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A recent survey in the United States identified 287 different chemicals in human cord blood,
demonstrating the significant exposure of women and their children to a wide array of environmental
toxicants. While reducing contamination and exposure should be an international priority, it is equally
appropriate to develop an understanding of the health consequences of increasing world-wide
industrialization. Endometriosis, a disease of the female reproductive tract, has emerged as a disease
potentially related to environmental exposures. While a number of population-based studies have
suggested that a woman's exposure to dioxin-like polychlorinated biphenyls may affect her risk of
developing this disease, other studies have failed to find such evidence. In the current manuscript,
we will review the limited data regarding polychlorinated biphenyl congeners and endometriosis
with a focus on dioxin-like toxicants. We will also discuss the potential importance of early life
exposures to these toxicants on the subsequent development of endometriosis.
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Introduction
Humans and animals are exposed to an astonishing array of natural and man-made chemicals
that have the capacity to negatively influence normal physiological processes and potentially
promote disease. Many of these environmental toxicants are persistent, with long biological
half-lives; thus, these agents accumulate within human and animal populations and,
importantly, have the capacity to negatively impact the developing fetus during pregnancy. A
recent analysis by the Environmental Working Group revealed the presence of 287 different
chemicals within human cord blood. Although not every child was exposed to all measured
toxicants, no child was without some exposure (EWG, 2005). It is difficult to assess the
combinatorial effects of these numerous chemicals on organ specific development or disease
processes, but individual toxicants have been linked to childhood and adult cancers, immune
disorders, developmental delays and alterations in reproductive tract function (Carpenter,
2006). Not surprisingly, multiple toxicants can act synergistically to induce a more devastating
effect (for example, Loeffler and Peterson, 1999; Burton et al, 2002; Zhao et al, 2006), but, as
will be discussed later, it is also possible for one toxicant to antagonize the effects of another.
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Thus, any individual's risk of toxicant-associated disease with be dependent upon the specific
combination of toxicants to which they are exposed.
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Timing of exposure to toxicants is also of critical importance to determining an individual's
risk of disease; thus understanding the mechanisms of action of environmental toxicants on
organ systems at each stage of life will be necessary for developing accurate risk assessments.
In terms of human health, it will be critical to take appropriate precautions to limit toxicant
exposures and construct better clinical strategies to reduce the toxic effects of unavoidable
exposures on not only women and their children but also future generations. Among the
numerous toxicants identified within human cord blood, 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) has been widely studied because it is considered to be the most highly toxic
environmental contaminant ever manufactured (Jacobson-Dickman and Lee, 2009). However,
certain structurally related polychlorinated biphenyls (PCBs) exhibit similar biological toxicity
as TCDD, and, thus these environmental toxicants likely act in concert to disrupt reproductive
functions. In the current manuscript, we discuss the complexity and challenges of determining
the potential impact of human exposure to dioxin-like PCBs with a focus on the reproductive
tract disease endometriosis.
Environmental Exposure to TCDD and PCBs
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Although TCDD has been introduced to our environment largely as an unwanted byproduct of
manufacturing processes and incineration, PCBs have widespread commercial application and
were heavily manufactured until being banned in the United States in 1979; a world-wide ban
followed a few years later. These organochlorides are extremely resistant to degradation and,
due to their lipophilic nature, bioaccumulate and biomagnify within the food chain (Birnbaum,
1994). Among various human or animal populations, ingestion of contaminated food and water
is the primary source of TCDD and PCB exposure (Schecter et al, 2002; Harrad et al, 2003;
Pompa et al, 2003). Additionally, these environmental toxicants are also carried by weather
patterns and can affect human and animal populations at great distances from the original point
of production or contamination (Dewailly et al, 1994). Given the toxicity of TCDD and dioxinlike PCBs to endocrine and immune function (Aoki, 2001), it is not surprising that these
toxicants have been linked to developmental disorders of the reproductive tract, disruption of
pregnancy and diseases such as endometriosis (Woodruff et al, 2008). Nevertheless,
epidemiological studies attempting to specifically connect the adult body burden of TCDD and
various PCBs to the presence of endometriosis have failed to reach a consensus, perhaps related
to both the number and toxicity of individual congeners involved and the inherent complexity
of determining the presence and absence of endometriosis within any control population (Rier
and Foster, 2003; Heilier et al, 2008; Anger and Foster, 2008). An additional and critical issue
within the field of reproductive toxicology is the potential contribution of early life toxicant
exposures to the subsequent development of adult disease (Heindel, 2006; Bruner-Tran et al,
2009). It has been demonstrated that the toxic effects of PCBs are greater when exposures occur
earlier in life; environmental toxicant exposure occurring during the neonatal period is the most
damaging (Crain et al, 2008). Thus, adult body burden assessments studies alone are unlikely
to reveal the true association of PCBs or other toxicants relative to the subsequent development
of endometriosis if the initial toxin-mediated disruption of reproductive tract cell and tissue
function occurred during early life.
Polychlorinated biphenyls (PCBs) are man-made compounds belonging to the simplest class
of organochlorides known as chlorinated hydrocarbons (Barbalace, 2003). All PCBs contain
1-10 chlorine atoms attached to two benzene rings connected by a carbon-carbon bond at the
1, 1’ position, resulting in a biphenyl. Thus, all PCBs have a chemical formula consisting of:
C12H10-xClx. During manufacturing processes, PCBs are formed by electrophilic chlorination
of biphenyl with chlorine gas. The family of PCBs consists of 209 possible congeners; the
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name of a congener specifies the total number of chlorine substituents as well as the position
of each chlorine. Within biological systems, the toxicity of any PCB congener is dependent
upon both the number and position of each chlorine on the biphenyl ring. Greater toxicity is
generally associated with a higher number of chlorines; however, PCBs with chlorines in the
ortho positions of each ring (positions 2, 2’, 6 and 6’) are less toxic than non-ortho or monoortho PCBs. Non-ortho PCBs, also known as the coplanar PCBs, bind the aryl hydrocarbon
receptor (AhR) and are capable of producing dioxin-like effects within biological systems. As
shown in FIGURE 1, these “dioxin-like” PCBs have structural similarity to TCDD and have
a much greater biological toxicity than the non-coplanar PCBs. Additionally, since
biodegradability of PCB congeners is also dependent upon number and location of the chlorine
atoms, PCBs with the greatest toxicity are also the most stable and most resistant to degradation.
Therefore, from a human health standpoint, the dioxin-like toxicity and persistence of co-planar
PCBs make these toxicants the focus of greatest concern among environmental toxicologists.
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PCBs were originally manufactured because they are stable, nonflammable compounds with
excellent electrical insulating properties. Given the utility of these specific properties, PCBs
were used in hundreds of industrial and commercial applications from 1929 until being banned.
Nevertheless, municipal and industrial incinerators still release significant amounts of dioxinlike PCBs, and these toxicants also are released into the environment due to leakage from
poorly maintained hazardous waste sites as well as leakage from old electrical transformers.
Although several studies have reported a decline in the adult human body burden of PCBs and
other toxicants over the last decade (for example, Cerna et al, 2003; Uemura et al, 2008), a
recent study of North Pacific marine life identified a dramatic increase in total PCB
concentration among albatross species compared to concentrations observed in these animals
during the preceding decade (Finkelstein et al, 2006). Thus it is likely that regional variations
in PCB contamination as well as an individuals dietary choices may lead to the elevated body
burdens noted by some investigators (Koninckx, 1999; Heilier et al, 2007). Despite current
federal bans and restricted industrial production, these environmental toxicants will continue
to cycle in the environment among air, water, soil and, ultimately our food sources, for some
time to come; thus, it is important to understand their biological impact.
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The U.S. Environmental Protection Agency considers PCBs to be “probable human
carcinogens”, largely due to the weight of evidence provided by animal studies (EPA Website).
Although scientific studies often focus on a specific contaminant, human populations are
exposed to complex mixtures of many environmental toxicants with various potential for
disrupting biological systems. Among such mixtures of toxicants, coplanar PCBs with dioxinlike activity are more clearly carcinogenic, and epidemiologic data in humans indicates that
high-level exposure to these PCBs is associated with an increase in the incidence of
hepatocellular carcinoma and malignant melanoma (Brown, 1987; Sinks et al, 1992; Loomis
et al, 1997). Within the reproductive tract, coplanar PCBs are particularly suited to act in
concert with TCDD to disrupt key elements of communication between the immune and
endocrine systems (Aoki, 2001; Bruner-Tran et al, 2008a), potentially promoting reproductive
disorders such as endometriosis.
PCBs and the Disease Endometriosis
Endometriosis, described by pathologists as the presence of endometrial glands and stroma
outside the uterus, is a common, benign gynecological disorder affecting millions of women
and girls worldwide. The disease is reported to affect 5-10% of reproductive age women in the
U.S.; however, definitive diagnosis requires surgical visualization and thus the actual incidence
of the disease is likely higher. Whereas the precise etiology of endometriosis is not known, the
invasive implantation and ectopic growth of menstrual tissues outside the uterus following
retrograde menstruation remains the most widely accepted causal theory for the disease

Syst Biol Reprod Med. Author manuscript; available in PMC 2010 May 11.

Bruner-Tran and Osteen

Page 4

NIH-PA Author Manuscript

(Sampson, 1927). However, since surgeons frequently note retrograde menstrual tissue within
the peritoneum of women without endometriosis (Evers, 1994), the development of clinically
significant disease likely involves a more complex etiology than the simple mechanical transfer
of endometrial tissue. Given the recognized ability of dioxin-like PCBs to disrupt endometrial
physiology in both animals and humans, it is somewhat surprising that these toxicants were
only associated with the potential development of endometriosis in a study not originally
designed to investigate this disease. More specifically, Rier and colleagues (1993) reported the
development of severe endometriosis within a small primate colony in Wisconsin that had been
previously exposed to TCDD as part of a dietary study related to fertility. Importantly, the
likely co-exposure of these animals to significant levels of dioxin-like PCBs as a result of
toxicant contaminated food was later reported in a follow-up study by the same investigators
(Rier et al, 2001). Thus, even within a controlled experimental study, it can be difficult to
completely exclude additional occult sources of environmental toxicant exposure via food or
water.
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Following the reports of severe endometriosis in the aforementioned primate colony, a great
deal of concern emerged in regard to the role of TCDD and dioxin-like environmental toxicants
on the development of endometriosis in human populations. Nevertheless, in spite of more
than a decade of animal and human research, no clear understanding of the role of these
toxicants on the development of endometriosis has emerged. Most notably, ongoing followup of women living in Seveso, Italy during a 1976 chemical explosion, which released high
levels of TCDD into the atmosphere, has not clearly demonstrated an increased incidence of
endometriosis although a number of other diseases and conditions have been reported in this
cohort (reviewed by Pesatori et al, 2003). In a 20-year follow-up study of the Seveso accident,
Eskenazi et al (2002) reported women with serum levels of ≥100 ppt TCDD had a doubled,
but statistically insignificant increased risk of endometriosis. It will be important to continue
to follow the long-term health of infants and children within this accidentally exposed Italian
population in order to determine if developmental exposure to TCDD affects the adult onset
of diseases, including endometriosis. The most vulnerable toxicant exposure groups (in utero
or neonatal at the time of the accident) are only now reaching their 4th decade of life, when
diagnosis of endometriosis typically occurs (Arruda et al, 2003).
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As noted in a recent review of PCBs and endometriosis by Anger and Foster (2008), current
epidemiological information from several population-based studies fails to uniformly
demonstrate a significant relationship between the body burden of a number of dioxin-like
PCBs and the presence of endometriosis. Although some studies do suggest an association
with certain PCBs and endometriosis (for example, Heilier et al, 2004; 2005; Louis et al,
2005; Jirsová et al, 2005; Porpora et al, 2006; 2009), other studies have failed to find a clear
association (for example, Lebel et al, 1998; Pauwels et al, 2001; Fierens et al, 2003; De Felip
et al, 2004; Tsukino et al, 2005, Niskar et al, 2009). The reasons for such discrepancy among
epidemiology studies abound, including different control populations, different methods for
assessment of PCBs, different congeners of PCBs assessed, as well as the use of different
approaches for statistical analyses. Additionally, although the concentration of selected PCB
congeners is often measured in serum samples, Phillips et al (1989) demonstrated a significant
effect of fasting on the measurement of PCBs in serum. More specifically, these investigators
found that reducing the serum fat content by fasting resulted in a reduction in measured PCBs
and other toxicants. They conclude that “meaningful comparison of analytical results requires
standardizing collection procedures or correcting by total serum lipid levels.” In this regard,
while several studies listed in TABLE 1 did correct for total serum fat (Heilier et al, 2004;
Louis et al, 2005; Tsukino et al, 2005; Niskar et al, 2009; Porpora et al, 2009), several studies
did not (Pauwels et al, 2001; DeFelip et al, 2004; Porpora et al, 2006) making comparisons
between studies difficult.
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In addition to correcting for serum lipids, examining the toxic equivalency quotient (TEQ) is
also an important method of assessing the toxicity of mixtures of dioxins and dioxin-like
compounds. Eight of the fourteen studies listed in TABLE 1 employed this method; however,
no consensus was reached even within this subset. For example, Heilier et al (2005)
demonstrated that women with endometriosis (both peritoneal and deep, infiltrating lesions)
had an increase in serum TEQ levels compared to controls whereas Tsukino et al (2005) found
that the control group had significantly increased TEQ levels compared to endometriosis
patients. However, it is significant that the Tsukino et al study included both infertile women
and patients with stage I endometriosis within their control population. In contrast, the control
group within the Heilier et al study consisted of healthy women with no indications of infertility
or endometriosis. Clearly, these differences in selection of control groups likely contributed to
the studies differing conclusions.
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Equally important, the epidemiological studies listed in TABLE 1 were conducted in seven
different countries with varying levels of PCB contamination (TABLE 2). Possible regional
differences in levels of contamination were not generally considered in the studies listed in
TABLE 1, although it is known that endometriosis is more common in urban rather than rural
settings, most likely due to environmental contamination (Koninckx et al, 1999). Furthermore,
lactation appears to be a major route of PCB excretion for women (Uemura et al, 2008), yet
only four of the TABLE 1 studies included breastfeeding as a characteristic of the study
population (Lebel et al, 1998;Heilier et al, 2005;Louis et al, 2005;Porpora et al, 2009) and one
study only examined nulliparious women (De Felip et al, 2004). Another possible confounding
issue for epidemiological studies is that a person's body burden of PCBs generally increases
with age (Uemura et al, 2008;Axelrad et al, 2009), making age-matched comparisons between
groups even more critical.
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The uncertainty surrounding the conclusions of the multiple epidemiology studies noted above
underscores the difficulty in assessing the impact of selected environmental contaminants
relative to the presence or absence of endometriosis. Designing such studies difficulties further
compounded due to numerous contaminants within any individual or selected population and
the clinical uncertainty of accurately diagnosing the presence or absence of endometriosis. For
example, Fierens et al, 2003 have suggested that a failure to recognize deep adenomyotic
disease as a subset of endometriosis makes it difficult to determine an appropriate disease-free
control group for population-based endometriosis studies. Alternatively, deep infiltrating
endometriosis may represent a distinctly different disease process and therefore it may not be
appropriate to include this phenotype in the same group as women with peritoneal
endometriosis (Heilier et al, 2008), although these women appear to have similar environmental
risk factors for development of disease (Heilier et al, 2006). Since there is no clear agreement
on a definition for endometriosis, or even in choice of a control population, it should not be
surprising that, as noted in TABLE 1, small cohort studies have failed to reach a concensus on
the relationship between body burden of PCBs and the presence of this disease. However, two
recent studies which were able to recruit a larger number of patients and controls were able to
demonstrate an association with serum PCBs and the presence of laporascopically confirmed
endometriosis (Reddy et al, 2006; Porpora et al, 2009). An important observation from Porpora
et al (2009) is that although their results indicate an association between increased selected
PCB congeners, the total TEQ (PCBs, dioxin-like PCBs and other organochlorines) was not
significantly increased in the patient population. This distinction underscores the possibility
that conclusions reached by different authors are likely influenced by the congeners selected
for analysis. Additionally, while examining total TEQ seems like a more appropriate approach,
it is quite possible that an individual without evidence of disease could have a relatively high
TEQ. Specifically, if the majority of PCBs and other toxicants have limited activity, the TEQ
may not correlate with disease status since a weak AhR agonist could limit the actions of a
more potent compound. For example, using primary rat hepatocytes Chen and Bunce (2004)
Syst Biol Reprod Med. Author manuscript; available in PMC 2010 May 11.
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demonstrated that PCB 153, which binds the aryl hydrocarbon receptor (AhR) without inducing
CYP1A1 transcription, has no impact on TCDD-mediated CYP1A1 induction when TCDD is
present at low levels, but antagonizes the effects of a high dose treatment. Since PCB 153 binds
the AhR, this ligand will compete with TCDD for available binding sites, resulting in
antagonism when all sites are bound. If more binding sites are present than can be occupied
by all ligands, no competition exists; thus, depending on the activity of all ligands, there may
be an additive, synergistic or no change in effect.
Another potential source of complexity for any epidemiology study seeking to associate PCBs
with endometriosis is whether or not exposure to these toxicants may independently affect
fertility. It is known that accidental developmental exposure to dioxin-like PCBs is associated
with altered endocrine status in humans (Koopman-Esseboom et al, 1994), potentially
influencing the subsequent development of reproductive tract dysfunction and disease. Thus,
endometriosis could develop in infertile women as a co-morbidity factor, confounding
interpretation of studies which use infertile patients without endometriosis as controls (Pauwels
et al, 2001; Tsukino et al, 2005)
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As noted above, a lifetime of chronic exposure to various mixtures of PCBs and other dioxinlike toxicants perhaps argues against the value of population-based human toxicology studies
that attempt to associate the adult body burden of toxicants at a single point of adult life to the
pathophysiology of any disease. Although these confounding issues may be unavoidable within
an epidemiological study, even under the best experimental design, measuring the body burden
of toxicants in adult women with endometriosis cannot account for the influence of early life
toxicant exposures. Given the increased sensitivity of fetuses, infants and children to
environmental toxicants (Birnbaum, 1994), early life exposures have become an area of
increasing concern, especially for determining whether adult reproductive dysfunction may be
due to epigenetic modifications of critical genes during development (Anway and Skinner,
2008). Since controlled developmental human studies are not possible, animal studies have
been utilized for early life toxicant exposure models as well as generational studies related to
long-term disruption of reproductive capacity. In a murine model of developmental toxicant
exposure, we demonstrated that in utero exposure to TCDD followed by adult exposure to the
same toxicant results in epigenetic changes in the uterus and reduced fertility (Bruner-Tran et
al, 2008b). Interestingly, we noted a progesterone-resistant phenotype in the uterus of TCDDexposed mice that is similar to the endometrial phenotype observed in women with
endometriosis (Nayyar et al, 2007). In humans it remains to be determined whether or not
developmental versus adult exposure to PCBs and other dioxin-like environmental toxicants
affects a woman's overall risk for developing endometriosis. However, toxicant exposure
during early periods of human development can trigger epigenetic changes that have been
linked to disease processes that only become evident later in life (Dolinoy et al, 2007).
Therefore, assessing the impact of PCBs on the pathophysiology of endometriosis will
ultimately require a better understanding of the impact of early life exposure, although studies
in adults remain critical for the design of better therapeutic strategies. In particular, it is
important to study adult tissues in order to understand the key mechanisms of action of these
toxicants since the presence of reproductive tract dysfunction only presents at or beyond sexual
maturity.
PCB Action and Adult Endometrial Pathophysiology
Designing therapeutic treatments for disorders associated with prior environmental toxicant
exposure demands that we better understand toxicant-mediated disruption of cell behavior
within the context of basic tissue physiology. Endometriosis is a disease associated with
menstruating species and the incidence of this disease is impacted by a variety of clinical
conditions that affect the timing or extent of a woman's menstruation (Cramer, 1987).
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Therefore, our laboratory's endometriosis-related work has focused on toxicant-mediated
disruption of biological mechanisms that impact the nature of menstruation. As with all dioxinlike toxicants, the majority of the toxic effects of coplanar PCBs on cell function are mediated
by the AhR. The AhR is a ligand activated transcription factor commonly referred to as an
orphan nuclear receptor since the endogenous ligand is not known. In the unliganded form,
AhR is present in the cytosol as a multiprotein complex associated with chaperone proteins.
Upon ligand binding, the chaperone proteins dissociate and the AhR translocates to the nucleus
where it rapidly forms a complex with the aryl hydrocarbon nuclear translocator (ARNT)
protein. This heterodimeric AhR/ARNT complex binds to xenobiotic response elements
(XREs) and subsequently alters the expression of genes that are impacted directly or indirectly
by these response elements. The AhR is abundantly expressed in both the endometrium
(Igarashi et al, 1999; Küchenhoff, 1999) as well as in immune cells (Lang et al, 1998), thus
exposure to AhR agonists would likely affect the inflammatory-like processes that initiate
endometrial menstruation. Indeed, using human endometrial tissue and an organ culture model,
we found that even brief exposure of endometrium to TCDD promotes increased secretion of
matrix metalloproteinases (MMPs) even in the presence of progesterone, a steroid that
normally suppresses the expression of these enzymes at both the mRNA and protein level
(Bruner-Tran et al, 1999). In more recent work, we further demonstrated that this toxicant
activates an inflammatory-like pattern of cell-cell communication in the human endometrium
that disrupts the ability of progesterone to suppress MMP expression in either stromal or
epithelial cells (Igarashi et al, 2005; Bruner-Tran et al, 2008a).
Although a potential effect of dioxin-like PCBs on the endometrial MMP system has not been
reported, both coplanar and noncoplanar PCBs have been associated with proinflammatory
activity and induction of MMP expression associated with tumor metastasis (Eum et al,
2006; Sipka et al, 2008) suggesting that these toxicants would likely affect the endometrium
in a similar manner. Importantly, recent studies have revealed that ligand-activated AhR is
capable of associating with the estrogen receptor-α (ER-α), potentially affecting the growth
related function of this steroid at the level of gene regulation (Ohtake et al, 2003; Matthews et
al, 2005). Importantly, it is the ligand-activated AhR that appears to directly interact with the
ER (Ohtake et al, 2008), indicating a direct crosstalk between the AhR and the ER-α. Although
the endogenous physiological ligand for the AhR has not yet been identified, a structurally
diverse group of endogenous and exogenous ligands have been determined. Since nuclear
receptors undergo conformational changes dependent upon the ligand, activation of the AhR
by TCDD or dioxin-like PCBs could result in inappropriate transcriptional regulation of ER
targets, such as the progesterone receptor.
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Although more work needs to be done, the ability of dioxin-like environmental toxicants to
disrupt both estrogen and progesterone action related to regulation of the MMP system provides
a potential mechanistic link between environmental toxicant exposure and the invasive
pathophysiology of endometriosis. Supporting this assumption, we have shown that toxicantmediated disruption of MMP regulation can increase the invasive behavior of exposed human
endometrial tissue in an experimental endometriosis model (Bruner-Tran et al, 1999; 2008a).
Additionally, the ability of these toxicants to trigger an acute inflammatory-like endometrial
phenotype (Bruner-Tran et al, 2008a) as well as broadly disrupt other elements of the immune
system (Rier and Yeaman, 1997; Rier, 2008) further suggests that dioxin-like PCBs could also
impact the survival of endometrial fragments within the peritoneal cavity. Normally, fragments
of endometrial tissue deposited into the peritoneum via retrograde flow at the time of
menstruation should be cleared by the innate immune system; however, immune surveillance
is impaired in women with endometriosis (Dmowski and Braun, 2004). Therefore, it is not
surprising that alterations in immune cell function have also been noted in women with
endometriosis, including a decrease in natural killer (NK) cell cytotoxicity (Kamiński et al,
1995; Oosterlynck et al, 1994) and an enhanced activation state of monocytes and peritoneal
Syst Biol Reprod Med. Author manuscript; available in PMC 2010 May 11.
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macrophages (Braun et al, 1996; Rana et al, 1996; Zeller et al, 1987). Taken together,
mechanistic studies from our laboratory and others demonstrate that inflammatory-like
processes, triggered by dioxin-like environmental toxicants, can disrupt normal endometrial
and immune cell physiology in ways that significantly affect the behavior of endometrial tissue
within the peritoneal cavity and thus affect the development of endometriosis. In particular,
toxicant-mediated disruption of the delicate balance between endometrial somatic cells and
resident immune cells may potentially explain the increased invasive behavior noted in
endometrial tissue acquired from women with endometriosis in an experimental model of
endometriosis (Bruner-Tran et al, 2008a). Future mechanistic studies with human endometrial
tissues and cells will need to determine the specific impact of dioxin-like PCBs on the MMP
system as well as other key menstruation-related proteins to determine the relative impact of
these toxicants compared to published studies that have largely focused on the action of TCDD.

Summary
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The role of human exposure to dioxin-like PCBs in disrupting endometrial physiology related
to the development of endometriosis remains speculative in large part due to the inherent
difficulties in obtaining accurate early life versus adult exposure histories. In order to better
determine the potential role of any environmental toxicant on the development of
endometriosis, we and others are utilizing both in vitro and in vivo techniques in order to
identify cellular mechanisms of action which may be related to the pathophysiology of specific
disease processes (i.e., invasion, inflammation and angiogenesis). Although it is likely that
TCDD and dioxin-like PCBs would work in a similar manner to disrupt endometrial physiology
related to the pathophysiology of endometriosis, little data exists to support this assumption.
Therefore, future studies need to address the degree to which human exposure to mixtures of
dioxin-like toxicants at critical stages of early development, puberty and throughout adulthood
may collectively contribute to the development of endometriosis. Additionally, as individuals,
we have only a limited ability to reduce our lifetime exposure to environmental toxicants; thus,
developing a better understanding the basic mechanisms that may allow these toxicants to
promote disease will enable us to develop better strategies to reduce the potential toxic impact
of these compounds on ourselves and our children.
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Abbreviations
TCDD

2,3,7,8-tetrachlorodibenzo-p-dioxin

PCBs

polychlorinated biphenyls

AhR

aryl hydrocarbon receptor

MMP

matrix metalloproteinase
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Figure 1.

Chemical structure of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) as well as the chemical
structures for 3,3’,4,4’ tetrachlorobiphenyl and 2,2’,4,4’ tetrachlorobiphenyl, examples
coplanar and noncoplanar PCBs.
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controls nulliparous;
Laparoscopic and
histological
confirmation of
presence or absence
of disease for both
cases and controls

Cases diagnosed
with laparoscopy
and confirmed with
histological
examination of
lesions; Controls
determined to be
disease-free by
laparoscopy

Cases confirmed
with laparoscopy;
Controls were
confirmed as
disease-free at time
of laparoscopy for
tubal sterilization
with proven fertility

Women undergoing
IVF due to male
factor infertility
were used as
controls.

Cases and controls
matched for surgical
indication (ie, pelvic
pain); Controls
determined to be
disease-free at time
of laparoscopy

Comments
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Multiple PCBs,
PCDDs and PCDFs
from serum

Multiple
“dioxins” (coplanar
PCBs, PCDD/Fs) and
“PCBs” (mono-orthosubstituted PCBs)
from fasted serum

Multiple PCBs from
serum

Multiple PCBs from
serum

Japan
Tsuchiya et al, 2007

USA
Niskar et al, 2009

USA
Louis et al, 2005

NIH-PA Author Manuscript

Japan
Tsukino et al, 2005
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29 cases
50 controls

27 cases (stage I-II)
17 cases (stage III)
16 cases (stage IV)
64 controls

30 cases (stage I-II)
47 cases (stage III-IV)
59 controls

52 cases (stage II-IV)
70 controls (stage 0-I)

Cases vs. Controls

Results

Total PCB concentration (ng/g serum)
Range
0.50 to 5.31 cases
0.19 to 5.58 controls
Percentage within tertiles
<0.85
28% cases
38% controls
0.85 to 1.36
34% cases

Total PCB TEQ (pg TEQ/g lipid)
15.02 cases (stage I-II)
15.95 cases (stage III)
16.89 cases (stage IV)
15.43 controls
Total PCB concentration (ng/g lipid)
179.98 cases (stage I-II)
217.33 cases (stage III)
194.76 cases (stage IV)
193.37 controls

Total dioxin/PCB TEQ (pg TEQ/g lipid)
Low (<20.32)
17/30 cases (stage I-II)
32/47 cases (stage III-IV)
29/59 controls
High (≥20.32)
13/30 cases (stages I-II)
15/47 cases (stage III-IV)
30/59 controls

Total PCB TEQ (pg TEQ/g lipid)
22.76 cases
25.07 controls

NIH-PA Author Manuscript

Assessment

A three-fold
increase in risk of
peritoneal
endometriosis
observed for third
tertile
concentrations of
anti-estrogenic
PCB congeners;
No relationship

No significant
relationship
observed.

No significant
relationship
observed.

Cases and controls
determined at time
of surgery for either
tubal sterilization or
diagnostic
laparoscopy

All women
nulliparous;
Laparoscopic and
histological
confirmation of
disease for cases;
Disease staged
rASRM
classification; 30
controls surgically/
histologically
confirmed as
disease-free, other
controls had infertile
partner (n = 27) or
ovulation defects (n
= 7)

All cases and
controls were
infertile; Cases and
controls determined
by laparoscopy;
Disease staged
according to
Revised American
Fertility Society (rAFS) classification
and/or histological
diagnosis

All cases and
controls were
infertile; Disease
stage determined
during laparoscopy

of disease in both
cases and controls;
Disease staged using
revised ASRM
classification

higher in cases
than in controls.

TEQ significantly
higher in control
patients compared
to cases.

Comments

Relationship
between toxicant
exposure and
endometriosis
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Summary of data for co-planar PCB concentration from Figure 1 in Reddy et al, 2006.

Estimation of the total bulk PCB serum levels from Figure 1 in Heilier et al, 2004.

2

1

Cases vs. Controls

NIH-PA Author Manuscript

Assessment

Relationship
between toxicant
exposure and
endometriosis
seen for
estrogenic PCB
congeners.

Results

30% controls
>1.36
38% cases
32% controls

Comments

NIH-PA Author Manuscript

Country and Reference
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Table 2
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Differences in Toxic Equivalency Quotient (TEQ) in selected countries. Although analysis was conducted on
different sample types, studies have indicated that analysis of PCBs within various tissues gives similar results
following adjustment for lipid content (for example, Rusiecki et al, 2005).
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Country

Reference

Mean or Median

Sample

Comments

Canada

Ayotte, 2005

93 ngTEQ/kg lipid

Plasma

Dioxin-like Compounds

Belgium

Koppen, 2009

23 pgCALUX-TEQ/ g lipid

Cord Blood

Dioxin-like Compounds

Dhooge, 2006

11.9 pgCALUX-TEQ/ g lipid

Serum

Dioxin-like Compounds

Italy

Rocca, 2008

8.85 ngTEQ/kg body weight

Adipose tissue

Mixture

India

Kunisue, 2005

12 pgTEQ/g lipid

Breast Milk

Mixture

Czech

Cerna et al, 2003

32.1 pgTEQ/g lipid

Breast Milk

Mixture

Japan

Uemura, 2008

7.6 pgTEQ/g lipid

Whole blood

Dioxin-like PCBs

Tsukino, 2006

25.1 pgTEQ/g lipid

serum

Mixture

Scott, 2008

13.3 ngTEQ/g lipid

Serum

Mixture

Patterson, 2008

41.1 pgTEQ/g lipid

Serum

Mixture

USA

NIH-PA Author Manuscript
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