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BACKGROUND: Growing epidemiological evidence suggests that organochlorine chemicals (OCCs), including 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), may play a role in the pathogenesis of endometriosis.
OBJECTIVES: We aimed to systematically review the experimental evidence (in vivo and in vitro) on the associations between exposure to OCCs and
endometriosis-related end points.
METHODS: A systematic review protocol was developed following the National Toxicology Program /Office of Health Assessment and Translation
(NTP/OHAT) framework and managed within a web-based interface. In vivo studies designed to evaluate the impact of OCCs on the onset or progres-
sion of endometriosis and proliferation of induced endometriotic lesions were eligible. Eligible in vitro studies included single-cell and co-culture
models to evaluate the proliferation, migration, and/or invasion of endometrial cells. We applied the search strings to PubMed, Web of Science, and
Scopus®. A final search was performed on 24 June 2020. Assessment of risk of bias and the level of evidence and integration of preevaluated epidemi-
ological evidence was conducted using NTP/OHAT framework

RESULTS: Out of 812 total studies, 39 met the predetermined eligibility criteria (15 in vivo, 23 in vitro, and 1 both). Most studies (n=27) tested
TCDD and other dioxin-like chemicals. In vivo evidence supported TCDD’s promotion of endometriosis onset and lesion growth. In vitro evidence
supported TCDD’s promotion of cell migration and invasion, but there was insufficient evidence for cell proliferation. In vitro evidence further sup-
ported the roles of the aryl hydrocarbon receptor and matrix metalloproteinases in mediating steroidogenic disruption and inflammatory responses.
Estrogen interactions were found across studies and end points.
CONCLUSION: Based on the integration of a high level of animal evidence with a moderate level of epidemiological evidence, we concluded that
TCDD was a known hazard for endometriosis in humans and the conclusion is supported by mechanistic in vitro evidence. Nonetheless, there is need
for further research to fill in our gaps in understanding of the relationship between OCCs and their mixtures and endometriosis, beyond the prototypi-
cal TCDD. https://doi.org/10.1289/EHP8421

Introduction
Humans are exposed daily to complex mixtures of chemical pollu-
tants, some of which may contribute to a disruption of endocrine
functions and contribute to reproductive diseases. Chemicals with
bioaccumulative properties are of particular concern, because they
persist worldwide in the environment and ultimately may accumu-
late in human fatty tissues, despite the fact that many are now heav-
ily regulated or banned (Pumarega et al. 2016; UNEP 2017). These
chemicals include a large family of pollutants known as organo-
chlorine chemicals (OCCs), characterized by their carbon–chlorine
bonds, which comprise polychlorinated dibenzo-p-dioxins
(PCDDs), dibenzofurans (PCDFs), polychlorinated biphenyls
(PCBs), and organochlorine pesticides (OCPs) (Bernes 1998;
Jones and De Voogt 1999). A number of OCCs such as 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) have been extensively
reported to interact with the aryl hydrocarbon receptor (AhR)
and/or estrogen receptors and disrupt the nervous, immune, and
endocrine systems at various life stages (Gore et al. 2015;
Lawrence and Vorderstrasse 2013; Barouki et al. 2012).

The female reproductive tract has been shown to be especially
vulnerable to the presence of hormone-disrupting chemicals,
potentially leading to early puberty, infertility, adverse pregnancy
outcomes, fibroids, or endometriosis (Bruner-Tran et al. 2017;
Gore et al. 2015; Ho et al. 2017; Hutz et al. 2006). Endometriosis is
a hormone-dependent gynecological disease characterized by the
presence and growth of ectopic endometrial tissues (Zondervan
et al. 2018). The precise prevalence of endometriosis in the general
population is largely unknown due to difficulties in diagnosis,
underreporting, and unknown prevalence among asymptomatic
individuals, but estimates of prevalence range widely from 5% to
45% of individuals who menstruate (Buck Louis et al. 2011;
Rawson 1991). Many gaps also remain in fully understanding the
etiology of endometriosis, but it is likely multifactorial, involving
genetic and environmental factors (Sourial et al. 2014; van der
Linden 1996).

In a previous systematic review and meta-analysis, we synthe-
sized the associations between OCCs and endometriosis in human
epidemiological studies and evaluated the quality of the body of
evidence using the comprehensive National Toxicology Program/
Office of Health Assessment and Translation (NTP/OHAT) frame-
work (Cano-Sancho et al. 2019). The overall conclusion of this
review supported the existence of positive associations between
exposure to PCDDs, PCBs, and OCPs and endometriosis, which is
consistent with subsequently published reviews (Freger and Foster
2020; Wen et al. 2019). However, the level of evidence was
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deemed moderate, with serious risk of bias: Major methodological
limitations in epidemiological research of endometriosis included
the lack of population-based study designs, the inherent constraints
in classifying control populations, the heterogeneity of endometri-
osis subtypes, the use of different OCCs biomarkers, and narrow
background exposure distributions.

Associations observed from epidemiological studies, how-
ever, provide an incomplete picture and fall short of being able to
provide a biological explanation for the link between OCC expo-
sure and endometriosis. Thus, from our point of view, experimen-
tal studies are necessary to advance our understanding of the
underlying molecular mechanisms and provide the support of bi-
ological plausibility to the trends observed in human epidemio-
logical studies. The nonhuman primate model of endometriosis is
considered the most reliable because it mimics the pathophysio-
logical conditions in women (Story and Kennedy 2004;
Grümmer 2006). However, ethical considerations and high eco-
nomic costs have favored the development of rodent models
(Bruner-Tran et al. 2018). The process of surgically inducing
lesions by implanting the animal’s autologous uterine horn was
developed in rats (Vernon and Wilson 1985) and later adapted to
mice (Cummings and Metcalf 1995a).

In addition, ex vivo and in vitro models, with primary cells
and co-cultures from human biopsies, represent a straightforward
way to gain insight into the molecular signaling pathways in en-
dometrial cells (Fan 2020). To our knowledge, no studies to date
are attempting to systematically gather and appraise the experi-
mental evidence on OCC exposure and endometriosis, though
some narrative reviews on the topic have been conducted
(Birnbaum and Cummings 2002; Bruner-Tran and Osteen 2010;
Guo et al. 2009; Rier and Foster 2003). In this context, the pres-
ent work aimed to perform a systematic review applying the
NTP/OHAT framework to a) systematically appraise experimen-
tal (in vivo and in vitro) studies reporting evidence on the associa-
tions between OCC exposure and endometriosis and b) to draw a
conclusion based on the level of confidence of this body of
evidence.

Methods
The present systematic review was conducted following the
guidelines established in the NTP/OHAT handbook (NTP/OHAT
2015a), using the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) principles. The protocol
was registered in International Prospective Register of Systematic
Reviews (PROSPERO; registration number CRD42018102618)
on 17 July 17 2018, peer-reviewed, and published in January 2019
(Matta et al. 2019). Study selection, data extraction, data synthesis,
and risk of bias (RoB) assessment were performed and managed
using the Health Assessment Workspace Collaborative (HAWC;
https://hawcproject.org/), an open-source, modular web-based

content management system with a user interface (Shapiro et al.
2018). Numerical data from plots and graph images were
extracted usingWebPlotDigitizer (version 4.3; https://automeris.
io/WebPlotDigitizer/). The RoB assessment was performed
using the NTP/OHAT’s RoB rating tool to assess individual
study quality (NTP/OHAT 2015b), and followed the guidance of
the NTP protocol for the perfluorooctanesulfonic acid/perfluor-
ooctanoic acid (PFOS/PFOA) monograph for the integration of
in vivo and in vitro data (NTP 2016). Results are reported in ac-
cordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al.
2009).

Eligibility Criteria
The literature search strategy was initially developed by using the
list of all persistent organic pollutants (POPs) determined by
the Stockholm Convention (UNEP 2017) to calibrate and refine
the protocol during problem formulation. Accordingly, we devel-
oped a Populations, Exposures, Comparators, Outcomes (PECO)
statement (Table 1) establishing the inclusion/exclusion criteria
for our systematic review. In addition, we excluded any studies
that did not contain original data, such as reviews, commentaries,
editorials, or conference abstracts, as well as studies not available
in English. Further details of problem formulation can be found
in the previously published protocol (Matta et al. 2019).

Literature Search and Study Selection
The search string was developed to identify all relevant published
evidence in experimental studies (in vivo, ex vivo, or in vitro) with
primary data on the associations between controlled exposures to
OCCs and endometriosis and endometriosis-related effects by a)
reviewingMeSH terms and literature tags used by previously iden-
tified human epidemiology studies on endometriosis for relevant
and appropriate terms; b) adapting existing chemical lists (UNEP
2017; Wassenaar et al. 2017); and c) extracting several potential
endometriosis-related mechanistic outcomes (Liu and Zhao 2016).
The complete search string can be found in Table S1. It comprised
the exposure and outcome elements of the PECO statement nested
through the Boolean operators “AND/OR.” A comprehensive list
of 33 persistent organic pollutants identified in the Stockholm
Convention with suspected endocrine-disrupting potential can be
found in Table S2 (UNEP 2017). Because the scope of our review
focused on OCCs, brominated congeners (i.e., decabromodiphenyl
ether, hexabromobiphenyl, hexabromocyclododecane, hexabro-
modiphenyl ether, heptabromodiphenyl ether, tetrabromodiphenyl
ether, and pentabromodiphenyl ether) and PFOS, its salts, and per-
fluorooctane sulfonyl fluoride were not included in the search
terms. In addition to this list of chemicals, a set of OCC-related ter-
minologywas used to capture any other studies with relevant expo-
sure. Synonyms of each chemical name were retrieved using the

Table 1. Summary of Population, Exposure, Control, Outcome (PECO) statement for in vivo and in vitro studies.

Inclusion Exclusion

P In vivo: Experimental animal models where endometriosis can either occur
spontaneously or be induced

In vitro: Human endometrial cells or tissues

In vivo: Observational epidemiological studies
In vitro: Cancer cells, nonuterine cells

E In vivo and in vitro:
� Organochlorine chemicals (OCCs)

In vivo and in vitro:
� Pharmaceuticals, non-OCCs

C In vivo and in vitro:
� Has reference or control group

In vivo and in vitro:
� Lacks reference or control group

O In vivo:
� Onset or aggravation of endometriosis
� Proliferation or growth of induced endometriotic lesions
� Presence-of “endometriosis-like” phenotypes with human reference standard

In vitro: Proliferation, migration, and/or invasion of endometrial cells

In vivo and in vitro:
� Outcomes unrelated to endometriosis
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PubChem and ChemSpider database on 27 June 2018. An initial
search was performed on 9 January 2019 in the databases
PubMed/Medline (https://www.ncbi.nlm.nih.gov/pubmed), Scopus
(https://www.scopus.com), and Web of Science (WoS; https://
webofknowledge.com), with syntax customized for each database.
A subsequent manual search of the bibliographic references of rele-
vant articles and existing reviews was performed. A final search
update was performed on 24 June 2020. No filter was applied to
limit the date or language of publication during the search. The iden-
tified studies were exported to EndNote in RIS format to pool
records for manual duplicate removal. Studies underwent a two-
phase screening process by two independent researchers (K.M. and
G.C.S.), based on the predefined inclusion and exclusion criteria of
the PECO statement (Table 1). Phase I Screening was based on title
and abstracts, and Phase II Screening was based on full text for the
studies not excluded in Phase I. Any discrepancies were resolved by
consensus orwith the opinion of a third researcher (J.P.A.).

Data Extraction
Eligible studies underwent data extraction within the HAWC
module according to a predefined standardized data extraction
process (Table S3), explained below in detail, with illustrative
examples from Foster et al. 1997 in the supplemental materials
(Figures S1–S5). Results are stored and available for download
in Excel format (https://hawcproject.org/assessment/812/).

First, studies were identified by citation (short and full), and
type(s) of study data were indicated (i.e., “Animal bioassay,”
hereafter referred to as in vivo and “in vitro”). Studies which con-
tained both in vivo and in vitro data were indicated as such. In
this initial stage of study preparation, general study data (i.e.,
conflicts of interest, funding source, author correspondence
details) were extracted (Figure S1).

Studies with in vivo data comprised at least one animal
“experiment” (Figure S2). Data extracted within each experiment
included study name, study type (acute, short term, subchronic,
chronic, mechanistic, reproductive, developmental, etc.), chemi-
cal identifiers (name, CAS, source), chemical purity, vehicle
used, and details of animal husbandry and diet and compliance
with any guidelines for methods (Figure S3). Each experiment
consisted of at least one “animal group.” Data extracted within
each animal group included animal species, strain, and sex,
source of animals (laboratory or breeding details), life stage
exposed and life stage assessed, observation duration, siblings (if
animal groups were related), and any additional description of
the animal group (Figure S4). A dosing regimen was also
extracted for each animal group, including route of exposure, ex-
posure duration, number of dose groups, control information
(positive and/or negative controls), and any other information
about dosing methodology (e.g., dose units, dose groups, details
of dosing regimen). Dose–response information for end points
was also extracted if such data were provided. Each animal group
could have multiple end points, characterized by relevant biologi-
cal system (i.e., reproductive), organ/tissue (i.e., endometrium),
effect/effect subtype, diagnostic method, observation time, data
set type (e.g., continuous, dichotomous, percent difference), var-
iance type (standard error or standard deviation if reported or rel-
evant), response units, data location in the literature, and other
notes on the end point methodology and results (e.g., response
direction that would be considered adverse, points of departure,
monotonicity, statistical tests, trend tests, etc.) (Figure S4). A
dose–response visualization was automatically generated for end
points with dose–response data (Figure S5).

A similar data extraction process was performed for in vitro
studies. First, cell type data was extracted, including species,
strain, sex, and tissue of origin (typically female humans), as well

as culture type (i.e., primary culture, immortalized cell line, trans-
fected cell line, etc.) and source of cell cultures. Such data were
extracted for each relevant cell type used in each study if more
than one cell population were used. Chemical exposure data were
then extracted, including chemical name, CAS number, source,
purity (and purity confirmation details if available), and dilution
storage notes. Again, such data were extracted for each unique
chemical exposure for each study. Following this initial data
extraction, an “experiment” for each cell type was created. If
there were multiple cell types in an in vitro study, a separate
experiment was created for each one. In each in vitro experiment,
data extracted included dosing information (dosing regimen, du-
ration, units), serum information (percent serum, serum type,
and/or description), and control information (positive, negative,
and/or vehicle controls). As with in vivo experiments, in vitro
experiments with multiple outcomes were characterized by chem-
ical exposure, assay type, outcome effect, data location in the lit-
erature, data set type (e.g., continuous, dichotomous, percent
difference), variance type (standard error or standard deviation if
reported or relevant), response units, observation time, points of
departure, monotonicity, statistical tests, trend tests, and any
other notes on the end point of the results. Dose–response data
for end points were also extracted when such data were provided.
Dose–response visualizations were similarly automatically gener-
ated for such end points. Corresponding authors were contacted
by email for data unavailable in the published articles and for
clarification of methods and risk of bias questions, and authors
were provided 2 wk for response.

Synthesis of Results
End points were grouped into primary or secondary end points,
as previously explained in the published protocol (Matta et al.
2019). In brief, four primary end points were measured (two
in vivo and two in vitro). For in vivo studies, primary end points
aimed to be the corollary to endometriosis in humans thus
included a) the spontaneous onset of endometriosis and b) the
growth or proliferation of induced endometriotic lesions. For
in vitro studies, primary end points included c) cell migration/
invasion and d) cell viability/proliferation. Secondary end points
included gene expression or protein levels within the signaling
pathways regulating the primary end points, markers of disrupted
steroidogenic pathways, inflammatory biomarkers, such as cyto-
kines [i.e., interleukins (IL)], or markers of extracellular matrix
remodeling [i.e., matrix metalloproteinases (MPPs)]. End point
results were summarized in data pivot figures displaying the sig-
nificance and direction of the effects across exposure doses and
studies. The heterogeneity of included studies precluded a quanti-
tative meta-analysis.

Risk of Bias Assessment
The NTP/OHAT RoB Rating Tool was specifically adapted to
the research question in the HAWC interface (NTP/OHAT
2015b) and tailored to in vitro studies as previously reported
(NTP 2016). Briefly, the RoB tool consists of a set of questions
tailored to each experimental stream of evidence, addressing six
main bias domains listed below (i.e., selection bias, performance
bias, attrition bias, detection bias, selective reporting bias, and
other) (Table 2).

Questions received one of five possible ratings: “Definitely
Low Risk of Bias,” “Probably Low Risk of Bias,” “Probably High
Risk of Bias,” “Definitely High Risk of Bias,” or “Not Reported,”
based on prespecified criteria (Supplemental Materials, Section 3).
The rating was determined by two independent assessors (K.M.
and G.C.S.) and then finalized by discussion and consensus, with
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consultation by an additional member of the review team or techni-
cal advisors as needed. In the event that additional information was
needed to make a rating determination, authors were contacted
with questions specific to the RoB question and provided 2 wk to
respond. Each RoB rating was justified based on the established
criteria and the study text, and is stored and available in HAWC.
Based on these ratings, individual studies were ranked on a three-
tier scale of bias allowing the classification of specific bodies of
evidence in “not serious,” “serious,” or “very serious” RoB to sup-
port decision-making for confidence rating (NTP/OHAT 2015a).
More details of the three-tier scale can be found in the next section
or in the previously published protocol.

Rating the Level of Evidence
Following the NTP/OHAT framework, we analyzed different
domains affecting the confidence level for each primary end
point–related body of evidence. Each stream of data was consid-
ered a body of evidence, and an assessment was performed for
each primary end point to determine a confidence rating reflect-
ing the confidence with which the study findings accurately
reflect a true association between exposure to OCCs and the pri-
mary end points. The process is summarized in Table S4 and
the NTP/OHAT systematic review handbook, based on GRADE
guidelines (NTP/OHAT 2015a).

Briefly, each body of evidence was given an initial confidence
rating, which was subsequently downgraded or upgraded accord-
ing to factors that decrease or increase confidence in the results
(NTP/OHAT 2015a). The initial confidence rating of “high” was
determined by the presence of all four main features determined
by the study design for both in vivo and in vitro evidence (Table
S5). This high initial confidence rating was then either down-
graded or upgraded, depending on the presence or absence of cer-
tain cross-studies flaws (i.e., risk of bias, inconsistency,
indirectness, imprecision, publication bias) or strengths (i.e., con-
sistency, large magnitude of effect, dose response), respectively.

Factors decreasing confidence.
1. RoB: As previously mentioned, the NTP/OHAT’s RoB-

tiered approach considers three key elements of higher
relevance to establish the classification criteria for each
individual study [marked in Table 2 by an asterisk (*)].
Studies were subsequently categorized into three possible
tiers depending on their responses to these key elements:
Tier 1: Study must be rated as “Definitely Low” or
“Probably Low” RoB for key elements AND have most

other applicable items answered “Definitely Low” or
“Probably Low”; Tier 2: Study meets criteria for neither
Tiers 1 nor 3; Tier 3: Study must be rated as “Definitely
High” or “Probably High” RoB for key elements AND
have most other applicable items answered “Definitely
High” or “Probably High.” “Not Reported” was counted as
“Probably High.” Downgrading for RoB reflects the entire
body of studies; therefore, the decision to downgrade was
applied conservatively and reserved for cases with substan-
tial RoB across most of the studies composing the body of
evidence.

2. Unexplained inconsistency: Studies were considered for
downgrading when there was inconsistency in results that
were not explained by study design features, such as differ-
ences in cell model/animal species, timing or route of ex-
posure, or health outcome assessment.

3. Indirectness/applicability: The following points were used
to assess the directness in the present study:
a. Differences in population (applicability) and relevance
of the animal model to outcome of concern.
i. In vivo studies: Studies conducted in mammalian
model systems were assumed relevant for humans (i.
e., not downgraded) unless compelling evidence to
the contrary was identified during the course of the
evaluation (e.g., a biological system not present in
humans).

ii. In vitro studies: Cell models were evaluated on the
basis of the biological relevance in humans (human
primary cell cultures or human immortalized cell
lines).

b. Differences in outcome measures or directness of the
end points to the primary health outcome(s). For exam-
ple, onset of endometriosis would be a direct end point,
whereas development of “endometriosis-like” pheno-
types is less direct.

c. Dose levels and route of administration in in vivo stud-
ies: External dose comparisons were used to reach confi-
dence rating conclusions, because internal dosimetry in
animal models can vary based on route of administra-
tion, species, age, diet, and other cofactors. The most
commonly used routes of administration (i.e., oral, der-
mal, inhalation, subcutaneous injections) were consid-
ered direct for the purposes of establishing confidence
ratings.

The applicability of specific health outcomes or bio-
logical processes in animal models is outlined in the
PECO inclusion/exclusion criteria, with the most
accepted relevant/interpretable outcomes considered
“primary,” and less direct measures, biomarkers of
effect, or upstream measures of health outcome consid-
ered “secondary.”

4. Imprecision: Imprecision is typically assessed with confi-
dence intervals for meta-analyses, but because a meta-
analysis was not performed due to the heterogeneity of
outcome measurements, the overall effects of the studies
were considered for imprecision. Studies with high vari-
ability of effect estimates were at risk of imprecision bias.

5. Publication bias: Studies were considered for downgrading
for publication bias when the study was uniformly small,
especially when sponsored by industries, nongovernment
organizations, or authors with conflicts of interest.
Abstracts or other types of gray literature that do not
appear as full-length articles within a reasonable time
frame (3–4 y) may be another indication of publication
bias; thus such literature has been excluded.

Table 2. Risk of bias analysis: domains of bias and questions.

Domain of bias Risk of bias question

Selection bias 1. Was administered dose or exposure level
adequately randomized?

Selection bias 2. Was allocation to study groups
adequately concealed?

Performance bias 3. Were experimental conditions identical
across study groups?*

Performance bias 4. Were the research personnel blinded to
the study group during the study?

Attrition bias 5. Were outcome data incomplete due to
attrition or exclusion from analysis?

Detection bias 6. Can we be confident in the exposure
characterization?*

Detection bias 7. Can we be confident in the outcome
assessment?*

Selective reporting bias 8. Were all measured outcomes reported?
Other 9. Were there any other potential threats to

internal validity?

Note: Key elements considered for the tiered classification are marked by an
asterisk (*).
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Factors increasing confidence.

1. Magnitude of effect: A large magnitude of effect was con-
sidered to upgrade the confidence.

2. Dose–response: Confidence was upgraded for dose–
response if there was sufficient evidence of monotonic
dose–response/gradient.

3. Consistency: Consistency across animal studies, dissimilar
populations, and study types were potential reasons to
upgrade the confidence:
a. Across animal studies: consistent results reported in mul-
tiple experimental animal models or species. Finding the
same direction of change in the same outcome in more
than two species would constitute sufficient evidence that
a causal relationship has been established, by standards
set by the International Agency for Research on Cancer.
Though the health effect studied here is not cancer, the
same principle can apply.

b. Across dissimilar populations: consistent results
reported across populations that differ in factors such as
time, location, and/or exposure.

c. Across study types: consistent results reported from
studies with different design features (e.g., between
chronic and multigenerational animal studies).

Rating the Level of Evidence
Subsequently, the confidence rating was translated to the level of
evidence considering the presence or absence of the health effect
and the direction or nature of the effect (Table S6). Level of evidence
was established for each of four primary outcomes separately.

Evidence Integration and Hazard Identification
Based on the NTP/OHAT Hazard Identification Scheme (Figure
S6) reported by Rooney et al. (2014), the level-of-evidence

conclusion for human data can be considered together with non-
human animal data to reach a hazard identification conclusion. At
the first stage of integration, the level of evidence (i.e., “high,”
“moderate,” “low”) from human and nonhuman animal studies is
considered in order to establish a preliminary classification (i.e.,
“known,” “suspected,” “presumed,” “not classifiable”). In a sec-
ond step, the impact of in vitro data can be used to bolster or
downgrade this preliminary classification. We thus considered
the epidemiological evidence meta-analyzed and evaluated in our
previously published systematic review following the same guid-
ing framework (Cano-Sancho et al. 2019) with the results of this
review to reach a hazard identification conclusion.

The epidemiological evidence was grouped by main OCC
families with enough studies to conduct a pooled analysis, includ-
ing PCDD, PCDFs, PCBs, or OCPs. The body of evidence for
PCDD/PCDFs consisted of 10 epidemiological studies, mainly
reporting associations between TCDD, total dioxin toxic equiva-
lents (TEQ), or TEQ for the group PCDD/PCDFs. The pooled
effect size resulted in an odds ratio (95% confidence interval) of
1.65 (1.14, 2.39) with substantial heterogeneity (I2 = 72%). The
sources of heterogeneity were identified by stratified analysis,
including the biological matrices or analytical methods, prevent-
ing the downgrading due to unexplained inconsistency. The con-
fidence was rated as moderate and translated into a “moderate”
level of evidence of health effect.

Results
Through the search and selection process, we identified a total of
812 unique articles, of which 716 were excluded through Phase I
screening based on title and abstract (Figure 1). The full texts of 96
articles were then examined during Phase II review. A total of 39
of these articles met the eligibility criteria (Table 1), 16 of which
contained in vivo data and 24 in vitro data, among which one
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Figure 1. PRISMA flowchart displaying the results from the literature search and screening.
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reported both data streams. The included articles are summarized
in Tables 3 and 4.

Study Characteristics
Main characteristics from in vivo studies are summarized in
Table 3. Four animal models were identified, including nonhu-
man primates (n=3), nude mice (n=1), autologous mice (n=9),
and autologous rats (n=4). Two studies tested both rat and
mouse models simultaneously (Cummings et al. 1996, 1999). For
primates and mouse models where spontaneous endometriosis or
endometriosis-like phenotype could occur, the consolidated “en-
dometriosis onset” end point was generated, grouping both inci-
dence of phenotypes and attachment of injected endometrial
tissue. For models in which endometriosis was surgically induced
by sewing autologous endometrium to peritoneal tissues or ves-
sels, lesion growth was the primary end point. Presence of endo-
metriosis and size of endometriotic lesions were confirmed
histologically, through laparoscopy or necropsy for all studies. A
total of 14 OCCs were assessed across all studies (Table S7), but
the majority of studies (n=27) assessed TCDD, the prototypical
ligand of the AhR; other chemicals assessed by multiple studies
were PCB 126 (n=5), PCB 153 (n=4), and DDT isomers
(n=4). PCBs 77 and 104; 1,3,6,8-TCDD; 4-PeCDF; and pesti-
cides hexachlorobenzene (HCB), atrazine (ATR), and methoxy-
chlor (MXC) were only assessed by a single study. Studies were
either chronic (>90 d, n=8), subchronic (30–90 d, n=6), short
term (<30 d, n=7), or developmental (n=3) (Table 3). We did
include one review as an exception, because it presented primary
data generated by the authors (Bruner-Tran et al. 1999).

Main characteristics from in vitro studies are summarized in
Table 4. A variety of cell types have been assessed (Table S8),
often with multiple cell types in a single study. Cell models
included endometrial stromal cells (ESCs) (n=16), ESC co-
cultures (n=10), endometrial endothelial cells (EEnCs) (n=2),
and endometrial explants (n=2), as well as uterine fibroblasts
(HUF), granulosa cells, and healthy noncancer endometrial cells.
Three immortalized cell lines were included: ESCs immortalized
with temperature-sensitive SV40 T antigen (ESC-SV40T),
human telomerase reverse transcriptase (hTERT) EECs, and
T-HESC, a uterine fibroblast immortalized with hTERT. All
other cell models were primary cultures from human biopsies.
Primary in vitro end points included cell migration/invasion as
well as cell viability/proliferation.

Associations between Exposure to OCCs and Primary and
Secondary Outcomes
OCCs and endometriosis onset. Four in vivo studies measured
the development of spontaneous endometriosis or endometriosis-
like phenotypes, including two primate studies (Arnold et al.
1996; Rier et al. 1993) and two rodent studies (Bruner-Tran et al.
1999; Nayyar et al. 2007). One study with rhesus monkeys
assessed exposure to Aroclor 1254 and the other studies to
TCDD, with different animal models, exposure regimens, and
outcome definition. The study on Aroclor 1254 did not find a sig-
nificant relationship between incidence of endometriosis and
dose treatment, regardless of concentrations (up to 80 lg=kg
body weight per day) or follow-up duration. The high incidence
in controls (37%) precluded the role of PCB exposure in increas-
ing either incidence of endometriosis or the severity of the lesions
[25% (16/64)] of treated monkeys (Arnold et al. 1996). The three
studies on TCDD exhibited positive associations at different
doses and using different models. Rier et al. (1993) noted a statis-
tically significant dose-dependent increase in incidence and se-
verity of endometriosis in a chronic study (4 y). Within theT

ab
le

3.
Su

m
m
ar
y
ta
bl
e
of

se
le
ct
ed

in
vi
vo

st
ud
ie
s.

R
ef
er
en
ce

Sp
ec
ie
s

C
he
m
ic
al

St
ud
y

ty
pe

Si
ze

D
os
in
g
du
ra
tio

n/
fr
eq
ue
nc
y

R
ou
te

D
os
es

U
ni
ts

R
ep
or
te
d
en
d
po
in
t

C
on
so
lid

at
ed

en
d

po
in
t

A
rn
ol
d
et
al
.1

99
6

R
he
su
s
m
on
ke
y

A
ro
cl
or

12
54

C
hr

16
10

y
ca
p

0/
5/
20
/4
0/
80

g/
kg

bo
dy

w
ei
gh
t

In
ci
de
nc
e

O
ns
et

R
ie
r
et
al
.1

99
3

R
he
su
s
m
on
ke
y

T
C
D
D

C
hr

8
(2
4)

4
y

di
et

0/
5/
25

pp
t

In
ci
de
nc
e

O
ns
et

Y
an
g
et
al
.2

00
0

C
yn
om

ol
gu
s
m
on
ke
y

T
C
D
D

C
hr

5-
6

1
y
(1

ca
ps
ul
e
5
d/
w
k)

ca
p

0/
1/
5/
25

ng
/k
g/
d

D
ia
m
et
er

L
es
io
n
gr
ow

th
B
ru
ne
r-
T
ra
n
et
al
.1

99
9

N
ud
e
m
ou
se

T
C
D
D

ST
10

Si
ng
le
do
se

su
bq

0/
1

nM
A
m
ou
nt

O
ns
et

N
ay
ya
r
et
al
.2

00
7

C
57
B
L
/6

m
ou
se

T
C
D
D

D
ev

5-
6

6
do
se

co
m
bi
na
tio

ns
U
te
ro
/p
re
pu
be
rt
al
/p
ub
er
ta
l

ga
v

0/
10

l
g=
kg

L
ik
e
ph
en
ot
yp
es

O
ns
et

C
um

m
in
gs

et
al
.1

99
9

B
6C

3F
1
m
ou
se

T
C
D
D

D
ev

3
(1
2)

2
do
se
s
(p
re
na
ta
lp

os
tn
at
al
)

ga
v

0-
0/
0-
3/
3-
0/
3-
3/
3-
10

ug
/k
g

D
ia
m
et
er

L
es
io
n
gr
ow

th
SD

ra
t

T
C
D
D

D
ev

3
(1
2)

2
do
se
s
(p
re
na
ta
lp

os
tn
at
al
)

ga
v

0-
0/
0-
3/
3-
0/
3-
3/
3-
10

m
g/
kg

D
ia
m
et
er

L
es
io
n
gr
ow

th
C
um

m
in
gs

et
al
.1

99
6

B
6C

3F
1
m
ou
se

T
C
D
D

SC
hr

8
(3
2)

96
d
(1

do
se
/3

w
ks
)

ga
v

0/
3/
10

ug
/k
g

D
ia
m
et
er

L
es
io
n
gr
ow

th
SD

ra
t

T
C
D
D

SC
hr

8
(3
2)

0,
3,

6,
9,

12
w
k

ga
v

0/
3/
10

l
g=
kg

D
ia
m
et
er

L
es
io
n
gr
ow

th
Fo

st
er

et
al
.1

99
7

B
6C

3F
1
m
ou
se

T
C
D
D

SC
hr

8,
5

30
d
(d
ai
ly

do
se
)

su
bq

0/
10
0

ng
/k
g/
d

D
ia
m
et
er

L
es
io
n
gr
ow

th
4-
C
D
E

SC
hr

9,
6

30
d
(d
ai
ly

do
se
)

su
bq

0/
15
0

m
g/
kg
/d

D
ia
m
et
er

L
es
io
n
gr
ow

th
H
ua
ng

et
al
.2

01
7

B
6C

3F
1
m
ou
se

PC
B
15
3

ST
12

Si
ng
le
do
se

(1
0
or

20
d)

ga
v

0/
5/
50

m
g/
kg

A
m
ou
nt
/W

ei
gh
t

L
es
io
n
gr
ow

th
PC

B
12
6

ST
12

Si
ng
le
do
se

(1
0
or

20
d)

ga
v

0/
0.
03
/0
.3

m
g/
kg

A
m
ou
nt
/W

ei
gh
t

L
es
io
n
gr
ow

th
Jo
hn
so
n
et
al
.1

99
7

B
6C

3F
1
m
ou
se

T
C
D
D

C
hr

10
15

w
k
(5

do
se
s/
3
w
k)

ga
v

0/
1/
3/
10

l
g=
kg

bo
dy

w
ei
gh
t

D
ia
m
et
er
/W

ei
gh
t

L
es
io
n
gr
ow

th
PC

B
15
3

C
hr

10
15

w
k
(5

do
se
s/
3
w
k)

ga
v

0/
3/
30

m
g/
kg

bo
dy

w
ei
gh
t

D
ia
m
et
er
/W

ei
gh
t

L
es
io
n
gr
ow

th
PC

B
12
6

C
hr

10
15

w
k
(5

do
se
s/
3
w
k)

ga
v

0/
10
0/
30
0/
10
00

l
g=
kg

bo
dy

w
ei
gh
t

D
ia
m
et
er
/W

ei
gh
t

L
es
io
n
gr
ow

th
1,
3,
6,
8-
T
C
D
D

C
hr

10
15

w
k
(5

do
se
s/
3
w
k)

ga
v

0/
2/
20

m
g/
kg

bo
dy

w
ei
gh
t

D
ia
m
et
er
/W

ei
gh
t

L
es
io
n
gr
ow

th
4-
Pe

C
D
F

C
hr

10
15

w
k
(5

do
se
s/
3
w
k)

ga
v

0/
10
/3
0/
10
0

l
g=
kg

bo
dy

w
ei
gh
t

D
ia
m
et
er
/W

ei
gh
t

L
es
io
n
gr
ow

th
K
ha
n
et
al
.2

01
8

C
57
B
L
/6

m
ou
se

T
C
D
D

SC
hr

10
9
w
k
(3

do
se
s/
3
w
k)

ga
v

0/
3

l
g=
kg

bo
dy

w
ei
gh
t

D
ia
m
et
er

L
es
io
n
gr
ow

th
K
ita
jim

a
et
al
.2

00
4

B
6C

3F
1
m
ou
se

T
C
D
D

ST
3

Si
ng
le
do
se

(4
w
k
af
te
r
in
du
ct
io
n)

su
bq

0/
10

l
g=
kg

bo
dy

w
ei
gh
t

D
ia
m
et
er
/g
en
e

ex
pr
es
si
on

L
es
io
n
gr
ow

th

Y
an
g
an
d
Fo

st
er

19
97

B
6C

3F
1
m
ou
se

T
C
D
D

ST
5

28
d
(d
ai
ly

do
se
)

su
bq

0/
10
/5
0/
10
0

ng
/k
g/
d

D
ia
m
et
er
/A
dh
es
io
n

L
es
io
n
gr
ow

th
Y
an
g
et
al
.1

99
7

B
6C

3F
1
m
ou
se

4-
C
D
E

ST
5
(2
5)

28
d
(d
ai
ly

do
se
)

su
bq

0/
10
/7
5/
15
0

m
g/
kg
/d

D
ia
m
et
er

L
es
io
n
gr
ow

th
C
hi
ap
pi
ni

et
al
.2

01
9

SD
ra
t

H
C
B

SC
hr

7
30

d
(3

do
se
s/
w
k)

ga
v

0/
1/
10
/1
00

m
g/
kg

bo
dy

w
ei
gh
t

V
ol
um

e
/D
ia
m
et
er

L
es
io
n
gr
ow

th
C
um

m
in
gs

an
d
M
et
ca
lf
19
95
b

SD
ra
t

M
C
X

ST
10

21
d
(d
ai
ly

do
se
)

ga
v

0/
25
0

m
g/
kg
/d

D
ia
m
et
er

L
es
io
n
gr
ow

th

N
ot
e:

4-
C
D
E
,4

-c
hl
or
od
ip
he
ny
le

th
er
;C

hr
,c
hr
on
ic
;D

ev
,d

ev
el
op
m
en
ta
l;
ca
p,

or
al

ca
ps
ul
e;

ga
v,

or
al

ga
va
ge
;S

T
,s
ho
rt
te
rm

;S
D
,S

pr
ag
ue

D
aw

le
y;

SC
hr
,s
ub
ch
ro
ni
c;

su
bq
,s
ub
cu
ta
ne
ou
s
in
je
ct
io
n.

Si
ze

lis
te
d
is
an
im

al
s
pe
r
do
se

gr
ou
p
(t
ot
al

in
pa
re
nt
he
se
s
w
he
n
pr
ov
id
ed
).
Se
pa
ra
te
do
se
s
ar
e
se
pa
ra
te
d
by

sl
as
he
s
(/
),
w
he
re
as

m
ul
tip

le
do
se
s
ar
e
se
pa
ra
te
d
by

a
da
sh

(–
).

Environmental Health Perspectives 076003-6 129(7) July 2021



T
ab

le
4.
Su

m
m
ar
y
ta
bl
e
of

se
le
ct
ed

in
vi
tr
o
st
ud
ie
s.

R
ef
er
en
ce

T
is
su
e/
ce
ll
ty
pe

n
C
he
m
ic
al

D
ur
at
io
n

D
os
e
ra
ng
e

U
ni
t

A
ss
ay

R
ep
or
te
d
en
d
po
in
t

C
on
so
lid

at
ed

en
d
po
in
t

B
of
in
ge
r
et
al
.2

00
1

E
E
xC

U
(e
nd
o
an
d
no

en
do
)

9-
11

T
C
D
D

24
h

0.
00
1–

10
nM

N
or
th
er
n
bl
ot

(m
R
N
A
)

E
R
O
D
as
sa
y

C
Y
P1

A
1/
B
1
m
R
N
A

E
R
O
D
ac
tiv

ity
St
er
oi
do
ge
ne
si
s(
s)

B
re
dh
ul
te
ta
l.
20
07

E
E
nC

6
op

0 -D
D
T

24
h

1–
10
0

lM
IC
C
PC

N
A
,B

rd
U
A
ss
ay

V
ia
bi
lit
y/
pr
ol
if
er
at
io
n

V
ia
bi
lit
y/
pr
ol
if
er
at
io
n

E
E
nC

6
T
C
D
D

24
h

0.
1–
10
0

nM
IC
C
PC

N
A
,B

rd
U
A
ss
ay

V
ia
bi
lit
y/
pr
ol
if
er
at
io
n

V
ia
bi
lit
y/
pr
ol
if
er
at
io
n

E
E
nC

6
PC

B
77
,1

26
24

h
0.
1–
10

lM
IC
C
PC

N
A
,B

rd
U
A
ss
ay

V
ia
bi
lit
y/
pr
ol
if
er
at
io
n

V
ia
bi
lit
y/
pr
ol
if
er
at
io
n

B
re
dh
ul
te
ta
l.
20
08

E
E
nC

10
op

0 -D
D
T

24
h

50
lM

B
rd
U
A
ss
ay
/q
R
T
-P
C
R

Pr
ol
if
er
at
io
n

Pr
ol
if
er
at
io
n

C
ha
ng

et
al
.2

01
7

E
SC

/m
on
oc
yt
e*

6
T
C
D
D

48
h

0.
1–
5

nM
Fl
ow

cy
to
m
et
ry

IL
-1
0

In
fl
am

m
at
io
n(
s)

C
hi
ap
pi
ni

et
al
.2

01
6

H
U
F,

E
SC

(E
U
(e
nd
o
an
d
no

en
do
)/
E
N
),

T
-H

E
SC

3
H
C
B

24
h

0.
00
5–

5
lM

M
T
T
/W

B
V
ia
bi
lit
y
M
M
P
(−

2,
−
9)

V
ia
bi
lit
y,

in
fl
am

m
at
io
n%

m

st
er
oi
do
ge
ne
si
s(
s)
,

m
ig
ra
tio

n/
in
va
si
on

H
ol
lo
w
ay

et
al
.2

00
8

E
SC

G
ra
nu
lo
sa

C
el
ls

10
/5

A
tr
az
in
e

24
h

0.
00
1–

10
0

lM
T
W
E

A
ro
m
at
as
e
ac
tiv

ity
St
er
oi
do
ge
ne
si
s(
s)

H
ol
lo
w
ay

et
al
.2

00
5

E
SC

9
p,
p0
-D

D
E

24
h

1–
10
,0
00

ng
/m

L
T
W
E

A
ro
m
at
as
e
ac
tiv

ity
St
er
oi
do
ge
ne
si
s(
s)

H
u
et
al
.2

01
8

E
U
E
SC

(e
nd
o
an
d
no

en
do
)

9
PC

B
10
4

12
h–

72
h

2–
10

lM
rt
PC

R
/E
L
IS
A
/C
C
K
8/
C
ry
st
al
V
io
le
t

G
en
e
ex
pr
es
si
on
/p
ro
te
in

le
ve
ls
/

pr
ol
if
er
at
io
n/
m
ig
ra
tio

n
V
ia
bi
lit
y/
pr
ol
if
er
at
io
n,

m
ig
ra
tio

n,
in
fl
am

m
at
io
n(
s)

H
ua
ng

et
al
.2

01
7

E
SC

s
(E
U
/E
N
)

3
PC

B
12
6,

15
3

48
h

0.
3–
60

lM
M
T
T
/E
L
IS
A
/W

B
C
el
lv

ia
bi
lit
y
IL
-6
,I
L
-8

s
V
ia
bi
lit
y,

in
fl
am

m
at
io
n

Ig
ar
as
hi

et
al
.2

00
5

E
SC

-E
E
C
*

3
T
C
D
D
(E
)

48
–7

2
h

0.
1–
20

nM
R
T
-P
C
R
/W

B
PR

-B
/P
R
-A

ra
tio

M
M
P
(−

3,
−
7)

St
er
oi
do
ge
ne
si
s(
s)
,i
nf
la
m
m
at
io
n

K
al
in
in
a
et
al
.2

01
8

N
or
m
al
E
SC

5
D
D
T

24
h

1–
10

lM
R
T
-P
C
R

m
ic
ro
R
N
A
-1
90
a/
b

M
ig
ra
tio

n/
in
va
si
on

L
ie
ta
l.
20
11

4
E
SC

(N
or
m
al
,C

D
82
-,
E
C
,E

U
)

6
T
C
D
D
(E
)

48
h

10
nM

M
T
W
A
/E
L
IS
A

In
va
si
on
,C

he
m
ok
in
e
C
C
R
2

In
va
si
on
,i
nf
la
m
m
at
io
n(
s)

Pi
tt
et
al
.2

00
1

E
E
xC

U
11
-1
3

T
C
D
D
(E
P)

24
–7

2
h

0.
00
1–

10
nM

qR
T
-P
C
R

A
hR

m
R
N
A

St
er
oi
do
ge
ne
si
s(
s)

R
es
ue
hr

et
al
.2

01
2

E
SC

5
T
C
D
D

48
h

10
nM

qR
T
-P
C
R

C
B
1-
R
,P

R
-B

In
fl
am

m
at
io
n(
s)
/s
te
ro
id
og
en
es
is
(s
)

Sh
ie
ta
l.
20
06

E
SC

(E
U
/E
N
)
E
SC

-P
M
C

*
3

T
C
D
D
(E
)

48
h

1
nM

E
L
IS
A
/I
M
S
D
N
A

IL
-8

/C
X
C
R
1

In
fl
am

m
at
io
n(
s)

Sh
ie
ta
l.
20
07

E
SC

(E
U
/E
N
)

3
T
C
D
D
(E
)

48
h

0.
01
–1

0
nM

Fl
ow

cy
to
m
et
ry

C
C
R
8

In
fl
am

m
at
io
n(
s)

V
an

de
n
B
ra
nd

et
al
.2

01
9

E
SC

-E
E
C
*

3
T
C
D
D
(E
P)

48
h

1–
50
0

pM
T
W
E

A
hR

/C
Y
P1

A
1

St
er
oi
do
ge
ne
si
s(
s)

W
an
g
20
15

E
SC

-U
93
7
m
ac
ro
ph
ag
e
*

3
T
C
D
D
(E
)

48
h

0.
01
–1

0
nM

E
L
IS
A
/f
lo
w
cy
to
m
et
ry

IL
-1
0,

IL
-1
2/
C
D
86

In
fl
am

m
at
io
n(
s)

W
an
g
et
al
.2

01
0b

E
SC

(E
C
/E
U
),
E
SC

-U
93
7*

E
SC

-H
M
PC

-U
93
7

*

3
T
C
D
D
(E
)

48
h

1
nM

W
es
te
rn

bl
ot
,F

lo
w
cy
to
m
et
ry
,I
C
C

T
E
C
K
/C
C
R
9
M
M
P
(−

2,
−
9)

M
ig
ra
tio

n/
in
va
si
on
,

in
fl
am

m
at
io
n(
s)

W
an
g
et
al
.2

01
0a

E
SC

(E
C
/E
U
)-
U
93
7*

E
SC

-H
M
PC

-U
93
7

*

3
T
C
D
D
(E
)

48
h

1
nM

C
he
m
ot
ax
is
ce
ll
m
ig
ra
tio

n
as
sa
y
W
B

M
ac
ro
ph
ag
e
m
ig
ra
tio

n
C
he
m
ok
in
e
C
C
R
1
E
xp
re
ss
io
n

M
ig
ra
tio

n,
in
fl
am

m
at
io
n(
s)

W
ill
in
g
et
al
.2

01
1

hT
E
R
T
-E
E
C

3
T
C
D
D
(E
)

24
h

1–
10

nM
L
R
G
A
/W

B
/p
ro
te
om

ic
s

A
la
m
ar

B
lu
e

A
hR

/C
Y
P1

A
1,

m
ig
ra
tio

n
Pr
ol
if
er
at
io
n,

A
R
N
T

St
er
oi
do
ge
ne
si
s(
s)
,m

ig
ra
tio

n,
pr
ol
if
er
at
io
n

hT
E
R
T
-E
E
C

3
PC

B
12
6,

15
3

24
h

10
0

ng
/m

L
L
R
G
A
/W

B
/p
ro
te
om

ic
s
A
la
m
ar

bl
ue

A
hR

C
Y
P1

A
1,

m
ig
ra
tio

n
C
el
lp

ro
lif
er
at
io
n,

A
R
N
T

St
er
oi
do
ge
ne
si
s(
s)
,m

ig
ra
tio

n,
pr
ol
if
er
at
io
n

Y
an
g
19
99

E
SC

-S
V
40
T

3
T
C
D
D

24
h

0.
1–
10
0

nM
qR

T
-P
C
R

A
hR

/I
L
-1
B
/P
A
I-
2
m
R
N
A

St
er
oi
do
ge
ne
si
s(
s)
,i
nf
la
m
m
at
io
n(

s)

m
ig
ra
tio

n/
in
va
si
on

Y
u
et
al
.2

00
8

E
SC

s
(E
C
/E
U
)-

E
SC

/H
M
PC

-U
93
7*

3
T
C
D
D
(E
)

48
h

1
nM

M
at
ri
ge
l-
ba
se
d
tr
an
sw

el
lE

L
IS
A
,

w
es
te
rn

bl
ot

C
el
li
nv
as
io
n,

M
IP
-1
a

se
cr
et
io
n,

R
A
N
T
E
S,

M
M
Ps

In
va
si
on
,i
nf
la
m
m
at
io
n(
s)

Z
ha
o
et
al
.2

00
2

E
SC

s
(n
or
m
al
/E
N
)

3
T
C
D
D

24
h

10
nM

PC
R
,E

L
IS
A
,l
uc
if
er
as
e
re
po
rt
er

ge
ne

R
A
N
T
E
S
(m

R
N
A
,P

ro
te
in

se
cr
et
io
n,

ge
ne

ex
pr
es
si
on
)

In
fl
am

m
at
io
n(
s)

N
ot
e:
“E

nd
o
an
d
no

en
do
”
is
us
ed

to
de
sc
ri
be

tis
su
e/
ce
ll
cu
ltu

re
s
dr
aw

n
fr
om

w
om

en
w
ith

an
d
w
ith

ou
te
nd
om

et
ri
os
is
.C

o-
cu
ltu

re
s
ar
e
m
ar
ke
d
by

an
as
te
ri
sk

(*
);
n
re
fe
rs
to

nu
m
be
r
of

re
pl
ic
at
es

or
ex
pl
an
ts
pe
rd

os
e
gr
ou
p
or

ce
ll
ty
pe
.C

ul
tu
re
s
co
n-

co
m
ita
nt
ly

tr
ea
te
d
w
ith

es
tr
og
en

an
d/
or

pr
og
es
te
ro
ne

as
w
el
l
as

T
C
D
D

ar
e
m
ar
ke
d
by

E
an
d/
or

P.
D
os
e
ra
ng
es

ex
cl
ud
e
co
nt
ro
l
gr
ou
p
(0
).
Se
co
nd
ar
y
ou
tc
om

es
ar
e
id
en
tif
ie
d
w
ith

“(
s)
”
in

ta
bl
e.

D
D
E
,
di
ch
lo
ro
di
ph
en
yl
di
ch
lo
ro
et
hy
le
ne
;
D
D
T
,

di
ch
lo
ro
di
ph
en
yl
tr
ic
hl
or
oe
th
an
e;
E
,e
st
ro
ge
n;

E
C
,e
ct
op
ic
;E

E
nC

s,
hu
m
an

en
do
m
et
ri
al
en
do
th
el
ia
lc
el
ls
;E

L
IS
A
,e
nz
ym

e-
lin

ke
d
im

m
un
os
or
be
nt

as
sa
y;

E
E
xC

U
),
en
do
m
et
ri
al
ex
pl
an
tc
ul
tu
re
;E

N
,e
nd
om

et
ri
ot
ic
;E

R
O
D
,7

-e
th
ox
yr
es
or
uf
in

O
-d
ee
th
-

yl
as
e;
E
E
C
s,
en
do
m
et
ri
al
ep
ith

el
ia
lc
el
l;
E
SC

s,
en
do
m
et
ri
al
st
ro
m
al
ce
lls
;E

SC
-S
V
40
T
,E

SC
s
im

m
or
ta
liz
ed

w
ith

te
m
pe
ra
tu
re
-s
en
si
tiv

e
SV

40
T
an
tig

en
;E

U
,e
ut
op
ic
;h

T
E
R
T
-E
E
C
,h

um
an

te
lo
m
er
as
e
im

m
or
ta
liz
ed

re
ve
rs
e
tr
an
sc
ri
pt
as
e
en
do
m
et
ri
al

ep
ith

el
ia
lc

el
l;
H
U
F,

hu
m
an

ut
er
in
e
fi
br
ob
la
st
;I
C
C
,i
m
m
un
oc
yt
oc
he
m
is
tr
y;

IM
S,

im
m
un
os
ta
in
in
g;

L
R
G
A
,l
uc
if
er
as
e
re
po
rt
er

ge
ne

as
sa
y;

M
T
T
,3

-(
4,
5-
di
m
et
hy
lth

ia
zo
l-
2-
yl
)-
2,
5-
di
ph
en
yl
-2
H
-t
et
ra
zo
liu

m
br
om

id
e;

M
T
W
A
,M

at
ri
ge
l-
ba
se
d
tr
an
s-

w
el
lw

es
te
rn

as
sa
y;

P,
pr
og
es
te
ro
ne
;P

C
B
,p

ol
yc
hl
or
in
at
ed
bi
ph
en
yl
;P

C
R
,p

ol
ym

er
as
e
ch
ai
n
re
ac
tio

n;
PM

C
,p

er
ito

ne
al
m
es
ot
he
lia
lc
el
l;
qR

T
-P
C
R
,q

ua
nt
ita
tiv

e
re
al
-t
im

e
po
ly
m
er
as
e
ch
ai
n
re
ac
tio

n;
T
D
C
C
,2

,3
,7
,8
-T
et
ra
ch
lo
ro
di
be
nz
o-
p-
di
ox
in
;T

-
H
E
SC

,t
el
om

er
as
e-
im

m
or
ta
liz
ed

hu
m
an

en
do
m
et
ri
al
st
ro
m
al
ce
lls
;T

W
E
,t
ri
tia
te
d
w
at
er
-r
el
ea
se
;W

B
,W

es
te
rn
-b
lo
t.

Environmental Health Perspectives 076003-7 129(7) July 2021



control group, 2 out of 6 (33%) monkeys developed endometrio-
sis, whereas at the 5 and 25 ppt dose groups, incidence was 5 out
of 7 (71%) and 6 out of 7 (86%), respectively (Rier et al. 1993).
In a mouse model, the incidence of endometriotic-like lesions
was measured 10 d after the mice were injected intraperitoneally
with proliferative-phase endometrial tissues treated for 24 h with
TCDD (1 nM) combined with progesterone (P) or estradiol (E2)
(Bruner-Tran et al. 1999). The combined E2 + P + TCDD treat-
ment (n=8) led to 42 total lesions, whereas mice with the E2
treatment alone (n=8) or combined with P developed 20 total
lesions or 0, respectively. In a developmental study, Nayyar et al.
(2007) examined the presence of uterine phenotypes in mice, not-
ing similarities in the phenotypes exhibited in the TCDD-treated
animals to those found in humans with endometriosis. C57BL/6
mice were exposed to 10 lg TCDD/kg body weight at different
combinations of critical developmental life stages (six treatment
groups, singly or in combination of: in utero/lactation, and/or pre-
pubertal, and/or pubertal). Authors reported the similarities
through immunohistochemical imaging but did not provide statis-
tical analyses.

OCCs and endometriotic lesion growth. A total of 12 in vivo
studies measured the change in endometriotic lesion size in diame-
ter, volume, and/or weight following the exposure to TCDD
(Figure 2A) and other OCCs (Figure 2B). Most studies were per-
formed on rodent models (n=9mice, n=4 rats), and one on cyno-
molgus monkeys. TCDD was analyzed in 8 out of 12 studies, with
variable results, appearingmostly positively associated at the high-
est doses and null or negatively associated with lesion diameter
and/or weight at the lowest doses (Figure 2A). The three studies
which report negative associations had provided animals with a
high dose pretreatment of E2 (24 ng=kg=d) or estrone (E1)
(20 lg=kg=d) (Foster et al. 1997; Kitajima et al. 2004; Yang and
Foster 1997). E2 did significantly increase epithelial height, stro-
mal thickness, and proliferative activity of the endometriotic
lesions, whereas coadministered TCDD reduced these effects
(Kitajima et al. 2004), supporting the antiestrogenic effects of
TCDD. Other dioxin-like chemicals were also tested, including
4-PeCDF, which significantly increased lesion weight at the high-
est dose (100 lg=kg body weight) (Johnson et al. 1997) and PCB
126 (dioxin toxic equivalency factor of 0.1), which led to increased
lesion diameter and weight in two studies (Huang et al. 2017;
Johnson et al. 1997). Two noncoplanar chemicals were also ana-
lyzed (1,3,6,8-TCDD and PCB 153), neither of which significantly
affected lesion size (Johnson et al. 1997). Proestrogenic 4-chloro-
diphenyl ether (4-CDE) was found to increase lesion diameter at
all tested doses but only significantly at the highest dose
(150 mg=kg=d); this increase was not as much in comparison with
that of theE2-treated positive control (Foster et al. 1997;Yang et al.
1997). MXC (250 mg=kg=d, for 21 d by oral gavage) significantly
increased lesion diameter in comparison with the vehicle control
(Cummings and Metcalf 1995b). Lesion diameter increased dose
dependently in rats treated with HCB through oral gavage (1, 10,
and 100 mg=kg body weight), 3 times a week for 30 d (Chiappini
et al. 2019). Overall, results support the hypothesis that exposure
to TCDD and dioxin-like OCCs contribute to an increase in the
growth of endometriotic lesions at the highest concentrations in
comparison with negative or vehicle-treated controls, whereas ex-
posure to noncoplanar PCBs and other OCCs did not have such a
consistent effect, suggesting the involvement of the AhR signaling
pathway.

OCCs and endometrial cell viability/proliferation. Cell via-
bility was measured for six different chemical assays from three
in vitro studies, and proliferation was measured for six chemicals
in eight studies using five cellular models (EEnC, ESC, hTERT-
EEC, HUF, and T-HESC). The overall evidence on viability and

proliferation was inconclusive (Figure 3A,B). One study reported
a significant increase of proliferation of endometrial cells dosed
with PCB 126, PCB 153, and TCDD (Willing et al. 2011), whereas
the rest reported mostly null results or significant decreases of via-
bility or proliferation, especially at high doses. This discrepancy
may likely be due to a trait in the immortalized hTERT-EEC cell
line, which is often used for cancer studies; authors observed that
TCDD has no antiestrogenic effects in hTERT-EEC, becayse it
failed to inhibit estrogen-induced ER-alpha down-regulation in the
presence of estrogen (Willing et al. 2011).

OCCs and in vitro cell migration/invasion. Six studies meas-
ured changes in cell migration and invasion for endometrial cells
and co-cultures dosed with TCDD or PCBs (Figure 4A,B).
Molecular markers supporting cell migration/invasion are reported
in Figure 4B. Results acrossmodels and doses consistently showed
increase in cell motility. In two studies, TCDD alonewas not found
to increase invasiveness, but the combination of TCDD with E2
did lead to a significant increase (Wang et al. 2010a; Yu et al.
2008). Three studies observed that the combination of E2 with
TCDD had a synergistic effect on increased cell invasion (Li et al.
2011; Wang et al. 2010b; Yu et al. 2008). Additionally, ESCs in a
co-culture with HPMC-U937 cells tended to have higher motility
than ESCs cultured alone (Wang et al. 2010a; Yu et al. 2008).
Overall, OCC exposures (especially in the presence of estrogens)
was found to contribute to increased migration and invasion of en-
dometrial cells.

OCCs and extracellular matrix remodeling. MMPs are a
group of enzymes involved in the restructuring of endometrial tis-
sue during the proliferative phase and are responsible for regula-
tion of cell cycle and endometrial tissue remodeling (Nagase
et al. 2006). Elevated MMP activities have been associated with
extracellular matrix degradation and angiogenesis (Nanda et al.
2020) and play a critical role in the proliferation and invasion of
endometriotic cells (Samartzis et al. 2019; Weigel et al. 2012).
Six studies reported associations between OCC exposure and
MMP activity and expression (Figure 5), exhibiting consistent
positive associations for TCDD, PCBs, and HCB with varying
degrees of significance. The exposure of eutopic ESCs to PCBs
104, 126, and 153 showed significant increases in MMP-2,
MMP-3, MMP-9, and MMP-10 activity and expression. HCB
increased MMP-2 and MMP-9 activities in HUF, T-HESC, and
ESCs. MMP-9 levels were consistently elevated in all models,
whereas MMP-2 was significantly elevated only in ESCs
(Chiappini et al. 2016). One study reported a synergistic interac-
tion when ESCs were dosed with a combination of 1 nM TCDD
and E2, significantly increasing MMP-2 and MMP-9 activities,
whereas TCDD alone had no significant effect (Yu et al. 2008).

OCCs and markers of inflammation. Markers of inflamma-
tion and immune dysfunction, including cytokine activity, were
extensively evaluated in in vitro studies, representing the most
diverse and substantiated body of indirect evidence of associa-
tions with endometriosis (Figure 6). The evaluation included
studies mostly focused on the effects of TCDD (alone or com-
bined with E2); few studies tested the effects of other OCCs on
inflammatory cytokines, including o,p0-DDT, HCB, PCB 126,
and PCB 153 (Bredhult et al. 2008; Chiappini et al. 2016; Huang
et al. 2017). The results globally support a perturbation of
immune function and inflammation of endometrial cells and co-
cultures with macrophages, for the different OCCs.

Prostaglandin E2 (PGE2) is an important mediator of inflam-
matory responses and is derived from arachidonic acid metabo-
lized by cyclooxygenase-2 (COX-2) enzymes (Herr 2012; Park
et al. 2006). In T-HESCs, HCB stimulated the c-Src kinase-
induced COX-2 expression and activity, subsequently increasing
the production and secretion of PGE2 and the expression of its
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mediator G-protein coupled receptor EP4 (Chiappini et al. 2016).
Elevated COX-2 and PGE2 expression promoted the proliferation
and invasion of ESCs (Takenaka et al. 2010). PGE2 was found to
bind to EP4 and trigger c-Src kinase phosphorylation, MMP acti-
vation, and the migration and invasion of human immortalized
endometriotic epithelial and stromal cells (Lee et al. 2011).
Huang et al. (2017) examined the effects of nondioxin-like PCB
153 and dioxin-like PCB 126 on ESCs and found that exposure
to PCB 126 decreased anti-inflammatory lipid mediator lipoxin
A4 (LXA4). Secretion of IL-6, a proinflammatory interleukin,
was also found to increase in ESCs in response to both PCBs 126
and 153 (Huang et al. 2017).

Protein secretion of proinflammatory chemokine RANTES
(CCL5) was found to significantly increase in ESCs and U937-
ESC-HMPC co-cultures in response to the combination of TCDD
and E2, but not TCDD alone (Yu et al. 2008). Both RANTES gene
expression and protein secretion increased in both ectopic and

eutopic ESCs exposed to TCDD (Zhao et al. 2002). CCR8 expres-
sion increased in a bell shaped distribution with increasing dose of
TCDD, especially in combination with E2, for eutopic and ectopic
ESCs, and especiallywhen co-culturedwithU937 andHMPC cells
(Shi et al. 2007). CCR9 expression increased in response to TCDD
in U937-ESC-HMPC co-culture but not U937-ESC co-culture
without HMPC, suggesting cell cross talk plays a role (Wang et al.
2010b). The CCL2 chemokine secretion and CCR2 protein levels
(receptor expression) was significantly elevated in normal healthy
ESCs following TCDDexposure—an increase that was even stron-
ger in CD82 silenced cells (Li et al. 2011). In turn, CCR1 protein
translation significantly increased in ESC co-cultures exposed to
TCDD and E2 combined, as well as U937-ESC-HMPC triple co-
culture treated with TCDD alone, but not U937-ESC double co-
culture treated with TCDD alone, again supporting cross talk
(Wang et al. 2010b). Secretion of IL-8 and expression of its recep-
tor CXCR1 both increased in ESCs exposed to TCDD (Shi et al.

Figure 2. Associations between endometriotic lesion growth (measured in diameter, volume, and weight) reported from in vivo studies for TCDD (2A) and
other organochlorine chemicals (2B). Lesion growth was measured in diameter, volume, and weight.
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2006). Combined TCDD and E2 treatment inhibited CD86 expres-
sion in a dose-dependent manner in ESCs co-cultured with a
macrophage cell line, which contributed to an increase in anti-
inflammatory cytokine IL-10 (and not IL-12) production, provid-
ing evidence for the role of M2 macrophage activation in promot-
ing endometriosis (Wang et al. 2015). IL-27, a member of IL-12
family, was significantly up-regulated in the ESC-monocyte co-
culture after exposure to TCDD, further supporting cross talk
between macrophages and ESCs (Chang et al. 2017). It is sug-
gested that secretion of IL-27 by macrophages and ESCs induces
IL-10 production in Th17 cells; this suggestion is also supported
by in vivo evidence from the same study in which the IL treatments
(50 lg of IL-27, IL-10, and IL-17A)were tested on a nude C57BL/
6 endometriosis mouse model, which increased the number and
weight of endometriotic lesions (Chang et al. 2017). It is also sug-
gested that the balance between M1 and M2 macrophages may
contribute to angiogenesis and implantation of endometrial cells in
pelvic endometriosis (Wang et al. 2013). The secretion of macro-
phage inflammatory protein MIP-1a was found to increase signifi-
cantly after 48 h of exposure to 1 nM TCDD (Yu et al. 2008). One
study hypothesized that increased invasiveness could be due to
increased secretion of the chemokine TECK (CCL25), which plays
a key role in compartmentalization of the mucosal immune system
through recruitment of localized immune cells (Wang et al.

2010b). In this regard, TECK was up-regulated in a ESC–HPMC–
U937 co-culture exposed to 48 h of E2 (10 nM) with TCDD
(1 nM). This increase was observed in only the three-cell co-cul-
ture and not in ESCs tested alone, nor in either of the other cell
types tested alone, suggesting cellular cross talks. Both the intro-
duction of ESCs and the combination of E2 and TCDD increased
TECK secretion in the endometriosis-associated cells and pro-
moted the invasiveness of ESCs by increasing expression of
MMP-2 andMMP-9 (Wang et al. 2010b).

OCCs and P resistance. The disruption of P response is under-
stood to be strongly linked to endometrial diseases (Fu et al. 2017)
because the P receptor (PR) serves a protective role in modulating
the impacts of estrogens and xenoestrogenic compounds (Yilmaz
and Bulun 2019). Especially important is the relative expression
of its isoforms PRA and PRB; PRB is often found to be sup-
pressed or completely absent in tissues affected by endometrial
diseases (Arnett-Mansfield et al. 2001; Brayman et al. 2006; Shao
2013). Overall, results consistently showed the suppression of the
PRB in response to OCCs (Figure 7A). The PRB/PRA ratio was
found to be significantly decreased in ESCs exposed to TCDD in
all tested doses (Igarashi et al. 2005). TCDD also significantly
inhibited overall PRB expression (Resuehr et al. 2012).

Endometrial CB1-R immunoreactivity is dysregulated in
women with endometriosis (Resuehr et al. 2012). P was found to

Figure 3. Associations between exposure to organochlorine chemicals and (A) cell viability/proliferation and (B) molecular markers supporting viability/prolif-
eration from in vitro studies. Endometrial stromal cells (ESCs) marked with case or control indicate that the cells were derived from women with endometriosis
(case) or without (control).
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induce endometrial cannabinoid receptor type 1 (CB1-R) mRNA
expression in control ESCs (treated with 1 nM E2; 500 nM P)
(Resuehr et al. 2012). Steroid-induced expression of this gene
was inhibited by cotreatment with 10 nM TCDD with or without
IL-1a. TCDD exposure significantly blocked P induction of
CB1-R mRNA (cannabinoid type 1 receptor) expression in con-
trol ESCs; the addition of IL-1a to TCDD had a synergistic effect
in blocking this induction (p<0:001) (Resuehr et al. 2012).

OCCs and aryl hydrocarbon receptor/aromatase/steroido-
genesis axis. The AhR is a transcription factor that regulates gene
expression and is involved in metabolism of xenobiotics. As an
orphan nuclear receptor, its endogenous ligands are not known,
and though some candidates have been suggested, the AhR
remains most known perhaps for its role in binding with TCDD
and other dioxin-like compounds. On activation, the AhR translo-
cates into the cell nucleus and forms a dimer with the AhR nu-
clear translocator (ARNT), which leads to changes in gene
transcription (Denison and Nagy 2003). We identified seven stud-
ies that measured AhR and AhR-related activities that may be rel-
evant to endometriosis (Figure 7B). In endometrial explants,
TCDD was found to increase both AhR and ARNT mRNA

expressions (Pitt et al. 2001), but the relationship between TCDD
and ARNT expression was mostly linked to covariates such as
donor age and phase of the uterine cycle (Pitt et al. 2001). Yang
(1999) reported similar results in ESC-SV40Ts: TCDD contrib-
uted to a significant increase in AhR mRNA expression with no
impact on ARNT expression (Yang 1999).

Aromatase (CYP19A1), also known as estrogen synthase, is
an enzyme responsible for a key final step in the biosynthesis of
estrogens and is often regulated by the AhR (Lephart 1996).
Aromatase is not normally expressed in healthy ESCs; elevated
expression is thus associated with endometriotic diseases (Noble
et al. 1996). This association is interesting in regard to the con-
comitant effect of TCDD and E2 on the pathogenesis of endome-
triosis (see above). Aromatase activity was found to increase
significantly in granulosa cells at 1 and 10 lM (p<0:05), but
remained unchanged in ESCs after atrazine exposure (Holloway
et al. 2008). DDE increased aromatase activity in ESCs
(p<0:05) at both 50 and 100 ng=mL (Holloway et al. 2005).
Huang et al. (2017) did not observe a change in CYP19A1
mRNA levels in ESCs exposed to either PCB 126 or PCB 153,
but found up-regulation of 17b-hydroxysteroid dehydrogenase 7

Figure 4. Associations between exposure to organochlorine chemicals and (A) migration/invasion and (B) molecular markers supporting migration/invasion
reported from in vitro studies. Endometrial stromal cells (ESCs) marked with case or control indicate that the cells were derived from women with endometrio-
sis (case) or without (control).
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(HSD17B7) after exposing the cells to the dioxin-like PCB126.
These effects were apparently mediated by the AhR because the
specific inhibitor 30,40-dimethoxyflavone (DMF) counterbalanced
the effects. CYP1A1 and CYP1B1 are involved in endocrine
modulation through the metabolic activation of polycyclic aro-
matic hydrocarbons and by metabolizing E2 to the 2- and 4-
hydroxylated derivatives, respectively (Coumoul et al. 2001;
Hayes et al. 1996; Safe 1995). TCDD exposure was found to sig-
nificantly increase CYP1A1 expression in endometrial explants
(Bofinger et al. 2001) and hTERT-EECs (Willing et al. 2011).
EROD, a biomarker of CYP1A1 induction (Whyte et al. 2000),
was found to increase significantly (p<0:00001) in explants after
exposure to TCDD (10 lM) and subsequent exposure for 48 h to
hormones (10 nM E2, 500 nM P) (Bofinger et al. 2001). CYP1B1
was also found to increase in response to TCDD (Bofinger et al.
2001; Willing et al. 2011).

RoB Assessment of Individual Studies

The internal validity was assessed using the RoB tool developed
by NTP/OHAT (NTP/OHAT 2015b) for each study that reported
a primary outcome (16 in vivo studies and 9 in vitro studies)
(Figure 8; percentage breakdown in Figure S7). Further details
can be found online in HAWC for in vivo studies (https://
hawcproject.org/study/assessment/812/rob-invivo/) and in vitro
studies (https://hawcproject.org/study/assessment/812/rob-vitro/).

Most studies (80%, n=20) reported randomization in exposure
allocation, whereas the remainder did not report the methods used
for study group allocation. Although no studies reported methods
of randomization or blinding of allocation, author correspondence
confirmed allocation concealment for 15 studies (60%). A total of
24 studies (84%) explicitly reported identical experimental condi-
tions and treatment vehicles across study groups, and the same

Figure 5. Associations between exposure to organochlorine chemicals and expression and secretion of matrix metalloproteinases reported from in vitro studies.
Endometrial stromal cells (ESCs) marked with case or control indicate that the cells were derived from women with endometriosis (case) or without (control).
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Figure 6. Associations between exposure to organochlorine chemicals and (A) chemokine expression and (B) their receptors reported from in vitro studies.
Endometrial stromal cells (ESCs) marked with case or control indicate that the cells were derived from women with endometriosis (case) or without (control).
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proportion reported probably low or definitely low risk of attrition
bias. Two studies explicitly documented the animals that died dur-
ing the experiment and accounted for the deaths (Rier et al. 1993;
Arnold et al. 1996). Research personnel were confirmed to be
blinded to the study groups in fewer than half of the studies (44%,
n=11). Twelve studies (48%) provided the source and purity of
the chemical exposures, although only the studies on rhesus mon-
keys performed an independent test for impurities and contami-
nants studies (Arnold et al. 1996; Rier et al. 1993). Nearly all (94%,
n=15) in vivo studies reported reliable outcome assessment. The
gold standard for assessment of the presence of endometriosis or
the growth of lesions is through laparoscopy and necropsy with
measurement of lesions with calipers (Story and Kennedy 2004).
Further confirmation performed through a histological examina-
tion made the difference between probably low and definitely low
RoB. Almost all studies reported the measured outcomes
expressed in the “Introduction” and “Methods” sections, with the
exception of one review article that did not have a “Methods” sec-
tion (Bruner-Tran et al. 1999) and another study that partially
reported results (Nayyar et al. 2007). For other potential threats to
internal validity, we considered whether or not the statistical analy-
ses performed were appropriate, including a test for homogeneity
of variances, the assumption necessary to reliably perform para-
metric tests.

Confidence Rating for the Body of Evidence
Additionally, a confidence rating was determined for each pri-
mary outcome and its association with TCDD exposure (Figures

S8–S11) because TCDD was the most reported exposure in both
in vivo and in vitro studies. Three key RoB criteria were used to
categorize each primary outcome into three confidence tiers,
which served as the basis of the level of evidence assessment
(below). Among the in vivo studies reporting associations
between TCDD and onset, one was classified in Tier 1 (Rier et al.
1993) (responses mostly “definitely low” and “probably low” for
RoB) and two studies in Tier 3 (Bruner-Tran et al. 1999; Nayyar
et al. 2007) (responses for RoB mostly “not reported” or “prob-
ably high” with some “definitely high”) (Figure S8). Because 2
out of 3 of the studies ranked in Tier 3, suggesting “serious risk”
of bias for this end point, confidence rating was downgraded for
onset. The body of evidence on associations between TCDD and
in vivo lesion growth were rated Tier 1 and Tier 2. The RoB for
this end point was thus deemed “not serious,” and the confidence
rating was not downgraded (Figure S9). For in vitro migration/
invasion, TCDD studies were rated either Tier 2 or Tier 3, mainly
penalized by the underreporting of chemical standard details,
blinding, or incomplete data, suggesting “serious risk” of bias
(Figure S10). Confidence rating was thus downgraded for migra-
tion/invasion. Last, for in vitro viability/proliferation, TCDD
studies were rated Tier 1 and Tier 2 (Figure S11). The RoB was
deemed “not serious,” and thus confidence rating was not down-
graded for viability/proliferation.

In addition to the RoB analysis, we considered several other
categories to downgrade or upgrade confidence for each of the
four primary outcomes following TCDD exposure. The level of
evidence assessment is summarized in Table 5. To assess indi-
rectness, we considered first relevance of the models to human

Figure 7. Associations between exposure to organochlorine chemicals and (A) the progesterone receptor and (B) AhR/ARNT and aromatase (CYO19A1)
related activities and expression reported from in vitro studies. Endometrial stromal cells (ESCs) marked with case or control indicate that the cells were
derived from women with endometriosis (case) or without (control).
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health. Among animal studies, nonhuman primate models are
considered the most relevant due to their ability to menstruate
and spontaneously develop endometriosis. Rodent models were
thus less direct, because endometriosis does not spontaneously
occur in rodents. Nevertheless, the development and contribution
of rodent models toward the understanding of endometrial pheno-
types, the peritoneal microenvironment, and the immune system
has been extensively documented (Bruner-Tran et al. 2002, 2018;
Vernon and Wilson 1985). For in vitro models, only noncancer
human endometrial cell models or explants were included in this
review, and thus all were considered relevant for humans.
Additionally, tested doses in animal and in vitro studies were
plotted to compare their relevance to human exposure levels.
Dose levels of in vitro studies fell within the levels detected in
humans in previous epidemiological studies (Figure S12). On the
other hand, most in vivo animal studies used doses that were a
few orders of magnitude higher than the highest human internal
exposures. Previously published literature has found that animals
and humans respond at similar body burdens, especially for
dioxin-related effects like induction of CYP19A (Devito et al.
1995). However, differences between internal and external dosing
and species variability in metabolism and toxicokinetics fall
within the uncertainty range commonly acknowledged in risk
characterization. Following the guidance of the NTP/OHAT hand-
book, there is no downgrading for dose levels used in experimen-
tal animal studies for confidence rating determination (NTP/
OHAT 2015a). Considering these elements, no end points were
downgraded for indirectness.

The consistency of results on in vivo onset and in vitro migra-
tion/invasion across study designs, models and doses merited an
upgrade in confidence in those bodies of evidence where highly het-
erogeneity was expected. Therewere also inconsistencies for in vivo
lesion size, but we found that these could be explained by differen-
ces in experimental design and animalmodels. Despite the often sig-
nificant increases in lesion size, especially for murine models, in a
monotonic dose–response manner (Cummings and Metcalf 1995b;
Cummings et al. 1996; Johnson et al. 1997; Khan et al. 2018), the
results were not consistent nor significant enough across all studies
and models to merit an increase in confidence for dose response or
magnitude of effect. Conversely, the divergence of results on viabil-
ity/proliferation in vitro using similar doses and assays merited a
downgrade in confidence due to unexplained inconsistency.

Considering the direction of health effects, we translated the
confidence ratings into a level of evidence for health effect NTP/

OHAT framework (Table S6) and displayed it in the Evidence
Profile Table 5. For in vivo end points, there was high confidence
in the body of evidence for health effect, translating to a high
level of evidence linking TCDD exposure and increased endome-
triosis onset and lesion growth. For in vitro end points, there was
high confidence for health effect on cell migration, translating to
a high evidence linking TCDD exposure and increased endome-
trial cell migration/invasion. However, for endometrial cell via-
bility or proliferation, there was moderate confidence in the body
of evidence for no health effect, which translated to an inadequate
level of evidence of no effect of TCDD on cell viability/prolifera-
tion (Table 5; Table S6). The evidence gathered from the rest of
the OCCs further suggest a potential joint effect on cell migra-
tion, mainly by boosting the AhR/CYP1A1 pathway, promoting
inflammation of the microenvironment or extracellular matrix-
remodeling (Figure 9).

Epidemiological Evidence Integration and Hazard
Identification
We previously established a moderate level of evidence for the
associations between TCDD and dioxin-toxic equivalents and en-
dometriosis in human epidemiological studies (n=10), using the
same evidence-based framework (Cano-Sancho et al. 2019). This
was integrated with the high level of evidence established in the
present systematic review for TCDD on related endometriosis
outcomes (onset and lesion growth) in animal studies for a pre-
liminary classification of “Presumed” hazard according the NTP/
OHAT scheme (Figure S6). We then considered the different in
vitro/mechanistic studies supporting the biological plausibility of
such associations and consider some potential upgrading or
downgrading. In this regard, although there was insufficient evi-
dence of TCDD’s effects on cell viability/proliferation in in vitro
studies, the strong support from the combined high level of evi-
dence found for TCDD on cell migration/invasion in in vitro
studies and the consistent effects from the supportive secondary
outcomes justified the upgrading of the hazard identification of
TCDD as a “Known” hazard for endometriosis in humans.

It is important to consider that this component-based
approach may not reflect the realistic effect of TCDD on endome-
triosis, considering that TCDD is commonly found in combina-
tion with a number of other co-occurring OCCs in humans.
Hence, taking a more realistic mixture-based approach, this haz-
ard identification conclusion is even further supported by the

Figure 8. Risk of bias heatmap for the in vivo and in vitro studies that reported primary end points. Ratings were determined by two independent evaluators follow-
ing the criteria adapted from OHAT RoB tool (NTP/OHAT 2015b). Additional details and justifications for each risk of bias rating are available online in HAWC
interactive figures for in vivo studies (https://hawcproject.org/study/assessment/812/rob-invivo/) and in vitro studies (https://hawcproject.org/study/assessment/
812/rob-vitro/). Note: HAWC,Health AssessmentWorkspace Collaborative; OHATRoB, Office of Health Assessment and Translation Risk of Bias.
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potential additive and synergistic effects of those co-occurring
OCCs (e.g., PCBs, HCB), with analog dioxin-like and estrogenic
activities. Nevertheless, the goal of this classification is not
intended for regulatory purposes but rather to provide a robust
evaluation of the state of the science that currently exists for
TCDD and dioxin-like chemicals on endometriosis outcomes.
For the rest of the OCCs, we cannot establish conclusions in a
component-based manner because the level of animal and in vitro
evidence was considered inadequate.

Discussion
To the best of our knowledge, this is the first study to systemati-
cally gather and synthesize the experimental evidence linking
OCC exposure to endometriosis and endometriosis-related out-
comes. Most evidence is associated with TCDD exposure, which
appears to consistently contribute to outcomes directly related to
endometriosis, including in vivo lesion growth or in vitro inva-
siveness. Inflammation and extracellular matrix remodeling
appear to be critical intermediary end points, which are disrupted
by other OCCs, such as PCB126 or HCB, as well. The level of
evidence was determined to be high for the associations of
TCDD exposure on in vivo onset and lesion growth and in vitro
cell migration/invasion. The level of evidence was deemed inad-
equate to conclude that TCDD has no effect on in vitro
proliferation.

In this review, we also curated an assembling of evidence to
facilitate a more robust dissertation on the potential mechanisms
of action underlying the development of the disease linked to the
exposure to OCCs. Inspired by the adverse outcome pathway
(AOP) concept, we have organized the evidence in primary (i.e.,
adverse outcomes) and secondary end points (i.e., key events)
that are initiated by various exposure and endogenous hormones
(i.e., stressors), allowing the networking representation of inter-
mediary and interrelated associations (Carvaillo et al. 2019). This
framework also aligns with the “Key characteristics” approach
proposed for carcinogens, endocrine disruptors, or reproductive
toxicants (Guyton et al. 2018; La Merrill et al. 2020; Luderer et al.
2019). The ability of chemicals to alter some or all of the primary
and secondary end points may help shed some light on the simul-
taneous effect of chemicals in realistic mixtures as commonly
reported in epidemiological studies. In the synthetic proposed
framework, we assume the oversimplification of the complex physi-
ology of endometriosis, which has at least three phenotypically dis-
tinct subtypes (deep infiltrating, ovarian, and peritoneal/superficial)
in humans, and only one of which (peritoneal) has been studied in
these experimental models. Nonetheless, moving forward, we can
see the potential of expanding the linear frameworks traditionally
applied in hazard identification toward a network architecture. At
the same time, the systematically gathered evidence in the present
work may urge systems toxicologists to complete the much-needed
AOP, initiated by stressors like environmental chemical exposures
that potentially lead to endometriosis.

Despite the heterogeneity of the examined literature corpus,
the reviewed data considered together suggest that TCDD and
other dioxin-like chemicals are of particular concern in the patho-
genesis and development of endometriosis. The role of AhR,
commonly found at higher concentrations in endometriotic tissue
than in healthy eutopic tissue, appears of major relevance to
mediate the effects of dioxins and dioxin-like compounds such as
PCB126 or HCB. In the case of HCB, two pathways were pro-
posed involving a) the binding of HCB with the AhR-c-SRc com-
plex triggering the c-Src phosphorylation and subsequent
stimulation of growth factors receptors and activation of MMPs,
and b) the translocation of HCB-AhR complex to the nucleus
leading COX-2, VEGF and TNF-a expression, subsequent PGE2
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synthesis, and stimulation of EP4 signaling, culminating with the
activation of c-Src and MMPs (Chiappini et al. 2016, 2019).
Dioxin-like PCBs were found to increase HSD17B7 expression
through both decreasing HSD17B7 promoter methylation and by
decreasing LXA4, which subsequently also increases inflamma-
tion (Huang et al. 2017). HSD17B7 is also involved in estrogen
biosynthesis, and there is some evidence of increased expression
of 17b-HSDs in endometriotic lesions (Delvoux et al. 2014) as
well as in endometrial tumors and carcinomas (Lax 2017). The
concomitant effect of OCCs on the activation of aromatase and
steroidogenesis with the effects on P resistance may suggest the
presence of a positive feedback loop promoting the activation of
MMPs and proinflammatory microenvironment, facilitating the
adhesion and migration of cells, translating to lesion growth in
the animal models. P and retinoic acid, which is degraded by
CYP1 induced by TCDD-activated AhR, are found to be natural
inhibitors of endometrial MMP expression (Bruner-Tran et al.
1999) and may mitigate development of endometrial lesions.
TCDD was found to inhibit P’s suppression of MMP expression,
thus promoting endometrial lesion proliferation (Bruner-Tran
et al. 1999). TCDD was also found to block P-mediated induction
of TGF-b2, a necessary paracrine signal to inhibit MMP expres-
sion (Bruner-Tran et al. 1999). P- and TCDD-treated mice were
thus unable to inhibit MMP suppression and the development of
endometriotic lesions. Expression of P-induced TGF-b2 was also
found to be significantly decreased in the uteri of mice maximally
exposed to TCDD (Nayyar et al. 2007). In vitro studies in this

review have identified important cross talk between macrophages
and ESC co-cultures exposed to TCDD and E2, providing evi-
dence for the role of M2 macrophage activation by chemokines
in promoting endometriosis; exposure to TCDD, especially
in combination with E2—the synthesis of which is linked to
aromatase—contributes to increased invasion in ESCs co-
cultured with HMPCs, U937 cells, and/or macrophages, more
than in ESCs cultured alone (Chang et al. 2017; Li et al. 2011;
Shi et al. 2007; Wang et al. 2010b, 2015). One implication of
macrophages not explored by the studies in this review are the
neuroimmune interactions between macrophage-induced stimula-
tion of inflammatory cytokines and peripheral nerves (Liang et al.
2018). These neuroinflammatory macrophage–nerve interactions
have been strongly tied to endometriosis-related pain (Forster
et al. 2019; Wu et al. 2017).

Sources of Heterogeneity
Experimental models. As previously mentioned, a number of
factors posed a challenge to evidence synthesis as sources of het-
erogeneity between studies. First, there were considerable differ-
ences in the various models used to study endometriosis. Within
animals, three species of animal models were identified: monkey,
mouse, and rat. Differences between rat and mouse models varied
sometimes from magnitude of effect to even direction of effect
(Cummings et al. 1996), suggesting there are species differences
in the mechanisms mediating TCDD’s actions in promoting
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Figure 9. Network evidence plot summarizing the associations between exposure to organochlorine chemicals (OCCs) and the different end points related to
endometriosis. Triangles and circles summarize the overall effect direction of the tested end point relative to the control. The triangle indicates significant
increase, upside-down triangle significant decrease and the circle no significant effect. The colored number key in parenthesis identifies the specific OCC indi-
cated in the “Exposure box,” also identified by the number in parenthesis [e.g., “red triangle (1)” indicates significant increase for TCDD]. In case of coexpo-
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endometriosis. Indeed, even within a single species, there was
potential for model variation. The majority of mouse studies
included in this review were performed with induction of endo-
metriotic lesions through the autologous implantation of the uter-
ine horn method developed by Vernon and Wilson (1985) in rats
and later adapted to mice by Cummings and Metcalf (1995a).
However, one study used a nude mouse model (Bruner-Tran et al.
1999), a method also described by Bruner-Tran et al. (2002).
Unlike the induced lesion model, the immunocompromised
nude mouse model allows the establishment of endometriosis-
like growth of human endometrium and endometriotic tissues in
mice introduced to human tissues and OCC exposures. Because
the endometriotic lesions or phenotypes develop “spontaneously”
in these models, “onset” of endometriosis can be measured. No
studies have been published systematically comparing these two
models. There is also no such comparison between primate and
rodent models, but it can be assumed that there may be differen-
ces in how these animals respond to OCCs. One study compared
a human in vitro endometrial model with a rat in vitro endome-
trial model (van den Brand et al. 2019). Results showed clear spe-
cies differences in AhR, PR, and estrogen receptor (ER)-a in
response to hormones, warranting more research into the applic-
ability of certain animal models for endometriosis research.
Nonetheless, models in which the spontaneous development of
endometriosis or endometriosis-like phenotypes can occur are
still a valuable source of information (Arnold et al. 1996; Bruner-
Tran et al. 2002; Nayyar et al. 2007; Rier et al. 1993).

In in vitro studies, there was an even greater variety of cell
populations used. The majority of studies used ESCs, including
ESCs from both ectopic and eutopic endometriotic tissues, as well
as eutopic ESCs from women with and without endometriosis.
Differences in gene expression linked to infiltration and metastasis
were found in eutopic vs. ectopic ESCs (Li et al. 2011) and in
MMP expressions in the eutopic ESCs of control women vs. from
women with endometriosis (Hu 2018). These examples highlight
subtle but important differences in the variations of even the same
cell type models. As expected, we also observed differences
between cell models. Aromatase (CYP1A1) is not typically
expressed in normal healthy ESCs and was thus not found to be
affected in ESCs but was elevated in ectopic ESCs and granulosa
cells (Holloway et al. 2005, 2008; Huang et al. 2017). Chemokine
CCL2 increased in ESCs (Li et al. 2011) but decreased in EECs
(Bredhult et al. 2008). It is hypothesized that this is because EECs
express ER-beta (Critchley et al. 2001; Krikun et al. 2005) and are
thus likely not to detect effects mediated by ER alpha. The roles
each cell type play thus are likely to influence the results observed.
Three studies used unique immortalized cell lines (Chiappini et al.
2016; Willing et al. 2011; Yang 1999), which sometimes dis-
played different characteristics than their nonimmortalized coun-
terparts. For example, proliferative activity was found to
significantly decrease in primary cultures of EECs (Bredhult et al.
2007, 2008) but had the opposite effect in hTERT-EECs (Willing
et al. 2011); it is hypothesized that this effect difference is because
TCDD has no antiestrogenic effects in hTERT-EECs. Last, several
studies used cell co-cultures in different combinations (often com-
binations of ESCs, macrophage U937 cells involved in monocyte
differentiation, and HMPCs that synthesize IL-6). Invasiveness
increased in the three cell U937-ESC-HMPC co-cultures treated
with TCDD but not in ESCs tested alone (and in neither of the
other cell types tested alone) (Wang et al. 2010b). Several cyto-
kine receptors (CCR1, CCR8, and CCR9) experienced similar
effects (Shi et al. 2007; Wang et al. 2010b). This finding is evi-
dence for cross talk between different cell types and highlights the
importance of taking into consideration the complexity of these
underlying cellular interactions in the real human system.

Exposures. The articles included in this review measured 14
unique OCCs, but most studies (n=27) measured exposure to
TCDD. Some used TCDD alone, and others tested in combina-
tion with hormones like E2 or P. Often, the addition of E2 created
a positive synergistic effect (Li et al. 2011; Wang et al. 2010b;
Yu et al. 2008). Other studies compared dioxin-like chemicals
with nondioxin-like chemicals (Huang et al. 2017; Johnson et al.
1997). Although results varied in magnitude, they generally sup-
ported increases in onset and lesion growth in response to TCDD
but less consistent for the other families. One of the most promi-
nent nonhuman primate studies was conducted with the technical
mixture Aroclor 1254 (Arnold et al. 1996), the exact composition
and related toxicological effects of which have been shown to
vary between lots and thus complicate the generalization of
effects for individual congeners (Kodavanti et al. 2001). The spe-
cific Aroclor 1254 composition of that study was detailed in a
previous report showing major concentrations for PCB77
(500 lg=g), PCB126 (100 lg=g), and PCB169 (1 lg=g), and
because PCDDs are not detected at 0:1 lg=g (Mes et al. 1989),
that could help to explain the divergent results with Rier et al.
(1993).

For animal studies, other elements associated with dosing reg-
imens were also significant sources of heterogeneity, including
life stage assessed, overall study duration, and route of exposure.
Most studies included regimens that were chronic (multiple years
for the monkey studies and several months for rodent studies);
two rodent studies used developmental regimens, and other stud-
ies included subchronic or acute findings with a single dose.
These multitudinous variations make it difficult to assess total
final internal doses in the animals, unless serum concentrations of
the exposures were measured. In the follow-up study after the
original chronic TCDD treatment on rhesus monkeys (Rier et al.
1993), authors correlated serum levels of TCDD with serum lev-
els of multiple unintended PCBs and other polyhalogenated aro-
matic hydrocarbons accumulated through diet which were also
associated with the presence of endometriosis (Rier et al. 2001).
The findings from this follow-up also suggest the presence of
synergistic mechanisms of organochlorines through the alteration
of normal dynamics of accumulation of OCCs, which may be
extended to other non-OCCs with metabolic disruption potential.

In many studies the animals were pretreated with E1 or E2 to
encourage lesion survival. TCDD has known antiestrogenic
effects, so in two studies, TCDD treatment actually significantly
decreased lesion size in animals that had been pretreated with a
high dose of estrogenic compounds [i.e., E1 (20 lg=kg=d) or E2
(24 ng=kg=d), respectively] (Foster et al. 1997; Yang and Foster
1997). Another study, which tested E2 treatment alone and in
combination with TCDD, as well as TCDD alone without E2,
found results that corroborate TCDD’s antiestrogenic effects
(Kitajima et al. 2004). Interestingly, one group studied the effects
of two different vehicle controls (Khan et al. 2018). Though
TCDD treatment in both corn oil and DMSO both significantly
increased lesion size in comparison with their vehicle controls,
authors found that TCDD + DMSO increased lesion size more
than TCDD + oil, suggesting that the vehicles selected may have
an impact on the magnitude of effects observed.

Research Gaps
One limitation discussed above is the heterogeneity across studies
included. In particular, there is a dearth of studies on other OCCs
besides TCDD. Only 3 out of the 14 OCCs were investigated in
more than two studies. Another three OCCs were investigated in
two studies and the rest only in a single study. The current para-
digm still focuses on singular exposure–outcome pairings, which
fails to take into consideration the reality of the complex
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exposure mixtures to which humans are actually exposed. The
strong correlation profiles of OCCs in epidemiological studies
highlights that exposures to individual organochlorines are
extremely unlikely (Cano-Sancho et al. 2018). We thus encour-
age future studies to explore mixed exposures or assessments of
families of chemicals based on structural or biological similar-
ities. For instance, there is evidence supporting the role of the es-
trogenic plasticizer bisphenol A (BPA) on the spontaneous
development or progression of endometriosis lesions in rodents
(Jones et al. 2018; Signorile et al. 2010). Thus, it may be specu-
lated that synergistic interactions between pollutants like TCDD
and nonpersistent estrogen-mimicking chemicals like BPA may
occur as observed with E2.

The RoB assessment revealed a general lack of reporting of
some key study features, including methods of randomization
and blinding of research personnel to study group allocation,
treatment throughout the study, and outcome assessment. A chal-
lenge in all controlled in vitro and in vivo studies is determining
final total exposure or internal doses. Only one study verified
dose content in the feed using gas chromatography and mass
spectrometry over the 4-y treatment period and later performed a
follow-up study that measured internal exposure levels in serum
(Rier et al. 2001). Physiologically based toxicokinetic (PBTK)
modeling would be needed to fill this lack of necessary experi-
mental in vivo and in vitro data to calculate internal doses or dose
relevance to humans more accurately. Although we acknowledge
these lengths are often not feasible, we encourage researchers to
be as thorough as possible in their study design, verification, and
reporting methods. The RoB assessment of in vitro studies is a
nascent field, and no tool currently exists specifically tailored to
this capacity. We employed the RoB Tool set forth by NTP/
OHAT, which was adapted for human and animal studies (NTP/
OHAT 2015b; Rochester and Bolden 2015; Rooney et al. 2014)
and in vitro studies during the evaluation of immunotoxicity of
perfluorooctanoic acid (PFOA) or perfluorooctane sulfonate
(PFOS) (NTP 2016). However, we encourage future reviews to
continue to explore different methods of assessing internal valid-
ity for in vitro studies.

Conclusion
The literature corpus included in the present review support the
contribution of TCDD and other dioxin-like chemicals to the pro-
gression of endometriosis. Specifically, there was a high level of
evidence of TCDD’s effects on endometriosis onset and lesion
growth in vivo and on cell migration/invasion in vitro.
Inflammation and extracellular matrix remodeling appeared to be
the most likely mechanisms boosting adhesion, migration, and
invasion of endometrial cells by OCCs. This conclusion, however,
should be understood in the context of the limited number of avail-
able studies, considerable heterogeneity in the included studies,
and the limitations in data reporting and evidence appraisal. These
findings are consistent with an analogous systematic review and
meta-analysis performed on the same family of chemicals in epide-
miological studies (Cano-Sancho et al. 2019). Additionally, we
provide an extended AOP-inspired framework to integrate multi-
ple end points and intermediary endometriosis-related outcomes,
which may support the understanding of the simultaneous effects
of multiple chemical exposures. For instance, other endocrine-
disrupting chemicals, such as bisphenol A, phthalates, or perfluor-
oalkyl acids may indirectly contribute to the global effects of
OCCs on endometriosis progression, targeting some of the charac-
terized intermediary outcomes (LaMerrill et al. 2020). Overall, we
deemed the level of evidence for the associations betweenOCC ex-
posure and endometriosis outcomes to be high, with a particular
focus on TCDD and dioxin-like chemicals. The integration with a

moderate level of epidemiological evidence brought us to conclude
that TCDD was a known hazard for endometriosis in humans,
strongly supported by mechanistic in vitro evidence, according the
NTP/OHAT framework. In any case, more experimental research
is needed to fill the gaps in understanding the relationships between
OCCs and endometriosis.
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