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ABSTRACT

Endometriosis is a common gynecologic problem of unknown etiology. Estro-
gen dependence and immune modulation are established features of this disease, and en-
vironmental contaminants have been suggested to play a role in the pathobiology of this
disease as well. Previous work in nonhuman primates has shown that exposure to the
dioxin 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is associated with an increased preva-
lence and severity of endometriosis. Further animal experiments have implicated dioxin
and dioxin-like compounds in this disease. Rodent studies support the plausibility of a
role of environmental contaminants in the pathophysiology of endometriosis, although a
convincing mechanistic hypothesis has yet to be advanced. Small hospital-based case-
control studies have failed to provide compelling evidence for or against an association of
environmental contaminants and endometriosis. Herein we review evidence that dioxin
and dioxin-like compounds are potent modulators of immune and endocrine function
critical to the pathobiology of endometriosis. Furthermore, perspectives on the potential
mechanism(s) of dioxin and dioxin-like compound-induced toxicity in endometriosis,
important knowledge needs, potential animal models for endometriosis studies, and con-

siderations integral to future human case-control studies are discussed.
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Endometriosis is classically defined as the growth
of endometrial glands and stroma at extrauterine sites.
It is a prevalent gynecologic disorder that may be pres-
ent in 10% of reproductive-aged women.! Often accom-
panied by chronic pelvic pain, infertility, and adhesion
formation, endometriosis is responsible for more than
100,000 hysterectomies each year and the annual health
care costs attributable to this disease exceed $1 billion in
the United States alone.2 Development of endometriosis
appears to be closely related to a woman’s history of ex-
posure to estradiol, and progesterone exposure may min-
imize disease in some women.3* Traditional medical ther-
apies consist of hormonal or surgical treatments that limit
the action of endogenous estrogen.

The etiology of endometriosis is unknown. How-
ever, it is widely accepted that endometriosis arises from
the aberrant implantation and proliferation of retro-

grade endometrial fragments deposited into the peri-
toneal cavity’ or differentiated from a primitive progen-
itor cells lining the abdominal cavity and internal or-
gans.®” Of the foregoing causes, backflow of menstrual
contents into the pelvic cavity has been suggested to ac-
count for the majority of documented cases of endome-
triosis. A number of lines of evidence lend support to this
theory. First, endometriosis is found more often in women
with outflow defects of the uterine cavity,® and second,
partial obstruction of the cervical os in baboons resulted
in endometriosis in all animals within 3 months.? Al-
though retrograde menstruation or bleeding into the peri-
toneal cavity during menstruation is widely accepted as
a major contributing factor in the pathogenesis of endo-
metriosis, it is a common phenomenon occurring in ap-
proximately 70 to 90% of women.1® Hence, factors other
than simply access of endometrial contents to the pelvis
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via retrograde menstruation are thought to contribute to
the development and progression of endometriosis.

Endometrial cells destined to become endometri-
otic implants are thought to be different from normal
endometrial cells, a notion that is supported by a num-
ber of observations. Endometrial cells from women with
endometriosis survived transplantation in athymic nude
mice longer than normal proliferative phase endometrium
from women without endometriosis,!! suggesting that
these cells are functionally distinct. Endometriotic cells
express P-450 aromatase and are therefore capable of de
novo estrogen synthesis, whereas eutopic endometrium
from disease-free women does not express aromatase'?
or expresses it at lower levels. Furthermore, dysregula-
tion of interleukin-6 (IL-6), which inhibits endometrial
growth, and its soluble receptor (IL-6sR) has been shown
in human endometriotic tissue.!314 The critical event(s)
or biochemical change(s) that ultimately leads to immune-
endocrine disruption and the establishment of endome-
triosis, however, remains an enigma.

DIOXIN AND DIOXIN-LIKE COMPOUNDS
Studies have suggested that environmental contaminants
may be important in the development of endometriosis.
One of the primary classes of xenobiotics of concern is
that of dioxin and the dioxin-like compounds. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) is a prototype for
the polyhalogenated aromatic hydrocarbons (PHAHs),
which have a common mechanism of action and spec-
trum of effects.’>1 Evidence indicates that the actions of
TCDD and dioxin-like chemicals are mediated by the
aryl hydrocarbon receptor (AhR), which functions as a
basic helix-loop-helix transcription factor. Similar to the
steroid hormone receptor family of proteins, the AhR acts
as a signal transducer and transcription factor. Following
receptor activation, the receptor-ligand complex is trans-
located via the AhR nuclear translocator (ARNT) to the
nucleus, where DNA binding occurs resulting in trans-
criptional activation. Target genes include cytochrome P-
450 and genes involved in cellular growth, differentiation,
and inflammation. Other polychlorinated dibenzo-p-
dioxins (PCDDs) and dibenzofurans (PCDFs) substi-
tuted in the 2,3,7,8 lateral positions also have high bind-
ing affinity for the AhR and elicit toxic effects similar to
those of TCDD. Moreover, non-ortho and some mono-
ortho polychlorinated biphenyls (PCBs) are AhR agonists
and contribute significantly to the toxicity of complex
mixtures of environmental PHAHs. Various dioxin con-
geners can act additively via specific binding of the AhR
and their potency is related to AhR affinity; therefore,
these chemicals are classified as “dioxins.”

TCDD and dioxin-like PCDDs and PCDFs are
produced as unwanted by-products of many industrial
and combustion processes, whereas PCBs were used ex-
tensively in a broad range of commercial applications.

Dioxins are resistant to degradation and, due to their
lipophilic nature, bioaccumulate and biomagnify at higher
trophic levels of the food chain. TCDD and related
PHAH congeners have been identified in human serum
and accumulate in tissues.!7-20-22 In the general popula-
tion, ingestion of contaminated foods is the most likely
source of TCDD and other PHAH s, but accidental ex-
posure has also occurred in the workplace, during war-
time, and as a result of industrial accidents. In industri-
alized countries, exposure to environmental PHAHs has
led to serum TCDD levels of 1 to 5 lipid-adjusted parts
per trillion (PPT-LIPID) and body burdens estimated
at 25 TCDD equivalents (TEQs) PPT-LIPID in indi-
viduals with no overt exposure.?? In these populations,
TCDD contributes approximately 15% of the body bur-
den of total dioxins while dioxin-like PCDDs, PCDFs,
and PCBs constitute about 85% of the dioxin body bur-
den.22 Although the toxic effects of TCDD in animals
are unequivocal, its effects in humans are less clear. How-
ever, studies indicate that humans exhibit many of the
biological effects of dioxins observed in animals. It has
therefore been postulated that increased concentrations
of TCDD and dioxin-like chemicals in blood and tissues
may participate in disease pathogenesis through disrup-
tion of endocrine and immune responses in susceptible
humans and animals. One such candidate disease is en-
dometriosis.

DIOXIN AND DIOXIN-LIKE

COMPOUNDS AND ENDOMETRIOSIS

IN NONHUMAN PRIMATES

Rier et al>* provided the first report of an association be-
tween chronic TCDD exposure and endometriosis in the
rhesus monkey. Animals were exposed to 0, 5, or 25 PPT
TCDD in their feed for approximately 4 years, and ani-
mals were assessed at surgical laparoscopy 10 years after
termination of TCDD treatment. This study demon-
strated that TCDD-treated animals spontaneously de-
veloped endometriosis and that there was a significant
dose-dependent increase in the incidence and severity of
endometriosis in TCDD-exposed monkeys. More re-
cently, Yang et al® surgically induced endometriosis in
the cynomolgus monkey to investigate the effects of
TCDD exposure on the survival and growth of ectopic
endometrium. Fragments of endometrium were auto-
transplanted to the pelvic cavity of animals dosed 5 days
aweek with 0, 1, 5, or 25 PPT TCDD. The growth and
survival of implants were assessed by laparoscopy at 1, 3,
and 6 months and at 1 year. Consistent with previous
work in the rhesus monkey,?* exposure to 5 or 25 PPT
TCDD for 1 year resulted in a higher survival rate of
implants and an increased implant size in animals fed 25
PPT TCDD. In contrast, the implant size was decreased
in animals fed 1 PPT TCDD. These effects were not ob-
served prior to 1 year of treatment. Thus, this group con-
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cluded that (1) TCDD facilitates the survival of endo-
metrial implants, (2) TCDD exerts a bimodal effect on
endometrial implant growth, and (3) TCDD exposure
does not affect endometrial implant survival and prolif-
eration until after 1 full year of exposure.

In recent work, serum concentrations of TCDD,
19 dioxin-like PHAH congeners, and lipids were deter-
mined in the colony of TCDD-exposed rhesus monkeys
13 years after termination of TCDD exposure.2¢ Simi-
larly to the general human population and laboratory
animals,2227 TCDD-treated and control animals were
exposed to dioxin-like PHAH through their diet or other
environmental sources. Notably, the animals in this study
with elevated serum levels of dioxin-like PCB77 and
PCB126 and an increased total serum TEQ_had a high
prevalence of endometriosis. The severity of the disease
correlates with the serum concentration of PCB77 but
not the serum TCDD level. These data suggest a poten-
tial involvement of an increased body burden of dioxin-
like PCB compounds in the etiology of endometriosis
in rhesus monkeys. Thirteen years after exposure, the
body burden of dioxins in TCDD-treated monkeys is
similar to or lower than that in the general human pop-
ulation.?6 Thus, it is important to consider the implica-
tions of this finding for human health, particularly with
regard to the average human PHAH burden and the
prevalence of endometriosis in humans. Exposure to these
chemicals is of global concern and is the subject of in-
ternational negotiations toward a regulatory treaty. In
Japan, Yoshida et al?8 reported that safety against endo-
metriosis cannot be guaranteed given the present dioxin
exposure of certain at-risk populations, such as local res-
idents living near incinerators or heavy fish consumers.
In the most recent risk characterization of dioxin and
related compounds by the U.S. Environmental Protec-
tion Agency, endometriosis is considered a low-dose bi-
ological effect of dioxin exposure occurring at or near
human background levels.??

DIOXIN AND DIOXIN-LIKE COMPOUNDS
AND ENDOMETRIOSIS IN RODENTS

Rodent studies demonstrate that treatment with TCDD
or the dioxin-like furan chemical 2,3,4,7,8-pentachlorod-
ifuran produces a dose-dependent increase in the size of
surgically induced endometrial lesions.?*30 In contrast,
treatment of mice with non—dioxin-like compounds has
no effect on the growth of endometriotic sites, suggest-
ing that dioxin-like environmental toxicants are more
likely to contribute to the pathogenesis of endometriosis
than the non—dioxin-like ones. However, a number of
factors affect the efficacy of TCDD treatment to sup-
port endometrial implants. TCDD treatment prior to
surgical induction of disease, subacute dosing, plasma
estrogen levels, and ovarian function appear to be im-
portant to the dioxin-mediated effects in this rodent

model. Regression of the endometrial implants has been
observed when mice are treated with TCDD and high
levels of exogenous estrogen after surgical induction of
disease3! or when the TCDD dose (>10 pg/kg) is toxic
to the ovaries.3? Overall, these data suggest a potential
role of dioxins in the pathogenesis of endometriosis.

HUMAN STUDIES OF EXPOSURETO
DIOXINS AND ENDOMETRIOSIS

In light of the animal evidence, Koninckx et al’3 called
for additional studies of the link between dioxins and
endometriosis, noting a high prevalence of endometri-
osis in infertile Belgian women and high dioxin concen-
trations in breast milk in this country.3* Since that time,
four hospital-based case-control studies have been con-
ducted investigating a relationship between endometri-
osis and exposure to dioxins. In Israel, Mayani et al3’ re-
ported that more infertile women with endometriosis
have a detectable serum TCDD concentration than in-
fertile women without endometriosis. Dioxin was de-
tected in the blood of 18% of infertile women with en-
dometriosis as compared with 3% of infertile controls.
In another study, Boyd et al3¢ reported similar levels of
TCDD and dioxin-like PCDDs and PCDFs in women
with endometriosis and in a control group (fertile women).
However, this study did not surgically confirm the ab-
sence of disease in the control group and failed to ac-
count for factors thought to influence the body burden
of lipophilic dioxins, including obstetrical history. In an
ongoing study, the association between endometriosis
and exposure to dioxin is being investigated in TCDD-
exposed women living in Seveso, Italy.3” Unfortunately,
this study was unable to define endometriosis surgically.
Thus, the true prevalence of endometriosis in this co-
hort will remain unknown until the development of a
nonsurgical test for endometriosis.

A weakness of the foregoing studies is that they
have not included an assessment of the dioxin-like PCBs,
major contributors to total body burdens of dioxins. In a
Belgian study, Pauwels et al38 found that a nonsignificant
increased risk of endometriosis is associated with elevated
blood levels of total TCDD equivalents (TEQ) using an
AhR-dependent bioassay system. Dioxin activity may
have been underestimated in this study because the pres-
ence of high blood levels of non—dioxin-like PCBs, likely
to be present in some Belgians following an accidental
PCB exposure in this country,? inhibit dioxin-mediated
activity in this assay.*0 Accurate quantification of blood
dioxin activity using this assay requires prior extraction
of noncoplanar PCBs. As with other human work, this
study was too small to detect differences in the levels of
blood dioxins among women with and without endome-
triosis, if they were indeed present. Hence, the human
data neither confirm nor refute the hypothesis that en-
vironmental dioxins play a role in the pathophysiology
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of endometriosis. Future studies are needed to confirm
this notion in human populations.

POTENTIAL MECHANISM(S) OF DIOXIN
AND DIOXIN-LIKE COMPOUND ACTION
IN ENDOMETRIOSIS
The accumulated literature clearly establishes endometri-
osis as a pleiotropic disease involving immune-endocrine
disruption and aspects of cellular adhesion, implantation,
neovascularization, and proliferation. TCDD and dioxin-
like PHAHSs may exert effects on the pathophysiology of
endometriosis through a number of pathways, including
(1) activation of procarcinogens, (2) altered synthesis and
metabolism of estradiol, (3) altered production of proin-
flammatory growth factors or cytokines, and (4) misex-
pression of remodeling enzymes (Fig. 1).
Dioxin-induced effects are mediated by its tissue-
specific receptor, the AhR. Recent studies using AhR-
deficient mice indicate that the AhR and AhR-responsive
genes play an important role in immune system devel-
opment, in reproductive success, and in the metabolism
of foreign compounds.**2 Other animal studies indicate
that AhR-responsive genes function in reproductive pro-
cesses within the uterine endometrium. In the rabbit

model, localization of AhR messenger RNA (mRNA)
changes during the proinflammatory, invasive processes
of implantation and the progesterone-mediated immuno-
suppression of pregnancy maintenance.”> The AhR pro-
tein is detected in human uterine and ectopic endo-
metrium,* and the mRNAs of AhR and ARNT are
constitutively expressed in these tissues from women
with and without endometriosis.’?# TCDD treatment
of human endometrial explants results in increased ex-
pression of AhR mRNA and the mRNA of the dioxin-
responsive gene P-450141.4647 In ovarian endometri-
osis, the expression of AhR mRNA is increased* and
P-450141 mRNA is increased eightfold in ectopic tis-
sue relative to uterine endometrium.* Endometriotic
cells exhibit increased expression of P-450 aromatase,
indicating that lesions are capable of de novo estrogen
synthesis.1? In addition, regression of endometriosis has
been observed following treatment with an aromatase
inhibitor in a woman with severe postmenopausal dis-
ease resistant to traditional treatments.>* These findings
led to the postulation that dioxins may promote endo-
metriosis through the induction of P-450 isoenzyme
expression and increased formation of catechol estro-
gens, resulting in chronic exposure of the endometrium
to growth-promoting estrogen. Dioxins may also exert
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Proposed mechanism of TCDD-induced toxicity in endometriosis. Exposure to TCDD and dioxin-like PCBs may promote

endometriosis via activation of procarcinogens and stimulation of chronic inflammation leading to enhanced estrogen synthesis and
disruption of progesterone-dependent remodeling responses that normally limit the development of endometriosis.



ENVIRONMENTAL DIOXINS AND ENDOMETRIOSIS/RIER, FOSTER

149

direct toxic effects on the endometrium via activation of
procarcinogens, resulting in disruption of cellular prolifer-
ation, hormone synthesis, and metabolism.

Dioxin’s ability to induce inflammation could play
arole an important role in the pathogenesis of endome-
triosis. Normal uterine endometrial growth and remod-
eling are regulated by sex hormones in concert with
bioactive mediators produced by immune and endocrine
cells, including the proinflammatory cytokines (IL-1,
IL-6, tumor necrosis factor-a [TNF-a], interferon-y
[IFN-v]), transforming growth factors (TGF-a, TGF-
Bs), and remodeling enzymes (matrix metalloproteinases,
MMPs).5152 Immune dysregulation, evidenced by de-
creased clearance of retrograde endometrial cells and
aberrant production of cytokines by peritoneal leukocytes
and endometrial cells, has been proposed as a mechanism
that allows the implantation and growth of ectopic en-
dometrium. TCDD and dioxin-like PHAHSs may pro-
mote endometriosis via chronic stimulation of the ex-
pression and activity of the proinflammatory cytokines,
involved in the cyclic regulation of endometrial remod-
eling, proliferation, and cell death. Inflammatory me-
diators and their metabolic by-products, shown to be
elevated in women with endometriosis, are potent regu-
lators of cellular proliferation and programmed cell
death.5354 Furthermore, a direct cause and effect be-
tween chronic inflammation and carcinogenesis are es-
tablished,> suggesting a rational mechanism by which
inflammation leads to aberrant tissue proliferation.

Among the host of growth-promoting cytokines
produced during chronic inflammation, several lines of
evidence suggest that TNF-a is a key factor in dioxin
toxicity and the pathogenesis of endometriosis. TCDD
or TNF-a administration in rodents enhances leuko-
cyte inflammatory responses and cellular infiltration of
macrophages and neutrophils into the peritoneal cavity
following antigen challenge.’® TCDD-induced peritoneal
hyperinflammation can be blocked by neutralization of
endogenous TNF activity. Acute TCDD exposure in
rodents increases peritoneal and peripheral blood (PB)
leukocyte production of TNF-a.57-5% The ability of dex-
amethasone or TNF antibody to reverse the mortality
and weight loss associated with treatment with TCDD
and endotoxin is consistent with a role for inflammatory
responses and enhanced expression of TNF-a in TCDD
toxicity.5

Peritoneal hyperinflammatory responses to red
blood cells found in rodent models of TCDD exposure
may represent a process similar to enhanced peritoneal
inflammatory responses observed in endometriosis. In
women with endometriosis, peritoneal leukocytes are ac-
tivated and secrete increased levels of TNF-a and IL-
6.61-63 Moreover, ectopic endometrial cells exhibit aber-
rant expression of IL-6 and IFN-y compared with
uterine cells from women without disease.!3146465 In-
creased levels of proinflammatory mediators, chemotac-
tic and neovascularization factors TNF-a, I1L-6, I1L-8,

monocyte chemotactic protein-1 (MCP-1), and vascular
endothelial growth factor (VEGF), are present in the
peritoneal fluid of women with mild disease.’® Ectopic
endometrium appears to be capable of producing high
levels of active TNF-a protein because this tissue ex-
presses increased levels of TNF-a converting enzyme
(TACE) protein.®¢ Administration of recombinant TNF
binding protein-1 (TBP-1) inhibits the growth of exper-
imentally induced endometriosis in the rat.®” Studies
have shown that TNF-a increases the adhesion of endo-
metrial stromal cells to peritoneal mesothelium® and
promotes angiogenesis.®® Thus, TCDD may target PB,
peritoneal, and endometrial leukocyte populations, in-
ducing chronic expression of TNF-a and other inflam-
matory mediators and resulting in increased adhesion,
vascularization, and proliferation of endometriotic cells.
Dioxins may affect the expression of TNF-a via the in-
duction of an inflammatory cytokine network because
the region of DNA that recognizes the ligand-activated
AhR, the dioxin-response element or DRE, is present in
the genes of potent inducers of TNF-q, including IL-1b,
IL-6, and IFN-~.70,71

Consistent with the notion of TCDD-induced
immune-mediated pathology in endometriosis, TCDD-
exposed rhesus monkeys exhibit severe disseminated en-
dometriosis and long-term immune alterations. Thirteen
years after termination of TCDD treatment, this study
found that exposure to dioxins is associated with increased
mitogen-stimulated TNF-a secretion and decreased cy-
tolytic activity by PB leukocytes.”? Changes in immune
status in TCDD-treated animals correlated with elevated
serum concentrations of TCDD and dioxin-like PCB126.
These findings suggest a relationship between exposure
to dioxins, severe endometriosis, and altered immune re-
sponses of potential importance to endometrial growth,
elimination of retrograde endometrial fragments, implan-
tation, and pregnancy maintenance.

It has also been suggested that TCDD promotes
endometriosis through alterations in tissue remodeling
processes. TCDD promoted the establishment of ec-
topic lesions of human endometrium in a nude mouse
model of disease by disrupting progesterone regulation
of expression of MMPs, a family of tissue remodeling
enzymes involved in tumorigenic invasive processes and
remodeling of the endometrium.5273-76 Estrogen pro-
motes the establishment of the endometriotic lesions in
this model, whereas progesterone inhibits lesion forma-
tion by suppression of endometrial MMP activity. Treat-
ment of cultured human endometrial explants with es-
tradiol maintains cell-specific MMP expression in vitro
and spontaneously promotes the establishment of ec-
topic peritoneal lesions in vivo when the explants are in-
jected into recipient animals. In contrast, treatment with
progesterone in conjunction with estradiol suppresses
both in vitro MMP secretion and in vivo lesion forma-
tion. Treatment with TCDD plus estradiol increased
both the number and size of the lesions compared with
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estrogen treatment alone, and treatment with TCDD in
the presence of estradiol and progesterone disrupted the
ability of progesterone to block lesion formation and
MMP expression. These results provide evidence link-
ing the progesterone- and cytokine-dependent regulation
of MMP secretion in human endometrial tissue with
the establishment of an endometriosis-like disease in the
nude mouse and demonstrate the ability of TCDD to
disrupt this regulation.

The initiating event(s) in the development of en-
dometriosis is unknown; however, the effect of dioxins
on inflammation, proliferation, and differentiation could
explain the major pathognomonic features of endome-
triosis (Fig. 1). Emerging evidence strongly argues that
endometriosis is associated with chronic inflammation
characterized by increased expression of proinflamma-
tory cytokines by endometriotic cells and leukocytes that
regulate endometrial growth, remodeling, and immunity.
Activation of this inflammatory cytokine network in the
extrauterine environment results in cyclooxygenase 2
(COX-2) induction and increased prostaglandin E,
(PGE,) synthesis in ectopic endometrium, postulated to
lead to chronic estrogen production, suppression of pro-
gesterone responses, misexpression of remodeling enzymes
(MMPs), and an extended cell life of endometriotic
cells. Chronic inflammation contributes to enhanced le-
sion formation by inducing the expression of mediators
of adhesion, neovascularization, and leukocyte recruit-
ment, including MCP-1, VEGE, IL-6, and IL-8. A
greater number of ectopic endometrial cells may survive,
thrive, and disseminate as a result of inhibition of apop-
tosis and suppression of leukocyte cytolytic activity. In-
creased sensitization of pain receptors by increased pro-
staglandins and enhanced fibrosis mediated by abnormal
immune responses probably lead to the sequelae of en-
dometriosis, such as pelvic pain, adhesion formation, and
infertility.

Taken together, current data suggest that TCDD
may affect the pathophysiology of endometriosis by mod-
ulation of immune and endocrine function; however, the
specific mechanism of dioxin-mediated toxicity in the
pathogenesis of endometriosis remains unclear. The accu-
mulated evidence supports the hypothesis that exposure to
TCDD and dioxin-like PCBs promotes endometriosis
through activation of procarcinogens and stimulation of
chronic inflammation leading to enhanced estrogen syn-
thesis and disruption of progesterone-dependent remod-
eling responses that normally limit the development of
endometriosis.

PERSPECTIVE ON ANIMAL MODELS

OF ENDOMETRIOSIS

Endometriosis occurs exclusively in menstruating species,
including humans and nonhuman primates, with spon-
taneous development in rhesus monkeys closely resem-
bling human disease.2#7778 Thus, the monkey is the

most appropriate, yet expensive, animal model for the
study of disease pathogenesis. Because spontaneous en-
dometriosis in monkeys appears to develop over a pe-
riod of 7 to 10 years, surgical induction of disease has
been employed by suturing fragments of endometrial
tissue at ectopic sites or seeding the peritoneal cavity
with minced fragments of endometrial tissue.?57° In ad-
dition, rodent and rabbit models of disease have been
employed utilizing surgical autotransplantation of en-
dometrium? or injection of human endometrial tissue
into the peritoneal cavity of immune-deficient mice.”
The demonstration that heterotransplants of animal and
human tumors maintain their tumorigenicity, morphol-
ogy, and hormone responsiveness in immune-deficient
mice suggests that these animals may prove to be use-
ful models for the study of human endometriosis.30:81
Several teams of investigators have examined immune-
deficient mice, either athymic nude mice!’,7482 or severe
combined immune deficient mice (SCID),83:84 as short-
term models of endometriosis. Therefore, we suggest that
immune-compromised mouse models bearing human
eutopic and ectopic endometrium will provide advan-
tages over previous rodent models and generate results
that are more readily generalizable to humans.

Surgical induction of endometriosis in rodents has
been used to investigate the effect of environmental con-
taminants on the establishment of endometrial implants,
survival of existing implants, and mechanisms of conta-
minant action.”” However, rodent models of endometri-
osis are fraught with a number of significant limitations.
The estrous cycle in rodents is significantly shorter than
that in humans and is characterized by hormonal differ-
ences such as an abbreviated luteal phase compared with
humans. Although rodents do not go through a process of
menstruation, they do have a process of reorganization
of the uterine epithelium. Moreover, circulating levels of
estradiol in rodents are markedly lower than in humans.
In spite of these limitations, rodents offer significant ad-
vantages over other animal models related to the signifi-
cant cost of using nonhuman primates and the long time
frame to disease onset in nonhuman primates. Mecha-
nistic studies in humans are not practical as endometri-
osis is already well established by the time a diagnosis is
made, and it is not possible to complete experiments to
investigate the mechanism of toxicant effects on the path-
ogenesis of endometriosis. Thus, animal models continue
to be important for the study of the pathobiology of en-
dometriosis.

Studies in humans and nonhuman primates have
shown that endometriosis is a dynamic disease with pe-
riods of development, progression, and regression.8586
Lesions change in appearance over time and disappear
at some sites, and other lesions progress in severity. When
designing studies to investigate the role of dioxins in the
pathogenesis of endometriosis, it is important to utilize
animal models that most closely resemble human dis-
ease. Currently, experimentally induced endometriosis
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in nonhuman primates and rodents is the most practical
model of disease. However, disease induction by peri-
toneal seeding of endometrial tissue in the monkey and
the immune-compromised mouse models, rather than
autotransplantation of endometrium, may be critical to
mimic the human disease process. Studies that employ
surgical induction by autotransplantation of endometrium
in monkeys and rodents are limited in scope because
they test the effect of dioxins on established disease only,
not the capacity to form and remodel lesions. As de-
scribed by Yang et al,?s lesions of autotransplanted en-
dometrium regress over time in control and TCDD-
treated animals; therefore, these studies may document
the effect of toxicant exposure on normal growth inhi-
bition processes at ectopic sites. The microenvironment
at the ectopic site that receives the endometrial tissue
must be considered. TCDD may increase inflammation
at these sites through leukocyte infiltration and activa-
tion, priming the site for acceptance or rejection of en-
dometrial tissue. In addition, one cannot investigate the
effect of dioxins on biochemical mechanisms active in
the disease process in rodents with surgically induced
lesions because menstruation and endometriosis do not
occur in these animals.

FUTURE STUDIES AND DATA GAPS
Advances in the detection and quantification of individ-
ual PHAH congeners in biological samples have made
it possible to assess the total PHAH body burden in hu-
mans and animals, a critical step in evaluating an associ-
ation between exposure to dioxins and an increased preva-
lence of endometriosis. Future studies are expected to
exploit this advance to assess the health impact of PHAH
body burdens in exposed cohorts and the general popu-
lation. However, long-term prospective studies in human
populations must be carefully designed and will be se-
verely hampered until the development of (1) a serum
biomarker for endometriosis and (2) accurate biomark-
ers of human exposure to dioxins. Progress in this area
of research would greatly strengthen our ability to inves-
tigate the relationship between exposure to dioxins and
an increased prevalence of endometriosis in humans.
Furthermore, human studies must include surgical con-
firmation of endometriosis and control for factors that
influence the body burden of dioxins including obstetri-
cal history of pregnancy and breast-feeding, body mass
index, and age. Epidemiologic studies must also account
for other exposure susceptibility factors, such as dietary
phytoestrogens and estrogenic non—dioxin-like PCBs.
Animal studies will be required to examine the effects of
dioxins on the pathophysiology of endometriosis. Al-
though preliminary work suggests a potential involve-
ment of exposure to dioxins in the pathogenesis of endo-
metriosis, much work remains to define cause and effect
clearly and to understand the potential mechanism of
toxicity.

CONCLUSIONS

Endometriosis remains a common gynecologic problem
of unknown cause that is associated with significant mor-
bidity. Evidence from animal studies, nonhuman primates
and rodents, suggests that endometriosis is associated
with exposure to TCDD as well as dioxin-like PCBs.
These findings are relevant to human endometriosis be-
cause exposure of the general human population to these
compounds has been documented in the literature. Ad-
ditional studies in humans and animals are warranted to
investigate the potential association between exposure
to these toxicants and endometriosis and elucidate the
mechanism of action of dioxins in the pathophysiology
of this disease.
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