational exposure and animal and in vitro
studies were excluded. The exclusion criteria were also a
study published before 2012 and publication in a different
language than English. The cohort and case—control studies
that reported effect size with 95% confidence intervals (CIs)
of EDC exposure and endometriosis were selected. Finally,
23 publications on the effect of exposure to persistent endo-
crine disrupting chemicals and endometriosis were selected
by two reviewers with agreement (k=0.82).

Study selection

All the related data was extracted independently by 2 review-
ers independently assessing which ones should be included
in this review, and incongruences were resolved by discus-
sion and the intervention of a third independent author. Irrel-
evant studies were excluded. The remaining articles were
subject to a full-text review. All the full-text articles were
thoroughly examined to identify the aims of the studies, type
of epidemiological study, statistical methods, and accurate
results. Finally, for the purpose of this review, from each
study the following information was abstracted: study popu-
lation; type of epidemiological study; and type of exposure
and methods used for its analysis and assessment (including
biomarkers).

Results
Metals and trace elements

Metals are chemically stable, naturally occurring elements
and tend to persist in human tissues as well as in the envi-
ronment. Because of their low trace concentrations in the
range of ppb (but less than 10 ppm), they are also considered
as trace elements (Kabata-Pendias 2000). Metals are used
in agriculture, domestic, industry, and technological appli-
cations. The general population is exposed mainly through
consumption of contaminated drinking water and food (Fu
and Xi 2020). Metals, such as lead, mercury, and cadmium
accumulation in the human body affects metabolism and
cause a wide spectrum of reproductive and developmen-
tal adverse effects by induction of reactive oxygen species
(ROS) which contributes to the oxidative stress (Rehman
et al. 2018; Jaishankar et al. 2014). Metals can act as carcin-
ogens and mutagens, cause neurological disorders, damage
kidney function, and cause other endocrine abnormalities
(Nieder et al. 2018).

Recently, plenty of research has been focused on the endo-
crine toxicity of selected metals, trace elements, and their
relationship with endometriosis. Metals and trace elements
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are suspected of being endocrine disruptors (UNEP 2013).
Epidemiological studies have shown a negative impact of
exposure to those chemicals on reproductive health and
endocrine system including occurrence of endometriosis
(Dutta et al. 2021). Role of heavy metals and trace elements
in development of endometriosis has not been explained yet.
One of the proposed hypotheses is that the phagocytic cells,
main producers of both ROS, and reactive nitrogen species
(RNS) are enrolled and activated by pro-inflammatory and
chemotactic cytokines and probably related in endometriosis
progress (Mier-Cabrera et al. 2010).

Seven epidemiological studies have indicated associa-
tions between the exposure to selected metals and endome-
triosis (Zhang et al. 2021; Lai et al. 2017; Tanrikut et al.
2014; Pollack et al. 2013; Kim et al. 2021; Silva et al. 2013,
Yilmaz et al. 2020). Studies mostly assess cadmium and
lead exposure (six of them) (Zhang et al. 2021; Lai et al.
2017; Tanrikut et al. 2014; Pollack et al. 2013; Kim et al.
2021; Silva et al. 2013), copper (three of them) (Lai et al.
2017, Pollack et al. 2013, Yilmaz et al. 2020), and mercury
(four of them) (Zhang et al. 2021; Lai et al. 2017; Tanrikut
et al. 2014; Pollack et al. 2013) exposure. Other metals such
as nickel (Silva et al. 2013; Yilmaz et al. 2020), zinc (Lai
etal. 2017; Yilmaz et al. 2020), manganese, iron (Lai et al.
2017), aluminum (Y1lmaz et al. 2020), and chromium (Lai
et al. 2017; Pollack et al. 2013) also have been studied in
relation to endometriosis. Most of the studies were per-
formed in Asia (Taiwan, Sri Lanka, Turkey, Korea, China)
(Zhang et al. 2021; Lai et al. 2017; Tanrikut et al. 2014;
Kim et al. 2021; Silva et al. 2013) and the remaining in the
USA (Pollack et al. 2013; Yilmaz et al. 2020). Four studies
have been classified as case—control (Tanrikut et al. 2014,
Pollack et al. 2013; Silva et al. 2013; Yilmaz et al. 2020),
two as cross-sectional (Zhang et al. 2021; Lai et al. 2017),
and one as cohort (Kim et al. 2021). Women in most of
studies were recruited in fertility and gynecology cent-
ers (Lai et al. 2017; Pollack et al. 2013; Silva et al. 2013;
Yilmaz et al. 2020), in one study female workers exposed
to lead was recruited from Korean Occupational Safety and
Health Agency (Kim et al. 2021), one study was based on
the National Health and Examination Survey (NHANES)
(Zhang et al. 2021), and one was conducted at university
(Tanrikut et al. 2014). Two authors investigated the asso-
ciations between endometriosis, exposure to metals, and
infertility (Lai et al. 2017; Tanrikut et al. 2014). Tanrikut
et al. recruited 65 volunteers with endometriosis including
33 infertility women and 32 fertile women. Lai et al. ana-
lyzed 190 samples from infertile women, where 68 cases
had endometriosis. The age of women participating in the
studies ranged from 18 to 70 years. Endometriosis was con-
firmed by surgical visualization (Tanrikut et al. 2014; Pol-
lack et al. 2013), pelvic magnetic resonance imaging (MRI)
(Pollack et al. 2013), the FIGO classification (International
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Federation of Gynecology and Obstetrics — positive histol-
ogy confirmed endometriosis) (Yilmaz et al. 2020), laparo-
scopic surgery (Lai et al. 2017; Silva et al. 2013), principle
diagnosis (first time hospital admission for endometriosis)
(Kim et al. 2021), and questionnaire (Zhang et al. 2021).
In presented studies, metals and trace elements have been
widely detected in various biological fluids including urine
(Pollack et al. 2013), serum (Y1lmaz et al. 2020), blood
(Zhang et al. 2021; Lai et al. 2017; Kim et al. 2021; Silva
et al. 2013), and endometrial tissues (Tanrikut et al. 2014).

Exposure to mercury

The association between mercury and endometriosis was
investigated in four studies (Zhang et al. 2021; Lai et al.
2017; Tanrikut et al. 2014; Pollack et al. 2013). The details
of these studies are provided in the Supplementary Materials
(Table S1). Only one study in recent 10 years conducted on
the US population indicates a threefold higher association
between Hg and endometriosis in the second tertile versus
the first tertile (OR: 2.77; 95% CI: 1.47-5.47) (Zhang et al.
2021). Two studies performed among 190 infertile Taiwan-
ese women (Lai et al. 2017) and 33 infertile Turkish women
(Tanrikut et al. 2014) observed no relationship between pres-
ence of mercury in blood and endometrial tissue with occur-
rence of endometriosis. Additionally, in the study performed
by Tanrikut et al., the measurement of endometrial tissue Hg
concentration indicates lack of this heavy metal in biologi-
cal samples from either group with endometriosis (33 cases
with unexplained infertility and 32 controls with no history
of infertility). In the study performed by Pollack et al., no
association was found between exposure to mercury and
endometriosis among 473 women (190 with endometrio-
sis, without endometriosis 283) with surgically visualized
disease (operative cohort) and among women 131 women
including 14 with endometriosis, 113 without endometrio-
sis but with magnetic resonance confirmation of diagnosis
(population cohort) (Pollack et al. 2013).

Exposure to cadmium

The association between cadmium and endometriosis was
investigated in six studies (Zhang et al. 2021; Lai et al. 2017;
Tanrikut et al. 2014; Pollack et al. 2013; Kim et al. 2021;
Silva et al. 2013). The details of these studies are provided
in the Supplementary Materials (Table S2). The highest sig-
nificant increases in the odds of an endometriosis diagno-
sis have been reported for cadmium in 65 Turkish women
with surgically visualized disease including 33 women with
unexplained infertility and 32 fertility women. (OR p4ygteq:
18.9; 95% CI- 4.5, 79.9). Blood cadmium level associated
with significant reduction in the odds in the study performed
among women from operative (endometriosis was confirmed

surgically, N=473 women) and population cohort (endome-
triosis was confirmed by MRI, N=131) was described by
Pollack et al. (2013) (OR pgjusieq: 0-28; 95% CI: 0.25, 0.31;
OR pgjustea: 0-34; 95% CI: 0.31, 0.37 — for geometric mean
distributions of trace elements by endometriosis status irre-
spective of cohort). Moreover, the same authors investigated
the correlations between concentration of metals Cd, Cr, and
Cu in urine decreasing odds ratio for cadmium (as well as
for chromium which is described below) OR gjy51ea =0-52;
95% CI: 0.29, 0.93 — lowest tertile versus women in the
highest tertile and third versus first tertile: OR ygjyg1ca = 0-55;
95% CI: 0.31, 0.98 — diagnosis irrespective of statistical
model. Jackson et al. (2011) reported that cigarette smoking
(predictor of cadmium exposure) is associated with a lower
odds of endometriosis (OR xgjysieq =0-50; 95% CI: 0.3, 0.9)
(Jackson et al. 2011).

In contrast to these findings, the authors of four studies
(Zhang et al. 2021; Lai et al. 2017; Kim et al. 2021; Silva
et al. 2013) did not find an association between exposure to
cadmium and endometriosis. No relationship was reported
by Zhang et al. (2021) among 77 American women, where
endometriosis status was self-reported via questionnaire
(1127 control group) (Zhang et al. 2021). Kim et al. (2021)
observed no association between exposure to cadmium and
endometriosis confirmed by principal diagnosis among
26,542 women (Kim et al. 2021). In the study conducted
by Lai et al. (2017) including 190 infertile women with
laparoscopic surgery confirmation of endometriosis, also
no relationship was found (Lai et al. 2017). Moreover, no
association was observed in a study published by Silva et al.
(2013) in a group of hundred women with visually diagnosed
endometriosis, where cases had lower blood cadmium levels,
as compared to controls, and results were not statistically
significant (Silva et al. 2013). Cadmium toxicity focusing
on altered cell adhesion and signaling, increased oxidative
damage and apoptosis, DNA damage, ionic and molecular
mimicry, cell cycle disturbance, and epigenetic alterations.
Some authors reported that women with unexplained infer-
tility have high endometrial cadmium concentrations. It can
suggest that endometrial dysfunction and implantation fail-
ure may be caused by cadmium (Rzymski 2015).

Exposure to lead

Exposure to lead and endometriosis was assessed in six
studies (Zhang et al. 2021; Lai et al. 2017; Tanrikut et al.
2014; Pollack et al. 2013; Kim et al. 2021; Silva et al. 2013).
The details of these studies are provided in the Supplemen-
tary Materials (Table S3). Two studies examine the asso-
ciation between blood lead level and endometriosis, and
both reported the increase in the odds of a disease diag-
nosis (Kim et al. 2021; Silva et al. 2013). One of the stud-
ies investigated the relationship between lead exposure and
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blood lead levels (BLLs) and endometriosis admission (Kim
et al. 2021). To compare endometriosis admission caused
by lead exposure and blood lead levels (BLLs) in the lead-
exposed group (study group), multiple comparisons were
performed using an external control group (general popu-
lation) and internal control group (noise-exposed group).
Only in the internal control group — noise exposed group
(OR pdjustea=1.48; 95% CI: 1.11, 1.98 for group women
with BLL <5 g/dL), the increasing odds was observed.
Also, the association between endometriosis and co-expo-
sure to lead and cadmium was observed among cohort of
lead-exposed female workers (ORygjysiea 1-39; 95% CI:
1.14-1.67). Another cross-sectional study reported statisti-
cally significant odds ratio between EM and exposure to Pb
(OR pgjustea: 2-59;95% CI: 1.11, 6.06 — the third tertile ver-
sus first tertile) (Lai et al. 2017). The study group included
68 patients with endometriosis (cases) and 122 women
without endometriosis (controls); all women were infertile.
Endometriosis diagnosis was confirmed by laparoscopic
surgery and also proved by pathology. Whereas, in four
studies no association was found between exposure to lead
and endometriosis. In one case—control study performed in
Sri Lanka, among 50 women with endometriosis diagnosed
visually — subsequent to laparotomy or laparoscopy (50
controls) the higher blood lead level was observed among
cases compared to controls but P value was not statistically
significant (Silva et al. 2013). In another case—control study
among 33 infertility Turkish women and 32 fertile women,
lead was detected only in five from 33 participants (15%
detection frequency for case group) and in only one from
32 women (control group) (Tanrikut et al. 2014). Likewise,
analysis conducted among 77 women with endometriosis
recruited from NHANES study (National Health and Nutri-
tion Examination Survey) in US population (2001-2006) did
not show significant association between EM and exposure
to Pb (Zhang et al. 2021). Pollack et al. (2013) presented
that blood lead level was associated with a reduced odds of
diagnosis irrespective of statistical model, but this finding
was not significant when adjusting for potential confounders
(OR pgjustea=0-84; 95% CI: 0.50, 1.41) (Pollack et al. 2013).

Exposure to copper

Three reports assess the exposure to copper and endome-
triosis risk (Lai et al. 2017; Pollack et al. 2013; Yilmaz
et al. 2020). The details of these studies are provided in the
Supplementary Materials (Table S4). The increasing odds
in endometriosis risk have been found only in the study
performed by Pollack et al. (2013). The authors found an
increased risk of endometriosis in the third versus first ter-
tile of exposure to copper (OR ygjysiea = 2665 95% CI: 1.26,
5.64) (Pollack et al. 2013). Another study was performed
by Yilmaz et al. (2020) among a group of 40 women from
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which 21 used copper intrauterine device (Cu IUD) — in
the past, longer than 6 months ago, and occurrence of endo-
metrial polyps. No statistical difference neither in serum Cu
levels in study and control groups or in samples from women
with respect to the Cu IUD use history (Yilmaz et al. 2020).
The authors also described the Cu/Zn ratio which was sig-
nificantly higher in the study group when compared with the
control group (IQR: 0.547 — control; IQR — study: IQR:
0.442). Additionally, in a cross-sectional study conducted
by Lai et al. (2017) in a group of 190 infertile women no
association between endometriosis and exposure to copper
was found (Lai et al. 2017).

Exposure to chromium

Exposure to chromium and endometriosis was assessed in
two studies (Lai et al. 2017; Pollack et al. 2013). The details
of these studies are provided in the Supplementary Materi-
als (Table S5). Chromium was associated with the occur-
rence of endometriosis in one study conducted in the US
population categorized into tertiles (OR sgjusieqa = 1.97; 95%
CI: 1.21, 3.19 — second versus first tertile) (Tanrikut et al.
2014). Moreover, correlations between concentration of
metals: cadmium, chromium, and copper analyzed in urine
samples indicated an increasing odds ratio for chromium
(second versus lowest tertile — OR ygjygea =2-32; 95% CI:
1.42,3.79). Chromium together with copper might catalyze
redox homeostasis by co-synthesis with proteins or in the
production of cellular toxins so the association between
these metals and endometriosis is explicit. In the second
study conducted on a group of 190 infertile women by Lai
et al., it found no association between chromium and endo-
metriosis (Lai et al. 2017).

Exposure to zinc

Two studies assess the relationship between exposure to
zinc and endometriosis (ai 2017; Yilmaz et al. 2020). The
details of these studies are provided in the Supplementary
Materials (Table S6). In the study performed among groups
of 80 infertile Turkish women by Yilmaz et al. (2020),
interquartile ratio for ratio of Cu and Zn indicates relation-
ship with endometrial polyps: IQR: 0.442 — study; IQR:
0.547 — control; while no statistically significant differ-
ences were observed in the same study group for serum
median levels of zinc separately: IQR: 0.09 — study; IQR:
0.18 — control (Yilmaz et al. 2020). In the second study
performed by Lai et al. (2017), inverse association was
observed between the zinc concentration in whole blood
and the presence of endometriosis in Asian infertile women
(in second tertile: OR yyjygeq: 0-42; 95% CI0.20, 0.92 and
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in third tertile: OR ygjy5eq: 0-39, 95% CI: 0.18, 0.88) (Lai
et al. 2017).

Exposure to nickel

The data about the exposure to nickel and endometriosis risk
are lacking and inconclusive. They were described in two
studies (Silva et al. 2013; Yilmaz et al. 2020), and the details
are provided in the Supplementary Materials (Table S7). In
the first study conducted by Silva et al. (2013), Ni concen-
trations in serum were statistically higher in groups with
endometriosis (N =50), compared to the controls (N=50)
(Silva et al. 2013). On the other hand in the study performed
by Yilmaz et al. (2020) lower levels of nickel in whole
blood in women with endometriosis was reported (Yilmaz
et al. 2020). Both studies are based on the comparison of
Ni in blood among cases of endometriosis and appropriate
control groups.

Other metals

Moreover, the blood and serum levels of other elements
like iron, manganese, and aluminum were determined but
no relationship with endometriosis was observed (Lai et al.
2017; Yilmaz et al. 2020). The details of these studies are
provided in the Supplementary Materials (Table S8). Pol-
lack et al. in 2013 year analyzed 19 metals and trace ele-
ments (antimony, arsenic, barium, beryllium, cadmium,
cesium, chromium, cobalt, copper, lead, manganese, mer-
cury, molybdenum, nickel, tellurium, thallium, tin, tungsten,
and zinc) in urine at group of 473 cases and 131 controls.
Despite chromium and copper which were described above,
none of the elements showed significant association with
endometriosis (Pollack et al. 2013).

In conclusion, among 21 reported and analyzed metals
only six (cadmium, copper, lead, mercury, zinc, and chro-
mium) indicated association with endometriosis. In case of
exposure to mercury, cadmium, copper, and chromium, only
in one study the relationship was observed. Lead exposure
was associated with endometriosis in most of the presented
studies on this topic. Whereas in the research on nickel and
zinc, only two studies were found. In both nickel studies,
the link with endometriosis was observed. In zinc exposure
studies, only concentrations of nickel in serum of case and
control groups were assessed, indicating higher level of
exposure among cases. The diverse results between stud-
ies may be caused by differences in the selection of study
groups, type of metal, and nature of biological fluids.

Organochlorine pesticides

Organochlorine pesticides (OCPs) are chlorinated hydro-
carbons (at least three atoms of chlorine) used to get rid

of pests like insects, fungi, and rodents (Richardson et al.
2019). Since 1970, OCPs have been withdrawn from use,
but due to their persistence in the environment, semi volatil-
ity, low solubility in water, toxicity, and lipophilicity, these
residues can still be found in environmental samples and
food (Ferronato et al. 2018; Huang et al. 2017). Exposure to
organochlorines occurs generally via respiratory tract, skin
absorption, or eating contaminated fish, milk, eggs and meat
(Pastor Belda et al. 2021). Epidemiological and animal stud-
ies have shown a negative impact of organochlorine pesti-
cides on reproductive and immune system, endocrine disrup-
tion as well as dysregulation lipid metabolism (Martyniuk
et al. 2020). Some polychlorinated derivatives can induce
proliferation of endometrial tissue or may affect developing
uterine tissue (Sandra 2016). The precise mechanism of the
endometriosis development after exposure to OCPs remains
unknown.

Epidemiological studies on exposure to organochlorine
pesticides and endometriosis have been described in six
studies (Buck Louis et al. 2012; Upson et al. 2013; Ploteau
etal. 2016, 2017, Pollack et al. 2021; Matta et al. 2022). The
details of these studies are provided in the Supplementary
Materials (Table S9). The positive association with endo-
metriosis have been found in all six studies for nine OCPs
(B-hexachlorocyklohexane, y-hexachlorocyclohexane, HCB,
dieldrin, trans-nonachlor, oxychlordane, cis-heptachlor,
dichlorodiphenyldichloroethylene (p,p-DDE) and mirex).
Three of the studies were performed in the USA (Washing-
ton, California, Virginia) (Buck Louis et al. 2012; Upson
et al. 2013; Pollack et al. 2021) and three in France (Ploteau
etal. 2016, 2017; Matta et al. 2022). In five studies, endome-
triosis was surgically confirmed (Upson et al. 2013; Ploteau
etal. 2016, 2017; Pollack et al. 2021; Matta et al. 2022), and
in one was based on MRI assessment (Ploteau et al. 2016).
Most of the studies were designed as case—control studies
(Upson et al. 2013; Ploteau et al. 2016, 2017; Pollack et al.
2021), one as clinical-based analysis (Matta et al. 2022)
and one as case-sectional study (Buck Louis et al. 2012).
Volunteers were recruited in clinical centers (Buck Louis
et al. 2012; Pollack et al. 2021); one study was based on
the Women’s Risk of Endometriosis (WREN) study and the
ancillary Persistent Organic Pollutants and Endometriosis
Risk (POPs) study — large integrated health care system in
western Washington State [60]; in one study, data were col-
lected as part of a population-based on clinical case—control
study of endometriosis performed in France (Ploteau et al.
2016, 2017; Matta et al. 2022). The age of women participat-
ing in the studies ranged from 18 to 49 years.

One of the most toxic classes of OCPs are cycloben-
zenes and cyclohexanes substituted with six chlorine atoms.
Hexachlorocyclohexane (HCH) occurs in four conform-
ers: o, P, vy, and 8. Two reports showed the positive asso-
ciations between HCH exposure with endometriosis among
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American women with disease confirmed by pelvic magnetic
resonance imaging (Buck Louis et al. 2012) and by surgeon
diagnosis (Upson et al. 2013). In the first study, Buck Louis
et al. 2012 et al. in 2012 year found increasing odds of unre-
ported earlier isomers of HCH: f-hexachlorocyclohexane
in serum (ORgjygea =1.72; 95% CI: 1.09, 2.72) and
y-hexachlorocyclohexane in fat (OR sgjysea=1.27; 95% CI:
1.01, 1.59). One year later, Upson et al. confirmed these
results in serum (OR ygjyea = 1.3; 95% CI: 0.8, 2.4) but only
for B conformer (Upson et al. 2013). The authors compared
the relationship between exposure to OCPs and cases with
all types of endometriosis. They also extracted and compared
ovarian endometriosis cases. The association was stronger
in analyses limiting cases to those with ovarian endome-
triosis (third vs. lowest quartile: OR gjygea =2-5; 95% CI:
1.5, 5.2; highest vs. lowest quartile: OR s gjysiea =2-5; 95%
CI: 1.1, 5.3). Ploteau et al. (2016) determined the association
between the internal exposure to chlorinated hydrocarbons
and the presence of DIE in case—control study performed
among 113 adult women enrolled during 2013-2015 in
France (Ploteau et al. 2016). The association between the
concentrations measured in omental versus parietal adipose
tissue and between the concentrations determined in serum
and parietal adipose tissue was significant for organochlorine
pesticides. The positive associations between the presence
of hexachlorobenzene (HCB) in adipose tissue and endome-
triosis risk have been found also 1 year later in another study
by the same French authors (OR s gjyseq = 2-06; 95% CI: 1.2,
3.91) (Ploteau et al. 2017). Cases consisting of participants
who had one of the stages of endometriosis (I, II, III, and
IV) indicated an increased relationship among subgroups
with ovarian endometriosis (OR). Another study indicat-
ing positive associations between f-HCH and y-HCH and
endometriosis was published by Pollack et al. in 2021 (Pol-
lack et al. 2021). Application of adipose and serum ratio
in this study with use Bayesian kernel machine regression
(BKMR) allowed to calculate an increased odds for -HCH
and y-HCH and endometriosis diagnosis in group of 339
women who had adipose and serum chemical measures
(single chemical regression models: OR gz =1.6; 95% CI:
1.2, 2.0) (Bobb et al. 2015; Pollack et al. 2021). Results
not consistent with studies published before 2012 were
described by Ploteau et al. (2017). The relationship between
exposure to: dieldrin (OR gjugea=2.72; 95% CI: 1.57,5.11),
trans-nonachlore (ORsgjusiea=2-21; 95% CI: 1.24, 4.28),
oxychlordane (OR sgjysea =3-22; 95% CI: 1.6, 7.7), cis-hep-
tachlor (OR gjusiea =5-36; 95% CI: 2.44, 14.84), p,p-DDE
(OR pgjusiea=5-36; 95% CI: 2.44, 14.84), and endometriosis
risk was found in adipose tissue among French population
of 55 women with surgically confirmed DIE including 26
cases presented also OVE (control: 44). The negative effect
of exposure to trans-nonachlor and development of endome-
triosis (OR ygjysieat 3-38; 95% CI: 2.06, 5.98) was confirmed
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also by Matta et al. in 2022 (Matta et al. 2022) in a pre-
liminary case—control study conducted in France. Concen-
tration of trans-nonachlor was measured in a serum in 186
women (cases: 56 with surgically confirmed endometriosis
and controls: 130). Only one study assessed the relationship
between past exposure to mirex — one of the most persistent
and stable pesticide and occurrence of the endometriosis.
Increasing odds, but not statistically significant, were found
in the study performed among US population of 786 women
recruited from WREN study (Women’s Risk of Endome-
triosis) with laparoscopic controls and surgically confirmed
endometriosis (ORsgjusiea= 1.5; 95% CI: 1.0, 2.2) (Upson
et al. 2013).

In conclusion, all of the studies found the association
between exposure to organochlorines, at least one of the
examined organochlorines, and endometriosis. Significant,
positive relationship between nine organochlorine pesticides
(B-hexachloro-cyklohexane, y-hexachlorocyclohexane, HCB,
dieldrin, trans-nonachlor, oxychlordane, cis-heptachlor, p,p-
DDE and mirex) and endometriosis risk was exhibited.

Dioxin and dioxin-like compounds

Dioxin and dioxin-like compounds are ubiquitous, very
resistant environmental contaminants (Soave et al. 2015).
They are mostly residual material of various industrial pro-
cesses (waste incineration and iron/steel industries). They
are chemically stable and readily dissolve in lipids. Dioxins
are polycyclic aromatic hydrocarbons substituted by chlorine
atoms. They are assigned to different branches due to the
position of halogens. Dioxins and dioxin-like compounds
include some polychlorinated biphenyls (PCBs), poly-
chlorinated dibenzofurans (PCDFs), and polychlorinated
dibenzo-p-dioxins (PCDDs).

Exposure to polychlorinated biphenyls

Polychlorinated biphenyls (PCBs) include dioxin-like poly-
chlorinated biphenyls: DL-PCBs and non-dioxin-like poly-
chlorinated biphenyls: NDL-PCBs. PCBs family has 209
possible congeners because biphenyl structure contains 10
positions to be substituted by chlorine atoms in different
ways. Their toxicity and ability to accumulate in the body
is strongly involved with structural properties and numbers
of halogens (Miyawaki et al. 2015). Like most lipophilic
contaminants, polychlorinated biphenyls do not easily
degrade in the environment and readily bioaccumulate in
food chains, adipose tissue (fat), and blood (Montano et al.
2022). Because of their ubiquity and resistance to environ-
mental degradation, polychlorinated biphenyls began to be
frequently studied for potential consequences for repro-
ductive human health in recent several decades (Yao et al.
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2017). The polychlorinated biphenyls disrupt the endocrine
system by binding to estrogen or androgen receptors (Smarr
et al. 2016).

The relationship between exposure to PCBs and endo-
metriosis has been extensively studied in the past 30 years7
but still remains controversial due to inconsistent results. In
this review, eight studies have been presented with results
devoted to the relationship of endometriosis and exposure to
polychlorinated biphenyls (Buck Louis et al. 2012; Ploteau
et al. 2016; Pollack et al. 2021; Martinez-Zamora et al. 2015;
Vichi et al. 2012; Kim et al. 2020; Roy et al. 2012; Neblett
et al. 2020). The details of these studies are provided in
the Supplementary Materials (Table S10). The half of the
research was carried out in the USA — California, Balti-
more, Georgia, Maryland (Buck Louis et al. 2012; Pollack
et al. 2021; Roy et al. 2012; Neblett et al. 2020); the others:
in Spain (Martinez Zamora et al. 2015), Italy (Vichi et al.
2012), and Korea (Kim et al. 2020) and in France (Ploteau
et al. 2016). Most of them were designed as case—control
study (Ploteau et al. 2016; Martinez-Zamora et al. 2015;
Vichi et al. 2012; Kim et al. 2020), two as cohort study (Roy
et al. 2012; Neblett et al. 2020), and two as case-sectional
study (Buck Louis et al. 2012; Pollack et al. 2021). Endo-
metriosis was confirmed by laparoscopic surgery and visu-
alization (Ploteau et al. 2016; Pollack et al. 2021; Kim et al.
2020; Roy et al. 2012) or additionally by MRI in two studies
(Buck Louis et al. 2012; Martinez-Zamora et al. 2015) and
by a detailed questionnaire in one study (Neblett et al. 2020).
The age of women participating in the studies ranged from
18 to 59 years. Volunteers were majorly recruited in hospi-
tals and medical centers (Buck Louis et al. 2012; Pollack
et al. 2021; Martinez-Zamora et al. 2015; Kim et al. 2020;
Roy et al. 2012;) as well as one at the university (Vichi et al.
2012). Neblett et al. (2020) described a study group from
the PBB Registry of Michigan Department of Community
Health (MDCH)—women who worked at the chemical plant
that produced PBB and their families.

Only one study published by Neblett et al. (2020) did not
find an association between none of PCB and endometrio-
sis. Most of reported congeners of polychlorinated biphe-
nyls like PCB 114, 118, 126, 136, 138, 153, 170, 180, and
189 reported in two studies indicate strong associations with
occurrence of endometriosis OR gjygea = 1.62; 95% CI: 1.21,
2.17 for 3,3',4,4',5-pentachlorobiphenyl (PCB 126) (Mar-
tinez-Zamora et al. 2015) and OR pgjy5eq=3-97; 95% CI: 1.51,
10.5 (for medium level 63—104 ng/g fat) for 2,2',4,4',5,5'-hex-
achlorobiphenyl (PCB 153) (Vichi et al. 2012).

In the study published by Sofo et al. in 2015, one of
the most toxic dioxin-like congener — 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD), was significantly associated
with endometriosis risk (Sofo et al. 2015). Twelve coplanar
structures from 209 congeners of polychlorinated biphenyls
including: 4 non-ortho PCBs (PCB 77, 81,126 and 169)

and 8 mono-ortho PCBs (PCB 105,114,118,123,156, 157,
167, and 189) are called dioxin-like PCBs (DL-PCBs) and
may exhibit similar biological, high toxicity like TCDD
(Fernandez-Salguero et al. 1996). Five coplanar PCB con-
geners (114, 118, 126, 156, and 189) were described in stud-
ies above (Martinez-Zamora et al. 2015; Roy et al. 2012;
Vichi et al. 2012) with increasing odds belonging to group
dioxin-like compounds, with the absence of chlorine in posi-
tions 2, 2', 6, and 6'. Probably they can be competitive to
dioxins, bind the ligand-activated nuclear transcription fac-
tor — aryl hydrocarbon receptor (AhR) (Obaid 2000, and
what is crucial in disrupting the endocrine system. Decreas-
ing odds ratio for congener 156 described Buck Louis et al.
(2012) at population of 473 American women in omental fat
(OR pgjustea=0.74;95% CI: 0.57, 0.96). In case of congeners
PCB 28 — three substituted chlorine atoms with lower odds
was also observed (OR ¢, 4. =1.30; 95% CI: 1.04, 1.62 but
OR pgjusiea=1.16; 95% CI: 0.92, 1.47). For congener PCB
52 (Kim et al. 2020) and PCB 74 (Buck Louis et al. 2012)
— with four substituted chlorine atoms also with decreas-
ing odds ratio was found (OR sgjyea =0.350, 95% CI: 0.138,
0.885 — higher tertile with the lowest; OR ygjysiea = 0.72;
95% CI: 0.55, 0.93). Below four chlorine atoms in structure
of PCB reported data usually shows greater odds of associa-
tion with the exposure and endometriosis for example: PCB
114 — five chlorine atoms (OR ygjysea =2-47; 95% CI: 1.24,
5.64 (Martinez-Zamora et al. 2015) and OR pgjyseqa =3-01;
95% CI: 2.25,3.77 (Roy et al. 2012)) PCB 136 — six chlo-
rine atoms (OR ygjygea=1.79; 95% CI: 1.03, 2.55) (Roy
et al. 2012), PCB 170 and 180 — seven chlorine atoms
(high>60.4 ng/g fat: ORpgjusiea=2.94; 95% CI: 1.14,7.57,
and OR pgjysea=3-13;95% CI: 1.28,7.68) (Buck Louis et al.
2012). In the case of more substituted congeners, two studies
reported association between molecules with the presence
eight — PCB-201 and nine chlorine atoms PCB-206 and
endometriosis (Buck Louis et al. 2012; Pollack et al. 2021)].
The lower substituted polychlorinated biphenyl PCB-201
indicates only crude increasing odds (OR ¢4 =1.28; 95%
CI: 1.03, 1.60), but in the same group of women and identi-
cal parameters of case-sectional study, nonachlorobiphenyl
(PCB-206) showed decreasing odds of association between
the exposure to polychlorinated biphenyls and endome-
triosis (OR zgjusiea =0.79; 95% CI: 0.65, 0.97) (Buck Louis
et al. 2012). Whereas, in the study conducted by Pollack
et al. (2021) among 339 American women with surgically
confirmed endometriosis, mixtures of adipose and ASR
estrogenic PCBs (congener 49 and 201) were associated
with incident endometriosis diagnosis. Vichi et al. (2012)
and Kim et al. (2020) obtained in two independent studies
inconsistent results for congener PCB-118. The first author
determined pentachlorobiphenyl serum concentrations
from 63 cases and 63 controls, with laparoscopic diagnosis
and histologic confirmation of endometriosis. Significant
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relationship with PCB 118 and occurrence of endometriosis
was observed (high: OR ,gjysea=3-18; 95% CI: 1.26, 8.01,
medium high: OR ;4.0 =2-62; 95% CI: 1.18, 5.83 — ver-
sus low level (first tertile) (Vichi et al. 2012). On the other
hand, in case—control study 2,3',4,4',5-pentachlorobiphenyl
plasma concentration in 61 cases (surgical and histological
evidence of advanced endometriosis) was lower in compari-
son to 99 Asian control women (OR gjysieq =0.320; 95% CI:
0.125, 0.817 — comparison the highest tertile levels with
the lowest tertile levels) (Kim et al. 2020). Ploteau et al.
(2016) have investigated distribution of persistent organic
pollutants in serum, omental and parietal adipose tissues,
and their correlation with endometriosis. They determined
the concentration of six PCBs (PCBs-28, 52, 101, 138, 153,
and 180) in a group of 113 adult women with surgically
confirmed endometriosis. The authors found that the cor-
relation between both kinds of adipose tissue was strongly
significant for analyzed polychlorinated biphenyls with
equivalence of the measures performed in both tissues. No
statistically significant relationship between polychlorin-
ated biphenyls (total: congeners 118, 138, 153, and 180)
and development of endometriosis was found in one study
performed by Neblett et al. (2020). In the study among
women (18-59 years) with endometriosis diagnosed by a
doctor, who lived in the state of Michigan during the time
of PCB contamination (1973-1974), the total concentration
of four PCBs (PCB — congeners: 118, 138, 153, and 180)
were measured and no statistically significant relationship
between exposure to these PCBs and endometriosis was
observed (OR pgjusiea = 1.02; 95% CI: 0.68, 1.53).

Most of the presented studies on the exposure to poly-
chlorinated biphenyls found a relationship between endome-
triosis and PCBs, at least one of the examined polychlorin-
ated derivatives. Vichi et al. (2012) and Kim et al. (2020)
presented opposite results for congener PCB 118 in two
independent studies. This inconsistency in the value of odds
ratio may be due to the differences in the selection of study
groups, type of compound, and nature of biological fluids
in which concentrations were measured. However, most of
these human studies, mentioned above, showed a significant
positive association (seventeen PCB in eight studies) and
only one PCB (congener 206) and one study conducted by
Neblett et al. (2020) did not show any relationship between
polychlorinated biphenyl concentration in biological matri-
ces and endometriosis.

Exposure to polychlorinated dibenzodioxins
and polychlorinated dibenzofurans

Group of polychlorinated biphenyls consists of polychlorin-
ated dibenzodioxins (there are 75 PCDDs) and polychlorin-
ated dibenzofurans (there are 135 PCDFs) and both compose
dioxin-like compounds. Responsible for most toxic effects of
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these chemicals is the ability to bind a specific aryl hydrogen
receptor (AhR). They accumulate in tissues with high fat
content and the level of polychlorinated biphenyls increases
with age in humans (Ozga-Stachurska et al. 2022).

Two studies on the exposure to polychlorinated dibenzo-
dioxins and polychlorinated dibenzofurans and endometrio-
sis were performed in the last 10 years (Ploteau et al. 2017,
Martinez-Zamora et al. 2015). The details of these studies
are provided in the Supplementary Materials (Table S11).
One of the studies was conducted in Spain and endome-
triosis was confirmed by laparoscopic surgery, magnetic
resonance imaging (MRI) and transvaginal sonography
(Martinez-Zamora et al. 2015). In a second study pub-
lished in France, the women had surgical confirmation
of endometriosis (Ploteau et al. 2017). Both studies had
case—control design. The age of recruited women was in
the range of 18—45 years. Volunteers were recruited from
a university hospital located in Spain (Martinez-Zamora
et al. 2015) or from population-based on clinical case—con-
trol study conducted in France (Ploteau et al. 2017). The
exposure was assessed on two dibenzodioxins: 2,3,7,8-tet-
rachlorodibenzodioxin and 1,2,3,7,8-pentachlorodibenzo-
dioxin (1,2,3,7,8 — PeCDD and 2,3,7,8 — TCDD) and
two dibenzofurans: 2,3,4,7,8-pentachlorodibenzofuran
and octochlorodibenzofuran (2,3,4,7,8 — PeCDF and
OCDF). The exposure was analyzed in adipose tissues.
The authors obtained similar results for dibenzodioxins.
Both 1,2,3,7,8 — PeCDD (OR gjyea=1-82; 95% CI: 1.36,
7.14 (Martinez-Zamora et al. 2015), OR s gjuseq = 2-20; 95%
CI: 1.23, 4.25 (Ploteau et al. 2017)) and 2,3,7,8 — TCDD
(OR pgjusiea= 1415 95% CI: 1.12, 2.10 (Martinez-Zamora
et al. 2015), OR xgjusea=1.65; 95% CI: 0.95, 3.02 (Ploteau
et al. 2017)) were significantly associated with endometrio-
sis. Additionally, in case of 2,3,4,7,8-pentachlorodibenzo-
furan (2,3,4,7,8 — PeCDF) from PCDF class, both studies
reported that exposure to this compound may disturb the
endocrine system and cause development of endometriosis
(OR pgjustea=1.94; 95% CI: 1.27, 5.16 (Martinez-Zamora
et al. 2015), OR pgjusiea=2-21; 95% CI: 1.06, 5.16 (Ploteau
et al. 2017)). However, in the case of octochlorodibenzo-
furan from polychlorinated dibenzofuran class, the results
of the studies performed in Spain and France are not con-
sistent. Ploteau et al. (2017) found a significant association
OR \gjustea=5-42; 95% CI: 2.73, 12.85, whereas Martinez
et al. (2015) did not find association between octochlorod-
ibenzofuran and endometriosis. The association with endo-
metriosis, among detected polychlorinated dibenzofurans,
indicates that OCDF has moderate agonist activity at the aryl
hydrogen receptor. These results suggest that other mecha-
nisms may have a role on the pathogenesis of endometriosis
for example POP-induced immunotoxic effects (Egsmose
et al. 2016) and/or gene polymorphisms (Vichi et al. 2012).
In conclusion, only two studies assess the relationship
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between exposure to polychlorinated dibenzodioxins and
polychlorinated dibenzofurans, and both found an increased
risk of endometriosis related to such type of exposure.

Polybrominated biphenyls

Polybrominated biphenyls (PBBs) are a class of halogen-
ated biphenyls where 1-10 hydrogen atoms are substituted
with bromine atoms. PBBs have 209 possible individual
congeners and the same substitutions configuration by bro-
mine atoms as polychlorinated biphenyls. Polybrominated
biphenyls (13 milion pounds production by 6 years in the
USA) have been used as flame retardants in textiles, elec-
tronic equipment, and plastics and still occur in air, dust,
soil, seafood (mainly fish), milk, meat, and dairy products
(Jagi¢ et al. 2021).

In the previous decade, the association between endo-
metriosis and polybrominated biphenyls was investigated
in three studies (Ploteau et al. 2017; Neblett et al. 2020;
Gerkowicz et al. 2020). The details of these studies are
provided in the Supplementary Materials (Table S12).
Each of the studies described inconsistent results in the
field of endometriosis risk and exposure to PBBs — in
one study with increasing odds ratio (Ploteau et al. 2017),
in the second study with decreasing odds ratio (Gerkow-
icz et al. 2020) and the last with no relationship between
endometriosis and polybrominated biphenyls (Neblett et al.
2020). In all the three studies, only four congeners of PBBs
were statistically significant (Ploteau et al. 2017; Gerko-
wicz et al. 2020). Two of the cross-sectional studies were
conducted in the USA (Georgia), where endometriosis was
confirmed by a detailed questionnaire (Neblett et al. 2020,
Gerkowicz et al. 2020). In one case—control study pub-
lished in France, the women had surgical confirmation of
endometriosis (Ploteau et al. 2017). The age of recruited
women was in the range of 18-59 years. Neblett et al.
(2020) and Neblett et al. (2020) selected participants from
the Michigan Polybrominated Biphenyl (PBB) Registry
— included people involved with farms affected by PBB
(Neblett et al. 2020; Gerkowicz et al. 2020). Ploteau et al.
(2017) data were collected as part of a clinical case—control
study of endometriosis between 2013 and 2015 on a French
population. The increasing odds with exposure to polybro-
minated biphenyls and endometriosis risk was found only
in the case of congener PBB 153 (2,2',4,4",5,5'-hexabromo-
biphenyl) (OR sgjysea =3-915 95% CI: 1.60, 11.60) (Ploteau
et al. 2017) performed among 99 women (55 with surgical
diagnosis of DIE in adipose tissue). On the other hand,
Gerkowicz et al. found decreasing odds for the same conge-
ner and for three other derivatives: PBB-77 (3,3',4,4'-tetra-
bromobiphenyl), PBB-101 (2,2',4,5,5'-pentabromobiphe-
nyl) and PBB-180 (2,2',3,3',4,4',5-heptabromobiphenyl)
(Gerkowicz et al. 2020). In this study, an analysis of the

total (four congeners) polybrominated biphenyls levels in
serum was carried among 305 women, 65 with endometrio-
sis confirmed by a detailed questionnaire (OR s gjysiea =0.97;
95% CI: 0.93, 0.99). In the same year, Neblett et al. (2020)
investigated association between the same four congeners
(PBB-77, PBB-101, PBB-153, and PBB-180) of polybro-
minated biphenyls and endometriosis. Despite similar con-
ditions of studies (women from Michigan, cross-sectional
study, PBB serum concentration, and endometriosis con-
firmed by detailed questionnaire), they did not find a rela-
tionship between endometriosis and selected PBBs. Due
to inconsistent results performed, further research and
surveillance are needed to determine if and how PCB and
PBB may impact on endometriosis.

Polybrominated diphenyl ethers

Polybrominated diphenyl ethers (PBDEs) are one class of
flame retardant chemicals (brominated flame retardants —
BFRs) that are added to a range of products (textiles and
thermoplastics used in electronics) to make them resistant to
burning. Two phenyls rings coupled with oxygen are able to
bind from one to ten bromine atoms which give opportunity
to make 209 congeners of PBDEs (Pietrori and Matagocki
2017). They are very stable in the environment, indicate
high lipophilicity and hydrophobicity, and tend to travel for
a long distance with air and water as well as bioaccumulate
in human tissues. Exposure to these persistent organic pol-
lutants can take place by respiratory system, oral ingestion,
breastfeeding, or skin absorption (Ohoro et al. 2021).

The association between polybrominated diphenyl ethers
and endometriosis has been studied in three studies during
the last 10 years (Buck Louis et al. 2012; Ploteau et al. 2017;
Pollack et al. 2021). The details of these studies are pro-
vided in the Supplementary Materials (Table S13). Ploteau
et al. (2017) and Pollack et al (2021) described case—control
studies among the French population of women enrolled in
2013-2015 years as population-based studies (99 women)
and between 2007 and 2009 recruited from the surgical cent-
ers’ catchment areas (473 women), respectively. The age of
participants was in the range of 18—45 years. In two studies,
endometriosis was confirmed by surgical visualization (Plo-
teau et al. 2017; Pollack et al. 2021), and in one study, his-
tologic confirmation and magnetic resonance imaging were
used (Buck Louis et al. 2012). In three presented researches,
only one study showed the significant increasing odds in
development of endometriosis for one endocrine disruptor
substance from a group of PBDEs (Ploteau et al. 2017). This
study was conducted in France on a group of 99 women
including 55 cases with deep infiltrating endometriosis and
26 cases from whom additionally ovarian endometriosis
was confirmed. Levels of eight polybrominated diphenyl
ethers (PBDE-28, 47, 99, 100, 153, 154, 183, and 209) were
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measured in adipose tissues. Only congener with six bro-
mine atoms PBDE-183 (2,2',3,4,4",5',6-heptabromodiphe-
nyl ether) indicated positive association with endometriosis
risk for group with deep infiltrating endometriosis (DIE:
OR pgjustea=1.64; 95% CI: 1.05, 2.71). The authors did not
find significant results in comparison cases with DIE and
OVE ( DIE +OVE: OR pgjusiea= 129 (95% CI: 0.76, 2.30).
The same compounds, except congener PBB-28, was ana-
lyzed at US population in a study among 473 women from
operative cohort and 127 women from the population cohort
(204 cases with endometriosis) in another study by Buck
Louis et al. (2012). Concentration of seven polybrominated
diphenyl ethers have been measured (PBDE-47, 99, 100,
153, 154, 183, and 209) in omental fat. Despite higher omen-
tal fat level of PBDE-183 in women with surgically con-
firmed EM, the authors did not find a significantly increasing
odds ratio in endometriosis. However, congener PBDE-47
(2,2',4,4'-tetrabromodiphenyl ether) indicated decreas-
ing odds in development of endometriosis in the operative
cohort (OR sgjusiea =0.70; 95% CI: 0.55, 0.90). The third
study published in the year 2021 by Pollack et al. has inves-
tigated adipose to serum ratio (ASR) total concentration of
six PBDEs (PBDE-47, 99, 100, 153, 154, and 209) in group
of 190 American women and 283 controls with surgically
confirmed endometriosis. Median polybrominated biphenyl
ether ASRs were mostly higher among women without than
with endometriosis, except for PBDE-154 and PBDE-209.
The authors did not find that the adipose to serum ratio for
polybrominated diphenyl ethers was associated with endo-
metriosis. These various results of presented research may
indicate that PBDEs are metabolized to some extent which
points to lacking association.

Per- and polyfluoroalkyl substances

After the first synthesis of PFASs in 1930s (first used in the
1940s), polyfluoroalkyl derivatives are widely used in the
industry as surfactants, lubricants, floor waxes, fire-fighting
agents, denture cleaners, shampoos, pharmaceutical prod-
ucts, and in food packaging (OECD 2018). These organo-
fluorine chemical compounds with multiple fluorine atoms
attached to an alkyl chain are present in the environment in
the form of dissociated anions and are extremely resistant in
the environment (Vierke et al. 2013). Above 1400 individual
PFAS have been introduced for industry (Evich et al. 2022).
PFASs easily accumulate in the ocean and marine organism
food chains due to their anionic properties. Human expo-
sure occurs through contaminated food, drinking water, and
house dust. PFASs have not been categorized officially as
endocrine disruptor chemicals yet (Kato et al. 2015; Kran-
thi Kumar et al. 2017). They are considered as endocrine-
toxic due to their ability to changing thyroid hormone level
and impropering functioning of the reproductive system by
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disorders in activity of hypothalamic—pituitary—gonadal
(HPA) axis in animals exposed to PFOS (Zhao et al. 2010;
Luebker et al. 2015). PFASs including two groups of com-
pounds: PFCAs — perfluoroalkyl carboxylic acids (this
group contains following acids: PFOA-perfluorooctanoic
acid, PFHxA-perfluorohexanoic acid, PFNA — perfluoron-
onanoic acid and PFDA — perfluorodecanoic acid) and
PFSAs — perfluoroalkane sulfonic acids (this group con-
tains following acids: PFOS — perfluorooctane sulfonic
acid, PFHxS — perfluorohexane sulfonic acid and PFBS
— perfluorobutane sulfonic acid).

Exposure to per- and polyfluoroalkyl substances are
ubiquitous and interest in this topic is still growing. Five
studies investigated the association between PFASs and
endometriosis in the last 10 years (Matta et al. 2022; Louis
et al. 2012; Campbell et al. 2016; Wang et al. 2017; Ham-
marstrand et al. 2021). The details of these studies are pro-
vided in the Supplementary Materials (Table S14). Three
studies using case—control study design (Louis et al. 2012;
Campbell et al. 2016; Wang et al. 2017), one study had a
clinical-based approach (Matta et al. 2022), and one study
was population-based comparison (Hammarstrand et al.
2021). Two studies were performed in the USA (California,
Utah) (Louis et al. 2012; Campbell et al. 2016), one in China
(Wang et al. 2017), one in Swedish (Hammarstrand et al.
2021), and one in France (Matta et al. 2022). Endometrio-
sis was confirmed by surgically visualization in operative
and by MRI in population in a study performed by Louis
et al. (2012); in another study confirmation was self-reported
based on doctor diagnosis (Campbell et al. 2016), and in two
studies surgically confirmation was used (Wang et al. 2017,
Matta et al. 2022). In a study conducted in Swedish, endo-
metriosis was confirmed by ICD codes (International Classi-
fication of Diseases) (Hammarstrand et al. 2021). Volunteers
were in the range of 18-50 years, and the most were enrolled
in hospitals and clinical centers (Matta et al. 2022; Louis
et al. 2012; Wang et al. 2017). Hammarstrand et al. (2021)
conducted a population-based comparison between women
from areas with water supply from the highly contaminated
waterworks, non-exposed women, and occurrences of endo-
metriosis. One study combined data from the 2003-2004
and 2005-2006 National Health and Nutrition Examination
Survey (NHANES) cycles (Louis et al. 2012). Three stud-
ies found association between endometriosis and exposure
to PFASs (Louis et al. 2012; Louis et al. 2012; Wang et al.
2017) including four compounds from a group of PFASs
which showed increasing odds with endometriosis risk. The
results of the studies performed by Campbell et al. (2016)
and Louis et al. (2012) indicated that three fluoroalkyl:
PFOA, PFNA, and PFOS, may cause development of endo-
metriosis. In the study conducted by Campbell et al. (2016),
twelve per- and polyfluoroalkyl substances were detected
in serum samples of 753 American women categorized
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into tertiles and quartiles. The results indicated that PFOA
(OR pgjustea: 5-455 95% 1.19; 25.04 — third tertile), PFNA
(OR pgjusiea: 5-27; 95% CI: 1.20, 23.06 — third tertile) and
PFOS (OR gjusiea: 3-48; 95% CI: 1.00, 12.00 — fourth
quartile) have exhibited significant association with endo-
metriosis risk. In a second study conducted by Louis et al.
(2012), nine PFASs were analyzed serum among the opera-
tive cohort — 495 women and population cohort — 131
women. In this study, two organofluorine substances: PFOA
(OR pgjustea: 1-89;95% CI: 1.17, 3.06) and PENA (OR s gjusiea
2.20; 95% CI: 1.02, 4.75) have indicated increasing odds
with development of endometriosis. A third study published
by Wang et al. in (2017) investigated 157 individuals with
surgically confirmed endometriosis and 178 controls. The
authors have found that only perfluorobutane sulfonic acid
(PFBS) was statistically significantly associated with endo-
metriosis risk among ten measured and analyzed PFASs.

Two studies reported by Matta et al. (2022) and Ham-
marstrand et al. (2021) did not show association between
endometriosis and per- and polyfluoroalkyl substances. They
together have determined 19 PFASs, but no increased hazard
ratio (HR) in the first Hammarstrand’s study and no relevant
association in the Matta’s study have been shown. Ham-
marstrand et al. (2021) did not measure the PFAS levels in
biological fluid. In this study, the authors investigated the
possible associations between PFAS exposure and endo-
metriosis in a cohort exposed to PFAS through drinking
water contaminated by firefighting foams used at a nearby
airfield. In conclusion, the three studies (Louis et al. 2012;
Campbell et al. 2016; Wang et al. 2017) published in recent
10 years have shown that exposure to PFASs has a crucial
contribution in development of endometriosis. However,
the European Food Safety Authority (EFSA) concluded in
2018 that there was not yet enough evidence to establish a
clear connection between PFAS exposure and endometriosis
(Knutsen et al. 2018).

Discussion

Most of the studies reviewed in this paper showed an associ-
ation between exposure persistent EDCs and endometriosis.
All reviewed studies are shown in Table 1. Only two studies
did not find associations with endometriosis and analyzed
persistent endocrine disruptor chemicals. The remaining
studies (21) indicated relationship between endometriosis
and exposure to metals, organochlorine pesticides, poly-
chlorinated biphenyls, polybrominated biphenyls, polychlo-
rinated dibenzo-p-dioxins, polychlorinated dibenzofurans,
polybrominated diphenyl ethers, and per- and polyfluoro-
alkyl substances. Seven studies included information about
exposure to metals or trace elements and occurrence of
endometriosis (Zhang et al. 2021; Lai et al. 2017; Tanrikut

et al. 2014; Pollack et al. 2013; Kim et al. 2021; Silva et al.
2013, Yilmaz et al. 2020). In recent 10 years, 21 metals have
been analyzed and reported in correlation between exposure
and occurrence of endometriosis. Six of them: cadmium,
copper, lead, mercury, zinc, and chromium indicated posi-
tive association with endometriosis risk. Increasing odds
ratio was found in six studies. Additionally for cadmium
and zinc, a decreasing odds ratio was found (Lai et al. 2017,
Pollack et al. 2013). In case of 15 metals, no associations
was found (nickel, iron, manganese, aluminium, antimony,
arsenic, barium, beryllium, cesium, cobalt, molybdenum,
tellurium, thallium, tin, and tungsten). All nine organochlo-
rine pesticides described in six studies (Buck Louis et al.
2012; Upson et al. 2013; Ploteau et al. 2016, 2017; Pol-
lack et al. 2021; Matta et al. 2022) have positive effects
on development endometriosis (f-hexachlorocyklohexane,
y-hexachlorocyclohexane, HCB, dieldrin, trans-nonachlor,
oxychlordane, cis-heptachlor, p,p-DDE, and mirex). In
each case, an increasing odds ratio was observed. Asso-
ciation between endometriosis and polychlorinated biphe-
nyls was investigated in eight studies (Buck Louis et al.
2012; Ploteau et al. 2016; Pollack et al. 2021; Martinez-
Zamora et al. 2015; Vichi et al. 2012; Kim et al. 2020; Roy
et al. 2012; Neblett et al. 2020) including 18 congeners
of PCBs (PCB-28, 49, 52, 74, 101, 114, 118, 126, 136,
138, 151, 153, 156, 170, 180, 189, 201, and 206). Almost
all the authors found increasing odds ratio for at least one
compound despite Neblett et al. (2020). For congeners,
PCB-52 (Ploteau et al. 2016; Kim et al. 2020), PCB-114
(Martinez-Zamora et al. 2015; Roy et al. 2012), PCB-118
(Vichi et al. 2012; Kim et al. 2020), and PCB-156 (Buck
Louis et al. 2012; Martinez-Zamora et al. 2015) differences
in statistically significant value of odds ratio (increasing
and decreasing) were presented. Only two studies describe
exposure to polychlorinated dibenzo-p-dioxins and diben-
zofurans (Ploteau et al. 2017, Martinez-Zamora et al. 2015).
Four derivatives: 2,3,7,8 — TCDD, 1,2,3,7,8 — PeCDD,
2,3,4,7,8 — PeCDF, and OCDF indicate increased odds of
endometriosis. Four polybrominated biphenyls like PBB-
77, 101, 153, and 180 were related to endometriosis (Ger-
kowicz et al. 2020). On the other hand, Neblett et al. (2020)
did not find association with occurrence of endometriosis
and all four PBBs. Ploteau et al. (2017) showed increasing
odds ratio in endometriosis only for congener PBB-153.
Three studies include exposure to polybrominated diphenyl
ethers (Buck Louis et al. 2012; Ploteau et al. 2017, Pollack
et al. 2021). PBDE-47, 99, 100, 153, 154, 183, and 209
were found with increased odds in development of endome-
triosis. For congener, PBDE-47 was also shown decreasing
odds ratio by Buck Louis et al. (2012) opposite to results
obtained by Pollack et al. (2021). In the case of PBDE-
183, Buck Louis et al. (2012) did not find relationship with
endometriosis. Thirteen per- and polyfluoroalkyl substances
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Table 1 The association between exposures to selected persistent endocrine disrupting chemicals and endometriosis

No Class of EDCs/authors of study
(+) positive effect

Associations with endometriosis

No associations with endome-
triosis

Associations with endometriosis
(—) adverse effect

Metals (7 studies)

1 Pollack et al. (2013) (+) Chromium

(+) Copper

Silva et al. (2013)
3 Tanrikut et al. (2014)
4 Laietal. (2017)

(+) Lead
(+) Cadmium

5  Yilmaz et al. (2020) (+) Zinc
6  Kim et al. (2021) (+) Lead
7  Zhang et al. (2021) (+) Mercury

Organochlorine pestiicides — OCPs (6 studies)
1 Buck Louis et al. 2012 et al.
(2012)

(+) B -hexachlorocyklohexane
(HCH)
(+) y- hexachlorocyclohexane

2 Upson et al. (2013) (+) P -hexachlor-cyklohexane
(HCH) (+) mirex

(+) B -hexachlorocyklohexane
(HCH)

(+) y- hexachlorocyclohexane

(+) Cis-heptachlor

(+) Dichlorodiphenyldichloro-
ethylene (p,p-DDE)

(+) Hexachlorobenzene (HCB)

(+) Oxychlordane

(+) Trans-nonachlor

3 Ploteau et al. (2016)

4 Ploteau et al. (2017) (+) p-hexachlorocyklohexane
(HCH)

(+) Cis-heptachlor

(+) Dichlorodiphenyldichloro-
ethylene (p,p-DDE)

(+) Dieldrin

(+) Hexachlorobenzene (HCB)

(+) Oxychlordane

(+) Trans-nonachlor

5 Pollack et al. (2021) (+) P -hexachlorocyklohexane
(HCH)

(+) y- hexachlorocyclohexane

6  Matta et al. (2022) (+) Trans-nonachlor

(—) Cadmium Antimony, arsenic, barium,
beryllium, cesium, cobalt, lead,
manganese, mercury, molybde-
num, nickel, tellurium, thallium,
tin, tungsten, zinc

Cadmium, nickel

Lead, mercury

(=) Zinc Cadmium, chromium, copper,
iron, lead, manganese, mercury

Aluminum, copper, nickel
Cadmium
Cadmium, lead

(PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUNDA,
PFDoDA, PFBS, PFHxS, PFHpS, PFOS, and PFUnA) have
been investigated in relation to endometriosis in five studies
(Matta et al. 2022; Louis et al. 2012; Campbell et al. 2016;
Wang et al. 2017; Hammarstrand et al. 2021), but only three
of them increase odds ratio in development of endometrio-
sis (Louis et al. 2012; Campbell et al. 2016; Wang et al.
2017). Matta et al. (2022) and Hammarstrand et al. (2021)
did not find association between endometriosis and ana-
lyzed fluoroalkyl derivatives.

Despite many studies dedicated to endometriosis still
there is no medication for this disease. Therefore, only early
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diagnosis of endometriosis can slow or inhibit its natural
progression. Moreover, recent studies reported that the
mammals are more susceptible to the effects of EDC, and
studies of exposure to EDCS should be conducted during
early life development and pregnancy (Le Magueresse-Bat-
tistoni Le et al. 2020; Stephens et al. 2022). Many academic
institutions and organizations conduct research to identify
effective models of endometriosis prevention, diagnosis,
treatment, and care (WHO 2018). Due to the proven effect
of EDCs on the development of endometriosis, special atten-
tion should be paid to these substances, and their use should
be regulated and limited. Exposure to EDCs is widespread,
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Table 1 (continued)

No Class of EDCs/authors of study

Associations with endometriosis
(+) positive effect

Associations with endometriosis
(—) adverse effect

No associations with endome-
triosis

Polychlorinated biphenyls (8 studies)

1 Buck Louis et al. 2012 et al.
(2012)

2 Royetal. (2012)

3 Vichietal. (2012)

4 Martinez-Zamora et al. (2015)

5 Ploteau et al. (2016)

6  Kim et al. (2020)

7  Neblett et al. (2020)

(+) PCB 28 ( 2,4,4'-trichlorobi-
phenyl)

(+) PCB 151 (2,2',3,5,5',6-hexa-
chlorobiphenyl)

(+) PCB 201
(2,2,3,3',4,5',6,6'-octachloro-
biphenyl)

(+) PCB 114 (2,3,4,4',5-penta-
chlorobiphenyl)

(+) PCB 136 (2,2',3,3',6,6"-hexa-
chlorobiphenyl)

(+)PCB 118 (2,3',4,4',5-penta-
chlorobiphenyl)

(+) PCB 138 (2,2',3,4,4',5"-hexa-
chlorobiphenyl)

(+) PCB 153 (2,2',4,4',5,5"-hexa-
chlorobiphenyl)

(+)PCB 170
(2,2',3,3',4,4',5-heptachlorobi-
phenyl)

(+) PCB 180
(2,2',3,4,4',5,5'-heptachlorobi-
phenyl)

(+) PCB 114 (2,3,4,4',5-penta-
chlorobiphenyl)

(+) PCB 126 (3,3',4,4',5-penta-
chlorobiphenyl)

(+) PCB 156 (2,3,3',4,4',5-hexa-
chlorobiphenyl)

(+)PCB 189
(2,3,3',4,4',5,5'-heptachlorobi-
phenyl)

(+) PCB 28 ( 2,4,4'-trichlorobi-
phenyl)

(+) PCB 52 (2,2',5,5'-tetrachlo-
robiphenyl)

(+) PCB 101 (2,2',4,5,5"-penta-
chlorobiphenyl)

(+) PCB 138 (2,2',3,4,4',5'-hexa-
chlorobiphenyl)

(+) PCB 153 (2,2',4,4',5,5"-hexa-
chlorobiphenyl)

(+) PCB 180
(2,2',3,4,4',5,5'-heptachlorobi-
phenyl)

(=) PCB 74 (2,4,4',5-Tetrachlo-
robiphenyl)

(-)PCB 156 (2,3,3'4,4',5-Hexa-
chlorobiphenyl)

(—) PCB 206
(2,2',3,3',4,4'5,5',6-Nonachlo-
robiphenyl)

(=) PCB 52 (2,2',5,5'-tetrachlo-
robiphenyl)

(-)PCB 118 (2,3',4,4',5-penta-
chlorobiphenyl)

PCB 118 (2,3'4,4',5-pentachloro-
biphenyl)

PCB 138 (2,2',3,4,4',5'-hexachlo-
robiphenyl)

PCB 153 (2,2',4,4',5,5'-hexachlo-
robiphenyl)

PCB 180 (2,2',3,4,4',5,5'-hepta-
chlorobiphenyl)
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Table 1 (continued)

No Class of EDCs/authors of study  Associations with endometriosis

(+) positive effect

No associations with endome-
triosis

Associations with endometriosis
(—) adverse effect

8  Pollack et al. (2021) (+) PCB 201
2,2',3,3',4,5',6,6"-octachloro-
biphenyl)

(+) PCB 49 (2,2',4,5'-tetrachlo-
robiphenyl)

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (2 studies)

1 Martinez-Zamora et al. (2015) (+) 1,2,3,7,8 = PeCDD
(1,2,3,7,8-pentachloro-diben-
zodioxin)

(+) 2,3,4,7,8 — PeCDF
(2,3,4,7,8-pentachloro-diben-
zofuran)

(+)2,3,7,8 - TCDD (2,3,7,8-tet-
rachlorodibenzodioxin)

(+) OCDF (octochlorodibenzo-
furan)

(+) 1,2,3,7,8 — PeCDD
(1,2,3,7,8-pentachloro-diben-
zodioxin)

(+) 2,3,4,7,8 — PeCDF
(2,3,4,7,8-pentachloro-diben-

2 Ploteau et al. (2017)

zofuran)

Polybrominated biphenyls (3 studies)

1 Ploteau et al. (2017) (+)PBB 153

2 Gerkowicz et al. (2020) (2,2°,4,4°,5,5°-hexabromobi-
phenyl)

3 Neblett et al. (2020)

Polybrominated diphenyl ethers (3 studies)
1 Buck Louis et al. 2012 et al. (2012)

OCDF (octochlorodibenzofuran)

2,3,7,8 — TCDD (2,3,7,8-tetrachlo-
rodibenzodioxin)

(—) PBB 77 (3,3’,4,4’-tetrabro-

mobiphenyl)
(-)PBB 101 (2,2’,4,5,5’-penta-
bromobiphenyl)
(—)PBB 153
2,2°,4,4°,5,5’-hexabromobi-
phenyl)
(—)PBB 180
(2,2°,3,3’,4,4°,5-heptabromo-
biphenyl)
PBB 77 (3,3’,4,4’-tetrabromobi-
phenyl)
PBB 101 (2,2°,4,5,5’-pentabromo-
biphenyl)
PBB 153 (2,2°,4,4°,5,5’-hexabro-
mobiphenyl)

PBB 180 (2,2°,3,3,4,4°,5-hepta-
bromobiphenyl)

(—) PBDE 47 (2,2°,4,4’-tetrabro- PBDE 183 (2,2’,3,4,4’,5°,6-hepta-
modiphenyl ether) bromodiphenyl ether)

but the knowledge among the population about the relation-
ship between exposure to EDCs and disorders in reproduc-
tive health is limited (UNEP and WHO 2013). Emphasis on
expanding to proper education of health care professionals,
researchers, and the general population can help to reduce
the exposure, the adverse health effects of these EDCs and
incorporate safe management (Kahn et al. 2020, Kawa et
al. 2021). Involvement of the health sector in chemical man-
agement would benefit the collection of information and the
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prevention of health effects. In particular, health risks from
endocrine-disrupting chemicals could be reduced through
more comprehensive assessments and testing methods that
take health into account, with substantial socioeconomic
savings for public health.

The studies were mostly well designed, using prospec-
tive cohorts, and the exposure assessment was based on
the biomarker of exposure. Concerning the covariates and
confounding affecting the endpoints, in most of the studies



Environmental Science and Pollution Research (2023) 30:13974-13993

13989

Table 1 (continued)

No Class of EDCs/authors of study  Associations with endometriosis Associations with endometriosis
(+) positive effect (—) adverse effect

No associations with endome-
triosis

2 Ploteau et al. (2017) (+) PBDE 183
(2,2°,3,4,4’,5,6-heptabromodi-
phenyl ether)

3 Pollack et al. (2021) (+) PBDE 47 (2,2°,4,4’-tetrabro-
modiphenyl ether)
(+) PBDE 99 (2,2’ 4,4’,5-penta-
bromodiphenyl ether)
(+) PBDE 100
(2,2’,4,4’,6-pentabromodiphe-
nyl ether)
(+) PBDE 100
(2,2’,4,4’,6-pentabromodiphe-
nyl ether)
(+) PBDE 153
(2,2°,4,4°,5,5’-hexabromodi-
phenyl ether)
(+) PBDE 154
(2,2°,4,4°,5,6’-hexabromodi-
phenyl ether)
(+) PBDE 209 (decabromodi-
phenyl ether)
Per- and polyfluoroalkyl substances (5 studies)
1 Louis et al. (2012) (+) PENA (perfluorononanoic
acid)
(+) PFOA (Perfluorooctanoic
acid)
2 Campbell et al. (2016) (+) PENA (perfluorononanoic
acid)
(+) PFOA (Perfluorooctanoic
acid)
(+) PFOS (Perfluorooctane
sulfonate)
3 Wangetal. (2017) (+) PFBS (perfluorobutane
sulfonic acid)

4 Hammarstrand et al. (2021)

5  Matta et al. (2022)

PFHxS (perfluorohexane sul-
fonate)

PFDA (perfluorodecanoic acid)

PFDoDA (perfluorododecanoic
acid)

PFNA (perfluorononanoic acid)

PFHpA ( perfluoroheptanoic acid)

PFHxA (perfluorohexanoic acid)

PFHxS (perfluorohexane sul-
fonate)

PFHpS (perfluorohexane sulfonic
acid)

PFOA (perfluorooctanoic acid)

PFOS (perfluorooctane sulfonate)

PFPeA (perfluoropentanoic acid)

PFUnDA (perfluoroundecanoic
acid)

PFDA (perfluorodecanoic acid)

PFNA (perfluorononanoic acid)

PFHpS (perfluorohexane sulfonic
acid)

PFOA (perfluorooctanoic acid)

PFOS (perfluorooctane sulfonate)

PFUnA (perfluoroundecanoic
acid)
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mentioned, confounders were included in data analysis.
The manuscript was written based on PRISMA guide-
lines, but as only epidemiological studies were presented,
there is no information about mechanism of the impact of
selected chemicals on endometriosis. Nevertheless, this
is the comprehensive review of the recently published
epidemiologcal papers.

Future directions are needed to better understand the
effects of EDCs, including the need to examine the effects
of multiple and more consistent doses and to study different
mechanisms of action. It is a challenge for future studies
to overcome the experienced limitations. Such studies will
be helpful in understanding how EDCs impact on endo-
metriosis. By better understanding the impact of EDCs on
endometriosis, we may be able to develop better policies
for preventing EDC-induced toxicity. Understanding of
the mechanisms may help us develop novel treatments for
EDC-induced endometriosis and develop novel treatments
for EDC-induced abnormalities.

Conclusions

In conclusion, the results of the reviewed studies suggest that
exposure to persistent endocrine disruptors may be associ-
ated with the occurrence of endometriosis (Table 1). The
consistent results were found in the case of all described
organochlorine pesticides (nine compounds), lead, PCB-
28, PCB-138, PCB-153, PCB-180, PCB-201, 1,2,3,7,8 —
PeCDD, and 2,3,4,7,8 — PeCDF. The results of the studies
on mercury, cadmium, copper, chromium, zinc, PCB-52,
PCB-101, PCB-118, PCB-138, PCB-156, PCB-180, 2,3,7,8
— TCDD, OCDF, PBB-77, PBB-101, PBB-153, PBB-180,
PBDE-47, PBDE-183, PFOA, PFNA, PFBS, and PFOS
exposure are inconclusive. Due to conflicting results fur-
ther epidemiological studies are needed to confirm these
findings, but reduction of exposure to minimize the effects
induced by environmental pollutants is necessary.
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