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We dedicate this initial volume of Biennial Review of Infertility to
William Harvey, Min Cheuh Chang, Robert Edwards, Patrick Steptoe,
Howard and Georgeanna Jones, and the many other pioneering clini-
cians and scientists on whose foundation we continue to build improved
care for the infertile couple.



Preface

Infertility is a common and profound medical disease. The speed at which our under-
standing of reproductive medicine grows and new technologies emerge is accelerat-
ing and daunting. The objective of this book is to present important and cutting edge
topics relevant to infertility in a single volume accessible and applicable to all medi-
cal specialties involved in the care of infertile couples. We have strived to select
respected, evidence-based experts as authors to present each topic in a clear manner
that will benefit both clinicians and scientists.

The nature of science is that hypotheses are tested by experiment, theories are
proposed, and validation studies are undertaken. Especially in medical science, study
design is often, by necessity, suboptimal and the flow of resulting data may be con-
fusing and conflicting. Therapies may be undertaken without validation, and essential
science is delayed by the desire to treat the patient and stay at the cutting edge of the
industry. These issues are not unexpected, but may cause confusion and ultimately
are not helpful for the infertile couple. Therefore, we have specifically focused each
chapter on evidence-based medicine. Despite this strong focus, limitations of our
published literature exist. Where such limitations exist, we have endeavored to pro-
vide a balanced view of existing information that is clinically relevant for the evolv-
ing areas of our specialty. Additionally, we have introduced a section highlighting
emerging controversies in the field of reproductive medicine in which contrasting
points of view are presented. It is our hope that this section will stimulate further
studies to improve understanding of the topics presented.

During clinical evaluation and therapy, an infertile couple will likely interact with
a variety of health care professionals, including gynecologists, reproductive endocri-
nologists, urologists, andrologists, embryologists, laboratory technicians, nurses, and
therapists. Indeed, appropriate patient care rests on effective communication and col-
laboration among such a team of experts. It has been our pleasure, as co-editors of
this book, to work together as a diverse group of specialists to bring together the top-
ics discussed herein. Our aim is that this book can act as a biennial tool to provide an
ongoing appraisal of current knowledge, and to foster communication and collabora-
tion among all those working to help couples resolve their infertility.

Salt Lake City, UT, USA Douglas T. Carrell
Boston, MA, USA Catherine Racowsky
New York, NY, USA Peter N. Schlegel

Towa City, IA, USA Bradley J. Van Voorhis
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Environmental Factors Affecting Female Infertility

Victor Y. Fujimoto and Linda C. Giudice

Abstract There is increasing concern about the effects
of environmental contaminants on reproductive health.
While there are limited clinical data regarding most
chemical exposures and human reproduction, stud-
ies in laboratory animal models and wildlife under-
score the vulnerability of the reproductive system to
many environmental insults at different times of de-
velopment and across the life cycle. Here, we review
data implicating select environmental contaminants in
compromised reproductive capacity in animals. We
also review epidemiologic data in humans that suggest
roles for environmental contaminants in reproductive
dysfunction and infertility.

Keywords Environmental contaminants « Reprod-
uction - Organic and inorganic exposures « Embryo
toxicity - Oocyte toxicity

1 Introduction

The emerging research area of environmental and
reproductive health is gaining increasing attention in
the scientific and medical communities, as well as
patient advocacy groups, as there is an escalation of
studies citing the adverse effects of environmental
exposures on human and mammalian reproduction
(1-4). Several environmental chemicals that display
endocrine-disrupting potential have been shown to
demonstrate alterations in hormone signaling and

V.Y. Fujimoto (<)) and L.C. Giudice

Department of Obstetrics, Gynecology, and Reproductive
Sciences, University of California at San Francisco,

San Francisco, CA, 94115, USA

e-mail: fujimotov@obgyn.ucsf.edu

effects on reproductive tract development and function
in vivo and in vitro (5). Many environmental chemicals
are inadvertantly introduced into the human system
by normal daily living activities through food, water,
air, personal care products, toys, infant teethers, dental
sealants, and the like. For example, patients who
consume higher amounts of seafood are at increased
risk for the bioaccumulation of methyl mercury and
polychlorinated biphenyls (PCBs) (6, 7). These and
other chemicals discussed in this chapter are ubiqui-
tous in the environment and are present in fish, wild-
life, human adipose tissue, blood, and breast milk. One
clear example of reproductive toxicity involves mer-
cury. Administration of methyl mercury adversely
affects the embryo viability in pregnant mice with a
subsequent reduction in litter sizes (8). There are other
examples of compromised embryonic development
and blastocyst formation in animal models where
oocytes and embryos are exposed in vitro to concentra-
tions of PCBs, dichlorodiphenyltrichloroethane (DDT),
hexachlorocyclohexane (HCH), and methoxychlor
(MXC) (9-11).

While there are many classes of environmental con-
taminants, here we focus on the effects of smoking,
pesticides, heavy metals, and a variety of other chemi-
cals on mammalian gametogenesis and embryogenesis,
as well as human clinical/epidemiologic reproductive
outcomes. Where possible, we also discuss biologic
mechanisms regulating these effects. There is a broad
body of literature detailing environmental contamina-
tion and reproduction in avian and amphibian models,
which is not included in this chapter but is available for
review (12—14). Fecundity and early embryo risk are
discussed; however, issues around pregnancy and birth
outcome risks are not included in this chapter, as they
have been comprehensively reviewed (15). In addition,
the scope of effects from environmental exposures in

D.T. Carrell et al. (eds.), Biennial Review of Infertility, DOI: 10.1007/978-1-60327-392-3_1 3
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female reproductive health and disease, i.e., endocrine
disruption, gynecologic disorders, and pregnancy out-
comes, is substantial and have been the subject of
several recent comprehensive reviews (1-3). All the
sections included here were developed through the
specific environmental exposure of interest and include
exposures during different developmental/adult life
stages with the following categories of exposure: (1)
cigarette smoking and polycyclic aromatic hydrocar-
bons; (2) agricultural and residential pesticides; (3)
inorganic heavy metals; (4) bisphenol A; (5) polychlo-
rinated and polybrominated biphenyl compounds; (6)
DDT and DDE; and (7) dioxins. The final section dis-
cusses our current understanding of the role of the aryl
hydrocarbon receptor (AhR) as a mediator of haloge-
nated aromatic hydrocarbon contaminant effects in
mammalian reproduction.

2 Cigarette Smoking and Polycyclic
Aromatic Hydrocarbons

One in three adults smokes cigarettes (16). The demo-
graphic distribution of cigarette smokers varies widely,
with the highest percentage of cigarette smokers in
Europe and Asia. The environmental contaminants
identified in cigarette smoke number approximately
4,000 chemical compounds (17). Cigarette smoking
has long been known to induce changes in reproduc-
tive function, with effects on both oocytes and embryos.
While there are behavioral changes in women that
occur once they identify themselves to be pregnant,
including cessation of smoking, many women remain
relatively unaware of the negative impact that cigarette
smoking can have on their and their offspring’s repro-
ductive health. Several epidemiologic studies and
reviews have demonstrated a clear association between
smoking and reduced fecundity (18-20). The time to
pregnancy (TTP) is consistently delayed in smokers
compared to nonsmokers (21). The American Society
of Reproductive Medicine has produced a patient fact
sheet on smoking and infertility and practice guide-
lines with a position statement on smoking and reduced
fecundity, discouraging smoking in women who are
considering pregnancy or attempting to conceive (22).
Several systematic reviews and meta-analyses of the
literature on smoking and infertility have been
published, which provide a consistent negative associa-

tion between female cigarette smoking exposure and
fertility potential (22-24). Ex-smokers appear to have
a similar fecundity rate, compared to nonsmokers, sug-
gesting that active exposure to chemicals in cigarette
smoke during the follicular phase and/or luteal phase
of the menstrual cycle inhibits normal reproductive
processes (19). Further evidence of the negative asso-
ciation of cigarette smoking by females on reproduc-
tive results comes from in vitro fertilization (IVF) data
(25-29). Zenzes et al. found an increased proportion of
diploid oocytes recovered during IVF and a decreased
proportion of mature oocytes with cigarette smoking
(29, 30). There may also be contributing endometrial
dysfunction as demonstrated by Soares et al., who
showed that lower pregnancy rates were associated
with heavy cigarette smoking in an oocyte donation—
recipient model (31). A recent study found that women
exposed to secondary cigarette smoke also have lower
IVF pregnancy outcomes, similar to women who
smoke cigarettes directly (32). A comprehensive
review of the effects of smoking on human gametes
and embryos has recently been published (33).

There is also evidence that women who smoke cig-
arettes have an increased risk of spontaneous miscar-
riage (23, 34, 35). However, other studies have not
clearly demonstrated an association between cigarette-
smoking and risk of spontaneous abortion (36—40). In
addition to the risk of spontaneous miscarriage, multi-
ple studies have demonstrated an increased risk of
ectopic pregnancy associated with active cigarette
smoking (41-44). Mechanistically, tubal motility and
ciliary function have been implicated as targets of cig-
arette contaminant exposures (45-49).

Cumulative evidence suggests mechanisms underly-
ing adverse actions of the chemicals in cigarette smoke
on ovarian, tubal, and endometrial function. One of the
challenges in understanding the biologic mechanism of
cigarette smoking on reproductive processes is the large
number of chemicals found therein. While many of the
chemicals have been poorly studied, one constituent of
cigarette smoke that has been well studied is cotinine, a
stable metabolite of nicotine. Cotinine levels in humans
correlate strongly with tobacco consumption (50). Both
cotinine and cadmium levels have been detected in
human follicular fluid (FF), with higher levels in smok-
ers than in nonsmokers (51-53). Additionally, other
toxins known to exist in cigarette smoke include the
class of compounds known as polycyclic aromatic
hydrocarbons (PAHs) (54). PAH compounds of interest
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include 9,10-dimethylbenzanthracene (DMBA),
3-methylcholanthrene (3-MC), and benzo[a]pyrene
(BaP) (see Fig. 1). BaP exposure reduces litter size and
decreased survival of fetal pups in a dose-dependent
fashion (55, 56). PAH compounds affect granulosa
cell function and have been indirectly associated with
the development of a variety of ovarian tumors (57-59).
BaP levels and DNA adduct formation have been
detected in luteinized granulosa cells recovered from
IVF FF and correlate with cotinine levels, suggesting an
increased risk in granulosa cell DNA damage with cig-
arette smoking (60). Various polymorphisms in meta-
bolic genes, including CYP1A1 and GSTT]1, have been
associated with differences in fetal birth weight restric-
tion associated with cigarette smoking (60).

The most profound effect of PAHs via cigarette
smoking on female reproduction may be the decline in
ovarian reserve associated with its exposure. This
observation is consistent with the association of ciga-
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rette smoking with an earlier age at menopause (61-63).
Sharara et al. described diminished ovarian reserves in
women who smoke cigarettes on the basis of abnormal
clomiphene challenge testing (64). Several studies have
confirmed an association between cigarette smoking
and elevated basal follicle-stimulating hormone (FSH)
levels independent of age (65-67). DMBA, 3-MC, and
BaP were all found to be ovotoxic, resulting in signifi-
cant destruction of primordial and primary follicles
in mice and rats (68—71). Mechanistically, there is evi-
dence that PAH-induced reduction of primordial follicles
operates via the AhR-regulated Bax expression (72, 73).
That said, it is not yet clear whether ovarian antral
follicle pools are diminished in humans in response to
cigarette smoking when adjusted for maternal age
(67, 74). Ovarian response, defined by the numbers of
mature oocytes retrieved, appears to be less in ciga-
rette smokers than nonsmokers, although age-adjusted
correlations were not performed (26). Collectively, the
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Fig. 1 Organic chemicals ubiquitous in the environment and responsible for reproductive effects
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evidence in the literature points toward a negative impact
of cigarette smoking on ovarian aging processes.

The Barker hypothesis proposes that in utero fetal
exposures to nutritional (and by extrapolation, envi-
ronmental) contaminants can manifest in adult life as
clinical disease or altered state of health (75-77). This
hypothesis with regard to environmental contaminants
is supported by the recent study by Jurisicova et al., in
which a decrease in the fetal ovarian follicle pool
exposed to PAHs during gestation was observed and
demonstrated to be via activation of the cellular apop-
totic pathway mediated by the AhR (78). Furthermore,
xenotransplanted human ovaries responded to PAHs
similarly (78). These observations are consistent with
the reduced fecundity seen in women exposed in utero
to maternal cigarette smoking (79).

3 Agricultural and Residential
Pesticide Exposures

Considerable attention has been given to the possibility
that heavy pesticide exposure may cause increased
reproductive difficulties. Numerous studies have addre-
ssed a possible relationship between agricultural and
household pesticide use and the risk of spontaneous
abortion. Although the data to date are inconclusive
with regard to an association of pesticide exposures
and increased risk of spontaneous abortion (80-89), a
study by Greenlee et al. suggests an association
between direct mixing and application of pesticides by
reproductive-aged women and their likelihood of
infertility within two years of direct contact with pesti-
cides (90).

Biologic evidence has been provided implicating
pesticides in affecting early embryogenesis in a study
where six herbicides (atrazine, dicamba, metolachlor,
2.4-dichlorophenoxyacetic acid (2,4-D), pendimethalin,
and mecoprop), three insecticides (chlorpyrifos, terbu-
fos, and permethrin), and two fungicides (chlorotha-
lonil and mancozeb) in combination or sometimes
individually adversely affected the development of
murine blastocyst embryos (91). In the early 1990s,
studies demonstrated that carbendazim, the active
metabolite of benomyl, a systemic benzimidazole fungi-
cide that was banned in the United States in 2002, had
direct effects on the meiotic spindle assembly of the
murine oocyte. Perreault et al. found an increase in

preimplantation and postimplantation pregnancy losses
after acute carbendazim exposure in female hamsters
during the proestrus period (92). As a result of further
investigation into the etiology of this infertility causa-
tion, Zuelke and Perreault subsequently demonstrated
that carbendazim induced meiotic arrest within the
oocytes (93). Jeffay et al. further elucidated the carben-
dazim effect by inducing an arrest of preimplantation
development of murine embryos to the blastocyst stage
with acute carbendazim exposure in the female hamster
during the proestrus—estrus transition (94). Can and
Albertini were able to interrupt the meiotic spindle
assembly of murine oocytes using a benzimidazole
derivative, methyl 2-benzimidazolecarbamate, lending
further evidence to its mechanism of action (95). While
benomyl was banned from use in California in 2002,
there is evidence of the persistence of carbendazim in
human FF in women undergoing IVF (Fujimoto,
unpublished data).

In 1993, a case—control study assessing a cluster of
Down syndrome infants with an incidence of 27% in a
small Hungarian village suggested trichlorfon insecti-
cide exposure as the etiology (96). Apparently, a high
consumption of fish contaminated with trichlorfon
around the time of conception was associated with
high meiotic II error rates, increased miscarriage, and
Down syndrome offspring in exposed individuals. Yin
et al. subsequently confirmed in mouse in vitro matured
oocytes that trichlorfon adversely affects normal spindle
formation during meiosis (97). Recent evidence suggests
that pesticides can influence aromatase activity in
the human choriocarcinoma JEG-3 cell line (98). These
examples illustrate the potential sensitivity of the
mammalian oocyte, surrounding cumulus cells, and
the early embryo to pesticide exposures and lend bio-
logic plausibility to adverse effects on human gametes
and embryos.

4 Inorganic Heavy Metal Exposures

There are only a few studies on the effects of toxic
heavy metals (arsenic (As), cadmium (Cd), lead (Pb),
and mercury (Hg)) on mammalian reproduction. Several
animal and human studies have linked Hg exposure to
reproductive toxicity. Hg has been shown to be embry-
otoxic in animal studies (8, 99). In addition, it has been
linked to an increased risk of spontaneous abortion and
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birth defects (100). Some studies of male infertility
have demonstrated the potential effects of Hg on
human seminiferous epithelium in the testis, but the
data are controversial (101). Relatively few studies on
Hg and female infertility have been published. Rowland
et al. found decreased fertility among female dental
assistants exposed to Hg vapor (102). In another study
in Hong Kong, infertile Asian couples undergoing IVF
were found to have significantly higher blood Hg con-
centrations than the control group and these higher
concentrations were associated with higher seafood
consumption (103).

There are several environmental sources of Hg, but
the aquatic food chain is an important source of bioac-
cumulation. Seafood intake has been shown to contribute
to the bodily accumulation of Hg, and Hg consumption
is considered a health risk. The Environmental Protection
Agency and the National Research Council recommend
blood Hg levels <5.0 ug/L or hair level <1.0 pg/g (104).
Populations that have a high intake of fish are at particu-
lar risk of Hg exposure, including the Nunavik Inuit
communities residing in Northern Quebec and residents
of the Faroe Islands and New Zealand, which has raised
concerns over childhood neurodevelopmental delay in
those populations (105-108). A San Francisco-based
study found that patients with diets high in commercial
fish consumption had blood Hg levels that far exceeded
these recommended levels (7). Recently published data
of the National Health and Nutrition Examination
Surveys (NHANES) reveal that Asians and Pacific
Islanders have significantly higher Hg than other ethnici-
ties surveyed (109, 110), indicating that they are poten-
tially at greater risk to the reproductive toxic effects of
methyl Hg.

In addition to Hg in fish, there are high levels of Cd
in cigarette smoke and Pb, Hg, and As contamination
of herbal products from Asia (111-114). A specific
example of herbal product contamination is ginseng
extracts, of which 80% were found to have detectable
levels of various pesticides and benzene derivatives
(111). A case of Pb poisoning has recently been reported
as a direct result of herbal product consumption during
infertility treatment (115). It is currently not clear
whether detectable exposures of toxic metals such as
As, Pb, Hg, and Cd have deleterious effects on human
reproduction. These heavy metals have all been detected
in human FF (116-118). A recent IVF-based study
assessing Cd, Pb, and Hg levels found a negative associ-
ation between lead levels and fertilization outcomes but

no effects were seen with Hg or Cd (116). There is
evidence that both As and Cd adversely affect murine
blastocyst development with increased apoptotic
changes possibly via oxidative stress mechanisms
(119-123). It should be noted, however, that further
studies are needed to clarify the roles of various heavy
metals in female reproduction.

5 Bisphenol A Exposure

Bisphenol A (BPA) is gaining considerable attention as
an environmental chemical that may have adverse
effects on human health and disease. The chemical
name of bisphenol A is 2,2-bis(4-hydroxyphenyl)
propane (see Fig. 1) (124). BPA is produced in large
quantities (more than £6 billion per year) for incorpo-
ration into various resins and plastics (e.g., polycar-
bonate) (124). The exposure to BPA is ubiquitous,
penetrating many aspects of daily living primarily
through dietary consumption. A consensus statement
was issued in 2007 by the Chapel Hill Bisphenol A
expert panel on the relationship between BPA and
human health effects (124). BPA has been shown to
have endocrine-disrupting effects through steroid
receptor binding. BPA binds with weak affinity to the
nuclear estrogen receptor, although recent evidence
suggests it may act to induce physiologic responses
through cell membrane estrogen receptors in low pico-
gram per milliliter concentrations (125). In humans,
serum BPA levels have been measured within the nano-
gram per milliliter range (126, 127). Urinary concentra-
tions of BPA have been measured in the microgram per
liter range (128, 129). There is currently a debate as to
whether the low exposure levels of BPA in humans have
significant reproductive biologic effects (125, 130, 131).

The adverse female reproductive effects of BPA
exposure have been described primarily on meiotic
aberrations in the oocyte. Studies are based for the
most part on mammalian models with little clinical
evidence thus far available. There are currently four
studies that detail our current understanding of BPA
effects on oocyte nuclear health. In 2000, Takai et al.
published their work on the effects of BPA on early
embryo development (132). Two-cell mouse embryos
were cultured with BPA with or without tamoxifen, a
selective estrogen receptor modulator, and evaluated
for blastocyst advancement. At 100 UM concentration
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of BPA, decreased blastocyst formation was observed
and negation of the effect in the presence of tamoxifen,
suggesting an estrogen receptor—mediated effect. At
nanomolar concentrations of BPA, the opposite effect
was seen with increased murine blastocyst formation.

Several studies have demonstrated that BPA inter-
feres with microtubule assembly in the cultured
Chinese hamster lung V79 cell line (133, 134). A direct
link between BPA and murine aneuploidy was first
reported by Hunt and colleagues (135). In this landmark
study published in 2003, a dramatic increase from
1-2% to 40% was observed in chromosomal alignment
defects in the first meiotic spindle. Furthermore, a
high rate of aneuploidy (hyperploidy) was also
observed in these animals. This increase was ultimately
traced and attributed to the leaching of BPA from water
bottles and damaged cages in which the female mice
were housed during the final stages of oocyte matu-
ration. Thus, in adult female mice completing their
estrus cycles, an association between BPA exposure and
meotic spindle abnormalities in their oocytes was
demonstrated.

Further study of the effects of BPA on meiotic cell
cycle progression was reported by Can et al. in 2005
(136) who found that mouse cumulus—oocyte comp-
lexes exposed to BPA exhibited a dose-dependent
delay in the transition of oocytes from metaphase I to
metaphase II. Fluorescent-labeling of oocytes with o +
B-tubulin and pericentrin, together with confocal imag-
ing of the in vitro matured oocytes exposed to BPA,
revealed disturbed microtubular spindle structure and
pericentriolar compaction and dispersion, compared to
control oocytes. In addition, the absence of chromo-
somes in the first polar body was commonly seen in
the BPA-treated oocytes. The doses of BPA required to
disrupt the meiotic spindle assembly in oocytes are
lower than those required to disrupt the mitotic spindle
assembly of Chinese hamster V79 cells (133, 134,
136). Can and Semiz previously demonstrated that
diethylstilbestrol, a synthetic estrogen, also disrupted
the progression of metaphase I oocytes to metaphase
II, with fragmentation and loosening of the meiotic
spindle assembly (137). BPA also induces apoptosis in
murine ovarian granulosa cells. In addition, the alky-
Iphenol, p-tert-octylphenol, which has endocrine-
disrupting properties via the estrogen receptor, reduces
bovine oocyte nuclear maturation, thereby preventing
meiotic progression (138).

Perhaps the most intriguing study thus far with
respect to the role BPA on oocyte integrity was publi-
shed in 2007 by Susiarjo et al., in which murine fetal
oocytes exposed to BPA during gestation were simi-
larly found to have abnormal pachytene associations
and abnormalities in synaptonemal complex structure,
compared to unexposed murine fetal oocytes, as deter-
mined by MLH1 and SCP3 immunostaining (139).
Similar to PAHs from cigarette smoking, this observa-
tion lends further support to the Barker hypothesis that
in utero exposures may influence future reproductive
outcomes. These data would suggest that there may be
a transgenerational impact of BPA exposure in utero.
Furthermore, when oocytes of 4-5 week-old pups
exposed to BPA were analyzed, there was a higher rate
of aneuploidy; specifically, about 40% of all oocytes
were aneuploid, compared to an unexposed rate of
1.8% (139). The proposed mechanism for the effect of
BPA on altering the synaptonemal complex of murine
fetal oocytes, offered by these investigators, involves
the estrogen receptor [ as a potential site of interaction
with BPA, or at least a final common pathway for disru-
ption. This is based on a similar meiotic phenotype in
prophase fetal oocytes of BERKO—/— mice with similar
rates of synaptonemal aberrations (57%), compared to
those of the BPA-exposed female murine fetus (52%).

While these murine studies collectively provide
substantial evidence towards a BPA-induced effect on
oogenesis and increased meiotic errors at various
stages of oocyte nuclear maturation, there is little evide-
nce to support this concept in humans. The only pub-
lished clinical study comes from Japan, in which 45
patients with a history of three or more first trimester
miscarriages without uterine anomaly or blood karyo-
type abnormality (study group) and 32 healthy non-
pregnant women without prior pregnancy loss (control
group) underwent serum BPA testing (140). Mean
serum BPA levels were higher in the study group
compared to the control group (2.59 vs. 0.77 ng/mL, P
= 0.024), showing that serum BPA is associated with
recurrent miscarriage (140). However, the limitations
of this study include the short half-life of BPA that can
result in substantial variability of BPA measurements,
the lack of timing of BPA measurements within rele-
vant biologic timeframes (such as during the luteniz-
ing hormone (LH) surge when BPA exposure is most
likely to affect the meiotic transition from metaphase I
to metaphase II), the statistical methodology used, and
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the different demographics utilized for recruitment of
patients and control subjects. Thus, it is currently not
known to what extent BPA exposures affect human
oocyte health, despite compelling murine studies.
Clearly, well-designed studies are needed to establish
with confidence an association of BPA exposure with
aneuploidy risk and reduced reproductive potential
in women.

6 Polychlorinated and Polybrominated
Biphenyl Compound Exposures

This category of environmental toxins represents a broad
family of various industrial contaminants that include
PCB compounds, polychlorinated dibenzo-p-dioxins
(PCDDs), and polychlorinated dibenzofurans (PCDFs).
These chemicals are ubiquitous and persistent in the
environment because of their chemical stability, lipophilic
character, and low water solubility (141). Although
banned from production in most countries in the 1970s,
PCBs have received increasing attention as environme-
ntal contaminants of relevance to reproductive outcomes.
The food chain is the primary source of human contami-
nation with 209 congeners of these halogenated aromatic
hydrocarbon compounds (see Fig. 1) (142). Because of
their lipophilic nature, bioaccumulation occurs within an
organism, which is magnified in each predator. PCB conge-
ners are classified by the United States Environmental
Protection Agency as probable human carcinogens of
medium carcinogenic hazard. The first report of PCBs
causing reproductive harm came from a study based in
the Wassen Sea, Netherlands, in which a decline in the
seal population was traced to reduced litters because of
PCB and DDE contamination (143). Human consumption
of sport-caught fish provides high exposure to PCB
congeners (144, 145) and results in measurable levels of
PCBs in serum and urine (146-149). Maternal serum
PCB concentrations have been documented during critical
windows of development including the periconception
interval and early pregnancy (150). PCB levels are detect-
able within the human FF (151-155). A study originating
from the New York Angler Cohort in the Great Lakes
area demonstrated an association between maternal fish
consumption and reduced fecundability (156). However,
other studies have not revealed associations between
maternal fish consumption and time-to-pregnancy (TTP)

outcomes in areas with high PCB exposures (144, 157,
158). Given the well-documented contamination of the
Great Lakes ecosystem by PCBs, dioxins, heavy met-
als, and pesticides, it has been hypothesized that the
observations made about maternal fish consumption
and increased TTP may be causally related to expo-
sures to these various toxins (159).

Cohort studies assessing the risk of spontaneous
miscarriage have found no associations with PCB expo-
sures (160—-162), and there are no studies addressing
PCB exposures and reproductive outcomes within an
infertile population. PCBs have also been implicated
as a cause of fetal growth restriction identified with
maternal contaminated fish consumption (163, 164).
Beyond these limited studies focusing on fecundity and
maternal fish consumption, no other evidence exists
in epidemiologic studies to support the effect of conta-
minated fish consumption and poor reproductive
potential.

Polybrominated biphenyl compounds (PBBs) are
structurally similar to PCBs, except for a bromine sub-
stitution. In 1973, PBBs entered the human food chain
in the United States via meat and dairy products inad-
vertently contaminated with PBBs (165). By recruiting
exposed women identified through a registry, there
was no increased risk of spontaneous abortions in women
with PBB levels above 6.5 ppb, compared to women
below the limit of detection (166). Associations between
PBBs and infertility await further investigation.

Several studies in mammalian models demonstrate
effects of PCBs on ovarian function, oogenesis, and
embryogenesis. Some studies have demonstrated a
disruption of both estrus and menstrual cycles (167—
170). Kholkute et al. demonstrated that several PCB
mixtures negatively affect the fertilizability of murine
oocytes (171-173). Pocar et al. demonstrated disrup-
tion of bovine oocyte maturation with PCB exposures
as low as 0.01 mg/mL and impaired fertilization and
increased polyspermy at 0.001 mg/mL (174). The
PCB, 3,3',4,4'-tetrachlorobiphenyl, was also found to
decrease fertilization potential in murine oocytes when
female mice were fed a diet containing the PCB, tetra-
chloro-biphenyl (TCB), within two weeks of pairing
(175). Pocar et al. also showed a dose-dependent effect
on reduced bovine blastocyst formation from PCB
exposures (174). Effects of organochlorine compounds
on in vitro porcine oocyte maturation, fertilization, and
early embryonic development (10) reveal that when
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cumulus oocyte complexes (COCs) are isolated,
matured, fertilized, and cultured in the presence of
various concentrations of an organochlorine mixture
that includes the PCBs, Aroclor 1260, Aroclor 1254,
PCB 126, and 3,3', 4,4'-tetrachlorobiphenyl among
other non-PCB compounds, there is marked functional
disruption. These include dose-dependently reduced
cumulus expansion and decreased blastocyst forma-
tion (10). A 20% reduction in blastocyst formation was
also noted in female rabbits given the PCB, Aroclor
1260, three times a week at 4 mg/kg body weight
dosage (176). Low concentrations (1 pg/mL range) of
Aroclor 1254 disturbed bovine oocyte fertilization
with increased polyspermy and reduced blastocyst
formation (174). In the in vitro matured bovine oocyte
model, subsequent blastocyst formation was reduced
using PCB 126 in exposures ranging from 1 to 100 pg/
mL (11). Thus, there is clear evidence in various mamma-
lian models that oocyte competence and early embryo
development can be compromised by exposure to PCBs.

While the mechanisms responsible for these observed
effects of PCBs on early embryo development are
unknown, there is evidence that PCBs have proinflam-
matory properties that increase oxidative stress via the
AhR (177-180). There is evidence that PCB-like com-
pounds act via the AhR, a ligand-activated transcription
factor, to affect murine ovarian weight and ovarian
cyclicity (181, 182). However, Schmidt et al. identified
AhR —/— mice to be fertile without compromised repro-
duction, raising the question of whether PCB effects on
reproduction are mediated via other mechanisms (183).
Further evidence against a role for the AhR being
involved in the embryotoxic effect of PCBs is provided
by Kietz and Fischer, who demonstrated changes in
rabbit blastocyst gene expression changes independent
of AhR expression after exposure to PCBs (184).

7 DDT and DDE Exposures

1,1,1-Trichloro-2,2-bis(p-chlorophenyl)ethane (DDT)
is an insecticide that is metabolized to 1,1-dichloro-
2,2-bis(p-chlorophenyl)ethylene (DDE) — a persistent
organochlorine pollutant (see Fig. 1) (185). Although
banned in the United States in 1972, the scope and
persistence of these compounds in our environment
are underscored by the finding that DDT and DDE

comprise 84% of the analyzed pesticide concentrations
in the surface sediment layer (70 cm) of San Francisco
Bay (186). This buildup clearly represents the legacy
left behind by the substantial utilization of DDT from
the mid-1940s through the mid-1970s as an agricul-
tural pesticide in California. Similar to PCB exposures,
DDT and DDE were present in the serum and urine of
pregnant women from the San Francisco Bay area par-
ticipating in the Child Health and Development Study
of California (146-149, 187). Also similar to PCBs,
DDT and DDE are lipophilic, slowly metabolized
chemicals that accumulate in human adipose tissue
(188). The persistent nature of DDE in humans is
demonstrated by studies that show similar levels of
DDE compared to those conducted 30 years earlier
(189, 190). In a study based in Ontario, Canada,
approximately 50% of IVF patients had detectable
levels of DDE in serum and FF with mean levels
considerably higher than any PCBs (155). In the San
Francisco Bay area population, all IVF patients tested
had detectable levels of FF DDE (Fujimoto, unpub-
lished data).

DDE exposure is associated with an increased risk
of spontaneous abortion (189, 191, 192). Korrick et al.
found a positive association between serum DDE
levels and spontaneous abortion in this case—control
study, but this study was limited by the variable time
frame of blood collection from the index pregnancy
outcome (189). Sera from pregnant women in the
Collaborative Perinatal Project from 1959 to 1965
were tested for DDE and related to prior spontaneous
miscarriage history, adjusted for age, race, and smok-
ing, with DDE levels ranging from 0 to 60 mg/L (191).
An increased serum DDE level was positively associ-
ated with a fetal loss history but was limited also by the
retrospective history of pregnancy loss (191). Venners
et al. published a prospective study in a Chinese popu-
lation of reproductive-aged, newly married women
(192). Daily urine samples were collected and measured
for DDT and human chorionic gonadotropin (hCG)
levels, which revealed an exposure-response associa-
tion between preconception DDT levels and subse-
quent early pregnancy losses (192). However, DDE
and TTP studies have not consistently revealed differ-
ences in fecundity as a result of DDE exposures
(193, 194). By Pearson correlation analysis, Younglai
et al. demonstrated a negative association between
serum and FF levels of DDE and IVF fertilization, but
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no effect was found on pregnancy outcomes (155).
In a small cohort, higher serum DDE levels in women
undergoing IVF were associated with reduced preg-
nancy rates (but not significant likely due to a lack of
power) (195). An interesting study published in 2003
demonstrated reduced fecundability in daughters of
mothers who were exposed during pregnancy to high
levels of DDT and DDE between 1960 and 1963,
suggesting an in utero effect of this endocrine disruptor
on the fetal reproductive axis, similar to BPA (196).

A biologic mechanism for the effects of DDT and
its metabolite, DDE, on reproductive potential remains
elusive. However, studies on the effects of DDE on
granulosa cells suggest endocrine-disrupting proper-
ties. DDE decreases steroidogenesis in luteinized
granulosa cells but increases VEGF and IGF-1 expres-
sion in the ovarian follicle (197-200). Incubation of
murine embryos with low doses of DDT reduces the
growth of early stage embryos and subsequent blasto-
cyst development, with increased apoptosis (201). A
similar observation was made in bovine embryos
exposed to DDT, with a reduction in blastocyst forma-
tion (9). This effect of DDT on murine blastocyst
development was reversed by the addition of an estro-
gen receptor antagonist (202). However, a subsequent
study did not reveal any effect on implantation rates or
number of pups per dam after incubation of murine
embryos with DDT (203). It is possible that the negative
effects of DDT and DDE on early embryogenesis may
be acting via oxidative stress pathways (204, 205).

8 Dioxin Exposures

Dioxins represent a class of organic chemicals that are
structurally related to PCBs (see Fig. 1). Similar to
PAHs and PCBs, dioxins are believed to activate AhR
ligands with downstream gene activation and expres-
sion (206). The clinical evidence for dioxin exposure
and reproductive health comes mainly from the Seveso
Women’s Health Study, which studied an Italian village
population north of Milan exposed to high levels of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) from a
chemical plant explosion that released ~30 kg of TCDD
into the atmosphere in 1976 (207). The measurable
serum levels of TCDD in Seveso residents ranged from
2.5 to 56,000 ppt, with a background nonexposed level

of 20 ppt (208). Unintended human exposures to
TCDD generally occur via consumption of contaminated
food products and air inhalation around industrial
waste processing plants. TCDD has been classified as
a human carcinogen by the International Agency for
Research on Cancer and displays endocrine-disrupting
properties (209, 210).

The clinical relevance of dioxin exposures to human
reproduction is still unknown. A case—cohort study of
Seveso women exposed to high levels of TCDD found
a nonsignificant association with surgically diagnosed
endometriosis (211). Furthermore, there is evidence in
the nonhuman primate model which indicates that
chronic exposure to TCDD increases the risk of endo-
metriosis, with severity of disease that is dose depen-
dent (212, 213). However, the association between
TCDD exposure and clinically diagnosed endometrio-
sis remains controversial in humans (214-219).
Nonetheless, functional AhR receptors that are dioxin
responsive are expressed in human endometrial stromal
cells and endometriosis implants (220). There are no
studies currently in the clinical literature that directly
address the role of dioxins in human reproductive
potential, and although TCDD is present in human FF
(221), there are no data on direct effects of TCDD on
oocyte development and function.

There are several studies, however, worthy of mention
within the TCDD mammalian reproduction literature.
For example, TCDD can alter murine estrous cyclicity
and ovulatory events (222, 223), and TCDD adminis-
tered to pairing female hamsters lengthens the time to
first litter in a dose-dependent fashion (224). TCDD
exposure increases the cavitation rates of murine pre-
implantation embryos, with accelerated differentiation
(225). There is also evidence that TCDD exposure
during preimplantation development alters gene expres-
sion of murine blastocysts and the methylation status of
the murine imprinted genes H19 and Igf2 (226, 227).
Also, when murine embryos are incubated with TCDD
in concentrations found in human FF (1-5 pM range)
they responded with stage-specific effects of lower
eight-cell development but accelerated blastocyst devel-
opment within surviving embryos (221). Murine mater-
nal exposure of environmentally relevant doses of
TCDD during the periconception period does not affect
ovulation, fertilization efficiency, or embryo survival,
but rather results in disrupted nuclear and cytoplasmic
profiles of preblastocyst embryos (228).
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Early fetal loss has been demonstrated with
maternal TCDD exposure in several different mam-
malian models, including the primate, possibly
owing to effects on uterine decidualization (229,
230). There is also evidence that TCDD acts as an
endocrine disruptor to reduce estrogen biosynthesis
within the ovarian follicle via actions on 17,20 lyase
activity of the P450c17 enzyme complex (231).
TCDD may influence ovarian reserve via the AhR
receptor activation pathway, similar to PAHs (232,
233). Collectively, these studies suggest that diox-
ins may have direct effects on oocyte and early
embryo development as well as endometrial
differentiation.

9 Aryl Hydrocarbon Receptor
in Reproduction

As has been mentioned earlier in the sections on ciga-
rette smoking and PAHs, PCBs, and dioxins, AhR-
mediated pathways appear to be important in cell
signaling with these lipophilic organic chemicals
(halogenated aromatic hydrocarbons) which are con-
sidered important activating ligands that bind to AhR
intracellularly (234). This complex disassociates
within the cell nucleus and dimerizes with AhR
nuclear translocator (ARNT) to transform into a
highly active transcriptional factor that regulates the
transcription of cytochrome P450A1 (CYP1A1), a gene
that encodes one of several xenobiotic-metabolizing
enzymes (234, 235). TCDD, PAHs, and PCBs bind to
AhR influencing various downstream events that
effect detoxification of these lipophilic chemicals,
induction of cellular apoptosis, and antagonism of
normal endocrine responses (235, 236). The role of
AhR in reproduction is supported by differences in
fecundity between low- and high-affinity AhR (237).
Bovine oocytes and surrounding cumulus cells both
express AhR and ARNT (238). The use of AhR antag-
onists has demonstrated decreased levels of CYP1A1
in cumulus oocyte complexes with a reduced ability
of bovine oocytes to undergo complete in vitro nuclear
maturation (238). As discussed previously, contradic-
tory evidence in the murine AhR knockout model

exists that argues against a significant role for AhR in
mammalian fertility, as the AhR—/AhR— female mouse
is fertile (183). Thus, the role of AhR in fertility
remains controversial, and further studies are needed
to clarify the roles of halogenated aromatic hydrocar-
bons as ligands within the AhR-mediated pathways
in reproduction.

10 Clinical Applications Summary

Evidence has been steadily accumulating regarding
the effects of environmental contaminant exposures
on mammalian and other animal reproductive sys-
tems. However, there remains controversy on the
impact of environmental exposures on human repro-
duction. Large, prospective, epidemiologic-based
studies are needed to address potentially subtle effects
of various environmental contaminants on reproduc-
tive health. While cigarette smoking and its compo-
nent chemicals as summarized in this chapter have
substantial clinical and scientific data to support their
effects on reducing the quality and quantity of
oocytes, cigarette smoke is still unique as an environ-
mental exposure as measured by the magnitude of
research available that addresses its negative impact
on human reproduction. PCBs, BPA, heavy metals,
pesticides including DDT and dioxins are candidates
as reproductive toxicants, with proposed biologic
mechanisms for reproductive disruption, although
they fall short in terms of clinical validation of their
effects in the human population (see Table 1). Clearly,
a concerted effort by the scientific and clinical com-
munities must be made to further address and deter-
mine whether these chemicals adversely affect
clinical reproductive outcomes before clinical recom-
mendations can be made to limit exposures. However,
before the results of these decade (or more)-long
studies are conducted and the data analyzed, biologic
plausibility recommends the limitation of exposures
in accordance with the “precautionary principle.”
This principle states that if an action or policy might
cause severe or irreversible harm to the public, pre-
cautionary measures shall be taken even if causal link
has not been proven (239).
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Table 1 Reproductive compromise associated with various environmental contaminants
Smoking PAHs  Pesticides Heavy metals Bisphenol A PCBs DDT and DDE Dioxins
Clinical — fecundity +++ ++ NA + ++ + NA
Clinical spontaneous ++ + + + + NA
miscarriage
Clinical — fertility treatment +++ NA + NA NA NA NA
outcomes
Mammalian — litter sizes ++ ++ ++ ++ + ++
Mammalian — fertilization NA ++ + +++ +++
outcomes
Mammalian — embryogenesis  +++ ++ + +++ +++ ++ ++

No association; +, weak association; ++, moderate association; +++, strong association; NA no literature available to derive a
conclusion

References

10.

. Caserta D, Maranghi L, Mantovani A, Marci R, Maranghi F,

Moscarini M. Impact of Endocrine Disruptor Chemicals in
Gynaecology. Hum Reprod Update 2008;14:59-72.

. Fenton SE. Endocrine-Disrupting Compounds and Mammary

Gland Development: Early Exposure and Later Life
Consequences. Endocrinology 2006;147:518-24.

. McLachlan JA. Environmental Signaling: What Embryos and

Evolution Teach Us About Endocrine Disrupting Chemicals.
Endocr Rev 2001;22:319-41.

. Woodruff TJ, Carlson A, Schwartz JM, Giudice LC.

Proceedings of the Summit on Environmental Challenges to
Reproductive Health and Fertility: Executive Summary.
Fertility and Sterility 2008;89:281-300.

. Sanderson JT. The Steroid Hormone Biosynthesis Pathway

as a Target for Endocrine-Disrupting Chemicals. Toxicol
Sci 2006;94:3-21.

. Arisawa K, Matsumura T, Tohyama C, et al. Fish Intake,

Plasma Omega-3 Polyunsaturated Fatty Acids, and Poly-
chlorinated Dibenzo-p-dioxins/Polychlorinated Dibenzo-
furans and Co-Planar Polychlorinated Biphenyls in the Blood
of the Japanese Population. Int Arch Occup Environ Health
2003;76:205-15.

. Hightower JM, Moore D. Mercury Levels In High-End

Consumers of Fish. Environ Health Perspect 2003;111:604-8.

. Ornaghi F, Ferrini S, Prati M, Giavini E. The Protective

Effects of N-Acetyl-L-Cysteine Against Methyl Mercury
Embryotoxicity In Mice. Fundam Appl Toxicol 1993;20:
437-45.

. Alm H, Torner H, Tiemann U, Kanitz W. Influence of

OrganochlorinePesticidesonMaturationand Postfertilization
Development of Bovine Oocytes In Vitro. Reprod Toxicol
1998;12:559-63.

Campagna C, Sirard M-A, Ayotte P, Bailey JL. Impaired
Maturation, Fertilization, and Embryonic Development of
Porcine Oocytes Following Exposure to an Environmentally
Relevant Organochlorine Mixture. Biol Reprod 2001;65:
554-60.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Krogenaes AK, Nafstad I, Skare JU, Farstad W, Hafne
AL. In Vitro Reproductive Toxicity of Polychlorinated
Biphenyl Congeners 153 and 126. Reprod Toxicol 1998;
12:575-80.

De Luca-Abbott SB, Wong BS, Peakall DB, et al. Review of
Effects of Water Pollution on the Breeding Success of
Waterbirds, with Particular Reference to Ardeids in Hong
Kong. Ecotoxicol Environ Saf 2001;10:327-49.

Guillette LJ, Jr, Edwards TM. Environmental Influences on
Fertility: Can We Learn Lessons from Studies of Wildlife?
Fertil Steril 2008;89:e21—e4.

Guillette LJJ, Moore BC. Environmental Contaminants,
Fertility, and Multioocytic Follicles: A Lesson from Wildlife?
Semin Reprod Med 2006;24:134-41.

Windham G, Fenster L. Environmental Contaminants and
Pregnancy Outcomes. Fertil Steril 2008;89:e111-e6.
Gajalakshmi GK, Jha P, Ranson K, Nguyen S. Global patterns
of smoking, and smoking-attributable mortality. In P Jha &
F Chalouka (eds.), Tobacco Control in Developing Countries.
Oxford: Oxford Medical Publications 2000:11-40.
Brunnemann KD, Hoffmann D. Analytical Studies on
Tobacco-Specific N-Nitrosamines in Tobacco and Tobacco
Smoke. Crit Rev Toxicol 1991;21:235-40.

Bolumar F, Olsen J, Rebagliato M, et al. Body Mass Index and
Delayed Conception: A European Multicenter Study on
Infertility and Subfecundity. Am J Epidemiol 2000;151:
1072-9.

Curtis KM, Savitz DA, Arbuckle TE. Effects of Cigarette
Smoking, Caffeine Consumption, and Alcohol Intake on
Fecundability. Am J Epidemiol 1997;146:32—41.

Hull MGR, North K, Taylor H, Farrow A, Ford WC. Delayed
Conception and Active and Passive Smoking. Fertil Steril
2000;74:725-33.

Spinelli A, Figa-Talamanca I, Osborn J. Time to Pregnancy
and Occupation In A Group of Italian Women. Int J Epidemiol
1997;26:601-9.

The Practice Committee of the American Society of
Reproductive Medicine. Smoking and infertility. Fertil Steril
2006;86:5172-S7.



VY. Fujimoto and L.C. Giudice

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

Augood C, Duckitt K, Templeton AA. Smoking and Female
Infertility: A Systematic Review and Meta-Analysis. Hum
Reprod 1998;13:1532-9.

Klonoff-Cohen H. Female and Male Lifestyle Habits and
IVF: What Is Known and Unknown. Hum Reprod Update
2005;11:180-204.

El-Nemr A, Al-Shawaf T, Sabatini L, Wilson C, Lower AM,
Grudzinskas JG. Effect of Smoking on Ovarian Reserve and
Ovarian Stimulation In In Vitro Fertilization and Embryo
Transfer. Hum Reprod 1998;13:2192-8.

Freour T, Masson D, Mirallie S, et al. Active Smoking
Compromises IVF Outcome and Affects Ovarian Reserve.
Reprod Biomed Online 2008;16:96—102.

Hughes EG, Brennan BG. Does Cigarette Smoking Impair
Natural or Assisted Fecundity? Fertil Steril 1996;66:
679-89.

Lintsen AME, Pasker-de Jong PCM, de Boer EJ, et al.
Effects of Subfertility Cause, Smoking and Body Weight on
the Success Rate of IVF. Hum Reprod 2005;20:1867-75.
Zenzes MT, Reed TE, Casper RF. Effects of Cigarette
Smoking and Age on the Maturation of Human Oocytes.
Hum Reprod 1997;12:1736-41.

Zenzes MT, Wang P, Casper RE. Cigarette Smoking May
Affect Meiotic Maturation of Human Oocytes. Hum Reprod
1995;10:3213-7.

Soares SR, Simon C, Remohi J, Pellicer A. Cigarette
Smoking Affects Uterine Receptiveness. Hum Reprod 2007;
22:543-17.

Neal MS, Hughes EG, Holloway AC, Foster WG. Sidestream
Smoking Is Equally As Damaging As Mainstream Smoking
on IVF Outcomes. Hum Reprod 2005;20:2531-5.

Zenzes MT. Smoking and Reproduction: Gene Damage to
Human Gametes and Embryos. Hum Reprod Update
2000;6:122-31.

Ness RB, Grisso JA, Hirschinger N, et al. Cocaine and
Tobacco Use and the Risk of Spontaneous Abortion. N Engl
J Med 1999;340:333-9.

Winter E, Wang J, Davies MJ, Norman R. Early Pregnancy
Loss Following Assisted Reproductive Technology Treat-
ment. Hum Reprod 2002;17:3220-3.

Chatenoud L, Parazzini F, Di Cintio E, et al. Paternal and
Maternal Smoking Habits before Conception and During
the First Trimester: Relation to Spontaneous Abortion. Ann
Epidemiol 1998;8:520-6.

Maconochie N, Doyle P, Prior S, Simmons R. Risk Factors
for First Trimester Miscarriage—Results from a
UK-Population-Based Case-Control Study. BJOG: Int J
Obstet Gynaecol 2007;114:170-86.

Nielsen A, Hannibal CG, Lindekilde BE, et al. Maternal
Smoking Predicts the Risk of Spontaneous Abortion.
Acta Obstetricia et Gynecologica Scandinavica 2006;85:
1057-65.

Rasch V. Cigarette, Alcohol, and Caffeine Consumption:
Risk Factors for Spontaneous Abortion. Acta Obstetricia
et Gynecologica Scandinavica 2003;82:182-8.

Windham GC, Swan SH, Fenster L. Parental Cigarette
Smoking and the Risk of Spontaneous Abortion. Am J
Epidemiol 1992;135:1394-403.

Coste J, Bouyer J, Ughetto S, et al. Ectopic Pregnancy Is
Again on the Increase. Recent Trends in the Incidence of
Ectopic Pregnancies in France (1992-2002). Hum Reprod
2004;19:2014-8.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Coste J, Job-Spira N, Fernandez H. Increased Risk of
Ectopic Pregnancy with Maternal Cigarette Smoking. Am
J Public Health 1991;81:199-201.

Coste J, Job-Spira N, Fernandez H, Papiemik E, Spira A.
Risk Factors for Ectopic Pregnancy: A Case-Control Study
in France, with Special Focus on Infectious Factors. Am
J Epidemiol 1991;133:839-49.

Karaer A, Avsar FA, Batioglu S. Risk Factors for Ectopic
Pregnancy: A Case-Control Study. Aust N Z J Obstet
Gynaecol 2006;46:521-7.

Knoll M, Shaoulian R, Magers T, Talbot P. Ciliary Beat
Frequency of Hamster oviducts Is Decreased in vitro by
Exposure to Solutions of Mainstream and Sidestream
Cigarette Smoke. Biol Reprod 1995;53:29-37.

Knoll M, Talbot P. Cigarette Smoke Inhibits Oocyte Cumulus
Complex Pick-Up by the Oviduct In Vitro Independent of
Ciliary Beat Frequency. Reprod Toxicol 1998;12:57-68.
Riveles K, Iv M, Arey J, Talbot P. Pyridines in Cigarette
Smoke Inhibit Hamster Oviductal Functioning in Picomolar
Doses. Reprod Toxicol 2003;17:191-202.

Riveles K, Roza R, Arey J, Talbot P. Pyrazine Derivatives in
Cigarette Smoke Inhibit Hamster Oviductal Functioning.
Reprod Biol Endocrinol 2004;2:23.

Riveles K, Roza R, Talbot P. Phenols, Quinolines, Indoles,
Benzene, and 2-Cyclopenten-1-ones are Oviductal Toxicants
in Cigarette Smoke. Toxicol Sci 2005;86:141-51.
Benowitz NL, Kuyt F, Jacob P, Jones RT. Cotinine
Disposition and Effects. Clin Pharmacol Ther 1983;34:
604-11.

Weiss T, Eckert A. Cotinine Levels in Follicular Fluid and
Serum of IVF Patients: Effect on Granulosa-Luteal Cell
Function In Vitro. Hum Reprod 1989;4:482-5.

Zenzes MT, Krishnan S, Krishnan B, Zhang H, Casper RF.
Cadmium Accumulation in Follicular Fluid of Women in In
Vitro Fertilization-Embryo Transfer Is Higher In Smokers.
Fertil Steril 1995;64:599-603.

Zenzes MT, Reed TE, Wang P, Klein J. Cotinine, A Major
Metabolite of Nicotine, Is Detectable in Follicular Fluids of
Passive Smokers in In Vitro Fertilization Therapy. Fertil
Steril 1996;66:614-9.

Bartsch H, Nair U, Risch A, Rojas M, Wikman H,
Alexandrov K. Genetic Polymorphism of CYP Genes,
Alone or in Combination, as a Risk Modifier of Tobacco-
related Cancers. Cancer Epidemiol Biomarkers Prev 2000;9:
3-28.

Archibong AE, Inyang F, Ramesh A, et al. Alteration of
Pregnancy Related Hormones and Fetal Survival in F-344
Rats Exposed by Inhalation to Benzo(a)pyrene. Reprod
Toxicol 2002;16:801-8.

Kristensen P, Eilertsen E, Einarsdottir E, Haugen A, Skaug V,
Ovrebg S. Fertility in Mice After Prenatal Exposure to
Benzo[a]pyrene and Inorganic Lead. Environ Health
Perspect 1995;103:588-90.

Buters J, Quintanilla-Martinez L, Schober W, et al. CYP1B1
Determines Susceptibility to Low Doses of 7,12-Dimethyl-
benz [a]anthracene-Induced Ovarian Cancers in Mice:
Correlation of CYPIB1-Mediated DNA Adducts with
Carcinogenicity. Carcinogenesis 2003;24:327-34.
Goodman MT, McDuffie K, Kolonel LN, et al. Case-Control
Study of Ovarian Cancer and Polymorphisms in Genes
Involved in Catecholestrogen Formation and Metabolism.
Cancer Epidemiol Biomarkers Prev 2001;10:209-16.



Environmental Factors Affecting Female Infertility

15

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Vidal JD, VandeVoort CA, Marcus CB, Lazarewicz NR,
Conley AJ. In Vitro Exposure to Environmental Tobacco
Smoke Induces CYP1B1 Expression in Human Luteinized
Granulosa Cells. Reprod Toxicol 2006;22:731-7.

Wang X, Zuckerman B, Pearson C, et al. Maternal Cigarette
Smoking, Metabolic Gene Polymorphism, and Infant Birth
Weight. JAMA 2002;287:195-202.

Harlow BL, Signorello LB. Factors Associated with Early
Menopause. Maturitas 2000;35:3-9.

Kinney A, Kline J, Levin B. Alcohol, Caffeine and Smoking
in Relation to Age at Menopause. Maturitas 2006;54:
27-38.

Mikkelsen T, Graff-Iversen S, Sundby J, Bjertness E. Early
Menopause, Association with Tobacco Smoking, Coffee
Consumption and Other Lifestyle Factors: A Cross-Sectional
Study. BMC Public Health 2007;7:149.

Sharara FI, Beatse SN, Leonardi MR, Navot D, Scott RTJ.
Cigarette Smoking Accelerates the Development of Diminished
Ovarian Reserve As Evidenced by the Clomiphene Citrate
Challenge Test. Fertil Steril 1994;62:257-62.

Backer LC, Rubin CS, Marcus M, Kieszak SM, Schober SE.
Serum Follicle-Stimulating Hormone and Luteinizing
Hormone Levels in Women Aged 35-60 in the U.S. Population:
The Third National Health and Nutrition Examination Survey
(NHANES 111, 1988-1994). Menopause 1999;6(1):29-35.
Cramer DW, Barbieri RL, Fraer AR, Harlow BL.
Determinants of Early Follicular Phase Gonadotrophin and
Estradiol Concentrations in Women of Late Reproductive
Age. Hum Reprod 2002;17:221-7.

Kinney A, Kline J, Kelly A, Reuss ML, Levin B. Smoking,
Alcohol and Caffeine in Relation to Ovarian Age During the
Reproductive Years. Hum Reprod 2007;22:1175-85.

Hoyer PB, Sipes IG. Assessment of Follicle Destruction in
Chemical-Induced Ovarian Toxicity. Annu Rev Pharmacol
Toxicol 1996;36:307-31.

Mattison DR. Difference in Sensitivity of Rat and Mouse
Primordial Oocytes to Destruction by Polycyclic Aromatic
Hydrocarbons. Chemico-Biological Interactions 1979;28:
133-17.

Mattison DR. Morphology of Oocyte and Follicle
Destruction by Polycyclic Aromatic Hydrocarbons in Mice.
Toxicol Appl Pharmacol 1980;53:249-59.

Mattison DR, Shiromizu K, Nightingale MS. Oocyte
Destruction by Polycyclic Aromatic Hydrocarbons. Am J
Ind Med 1983;4:191-202.

Matikainen T, Perez GI, Jurisicova A, et al. Aromatic
Hydrocarbon Receptor-Driven Bax Gene Expression is
Required for Premature Ovarian Failure Caused by
Biohazardous Environmental Chemicals. Nat Genet 2001;28:
355-60.

Matzuk MM. Eggs in the Balance. Nat Genet 2001;28:
300-1.

Nardo LG, Christodoulou D, Gould D, Roberts SA,
Fitzgerald CT, Laing I. Anti-Mullerian Hormone Levels and
Antral Follicle Count in Women Enrolled in In Vitro
Fertilization Cycles: Relationship to Lifestyle Factors,
Chronological Age and Reproductive History. Gynecol
Endocrinol 2007;23:486-93.

Barker DJ, Clark PM. Fetal Undernutrition and Disease in
Later Life. Rev Reprod 1997;2:105-12.

Barker DJP. Maternal Nutrition, Fetal Nutrition, and Disease
in Later Life. Nutrition 1997;13:807-13.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Osmond C, Barker DJ. Fetal, Infant, and Childhood Growth
are Predictors of Coronary Heart Disease, Diabetes, and
Hypertension in Adult Men and Women. Environ Health
Perspect 2000;108:545-53.

Jurisicova A, Taniuchi A, Li H, et al. Maternal Exposure to
Polycyclic Aromatic Hydrocarbons Diminishes Murine
Ovarian Reserve Via Induction of Harakiri. J Clin Invest
2007;117:3971-8.

Weinberg CR, Wilcox AJ, Baird DD. Reduced Fecundability
in Women with Prenatal Exposure to Cigarette Smoking.
Am J Epidemiol 1989;129:1072-8.

Arbuckle TE, Lin Z, Mery LS. An Exploratory Analysis of
the Effect of Pesticide Exposure on the Risk of Spontaneous
Abortion in An Ontario Farm Population. Environ Health
Perspect 2001;109:851-7.

Bell EM, Hertz-Picciotto I, Beaumont JJ. A Case-Control
Study of Pesticides and Fetal Death Due to Congenital
Anomalies. Epidemiology 2001;12:148-56.

Goulet L, Thériault G. Stillbirth and Chemical Exposure of
Pregnant Workers. Scand J Work Environ Health 1991;17:
25-31.

Hemminki K, Niemi ML, Saloniemi I, Vainio H, Hemminki
E. Spontaneous Abortions by Occupation and Social Class
in Finland. Int J Epidemiol 1980;9:149-53.

Pastore LM, Hertz-Picciotto I, Beaumont JJ. Risk of
Stillbirth from Occupational and Residential Exposures.
Occup Environ Med 1997;54:511-8.

Restrepo M, Muiioz N, Day NE, Parra JE, de Romero L,
Nguyen-Dinh X. Prevalence of Adverse Reproductive
Outcomes in a Population Occupationally Exposed to Pesticides
in Colombia. Scand J Work Environ Health 1990;16:232-8.
Taha TE, Gray RH. Agricultural Pesticide Exposure and
Perinatal Mortality in Central Sudan. Bull World Health
Organ 1993;71:317-21.

Thomas DC, Petitti DB, Goldhaber M, Swan SH, Rappaport
EB, Hertz-Picciotto I. Reproductive Outcomes in Relation
to Malathion Spraying in the San Francisco Bay Area,
1981-1982. Epidemiology 1992;3(1):32-9.

Willis WO, de Peyster A, Molgaard CA, Walker C,
MacKendrick T. Pregnancy Outcome Among Women
Exposed to Pesticides Through Work Or Residence in an
Agricultural Area. J Occup Med 1993;35:943-9.

Zhu JL, Hjollund NH, Andersen AM, Olsen J. Occupational
Exposure to Pesticides and Pregnancy Outcomes in Gardeners
and Farmers: A Study Within the Danish National Birth
Cohort. J Occup Environ Med 2006;48:347-52.

Greenlee AR, Arbuckle TE, Chyou PH. Risk Factors for
Female Infertility in An Agricultural Region. Epidemiology
2003;14:429-36.

Greenlee AR, Ellis TM, Berg RL. Low-Dose Agrochemicals
and Lawn-Care Pesticides Induce Developmental Toxicity
in Murine Preimplantation Embryos. Environ Health
Perspect 2004;112:703-9.

Perreault SD, Jeffay SC, Poss P, Laskey JW. Use of the
Fungicide Carbendazim as a Model Compound to Determine
the Impact of Acute Chemical Exposure During Oocyte
Maturation and Fertilization on Pregnancy Outcome in
the Hamster. Toxicol Appl Pharmacol 1992;114:225-31.
Zuelke KA, Perreault SD. Carbendazim (MBC) Disrupts
Oocyte Spindle FUnction and Induces Aneuploidy in
Hamsters Exposed During Fertilization (Meiosis II). Mol
Reprod Dev 1995;42:200-9.



VY. Fujimoto and L.C. Giudice

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Jeffay SC, Libbus BL, Barbee RR, Perreault SD. Acute
Exposure of Female Hamsters to Carbendazim (MBC)
During Meiosis Results in Aneuploid Oocytes with
Subsequent Arrest of Embryonic Cleavage and Implantation.
Reprod Toxicol 1996;10:183-9.

Can A, Albertini DF. Stage Specific Effects of Carbendazim
(MBC) on Meiotic Cell Cycle Progression in Mouse
Oocytes. Mol Reprod Dev 1997;46:351-62.

Czeizel AE, Elek C, Gundy S, et al. Environmental
Trichlorfon and Cluster of Congenital Abnormalities. The
Lancet 1993;341:539-42.

Yin H, Cukurcam S, Betzendahl I, Adler ID, Eichenlaub-
Ritter U. Trichlorfon Exposure, Spindle Aberrations and
Nondisjunction in Mammalian Oocytes. Chromosoma
1998;107:514-22.

Laville N, Balaguer P, Brion F, et al. Modulation of
Aromatase Activity and mRNA by Various Selected
Pesticides in the Human Choriocarcinoma JEG-3 cell line.
Toxicology 2006;228:98-108.

Fuyata ea. Embryotoxic Effects of Methylmercuric Chloride
Administered to Mice and Rats During Organogenesisis.
Teratology 1978;18:353-66.

Sharara F, Seifer D, Flaws J. Environmental Toxicants and
Female Reproduction. Fertil Steril 1998;70:613-22.
Skakkebaek N, Giwercman A, de Kretser D. Pathogenesis
and Management of Male Infertility. The Lancet 1994;343:
1473-79.

Rowland A, Baird D, Weinberg C, Shore D, Shy C, Wilcox A.
The Effect of Occupational Exposure to Mercury Vapour
on the Fertility of Female Dental Assistants. Occup
Environ Med 1994;51:28-34.

Choy C, Lam C, Cheung L, Briton-Jone C, Cheung L,
Haines C. Infertility, Blood Mercury Concentrations and
Dietary Seafood Consumption: A Case-Control Study. Br
J Obstet Gynecol 2002;109:1121-25.

Mahaftey KR. Recent Advances in Recognition of Low-
Level Methylmercury Poisoning. Curr Opin Neurol
2000;13:699-707.

Crump KS, Kjellstrom T, Shipp AM, Silvers A, Stewart A.
Influence of Prenatal Mercury Exposure Upon Scholastic
and Psychological Test Performance: Benchmark Analysis
of a New Zealand Cohort. Risk Analysis 1998;18:
701-13.

Grandjean P, Weihe P, Burse VW, et al. Neurobehavioral
Deficits Associated with PCB in 7-Year-Old Children
Prenatally Exposed to Seafood Neurotoxicants. Neurotoxicol
Teratol 2001;23:305-17.

Grandjean P, Weihe P, White RF, et al. Cognitive Deficit in
7-Year-Old Children with Prenatal Exposure to
Methylmercury. Neurotoxicol Teratol 1997;19:417-28.
Muckle G, Ayotte P, Dewailly E, Jacobson SW, Jacobson
JL. Determinants of Polychlorinated Biphenyls and
Methylmercury Exposure in Inuit Women of Childbearing
Age. Environ Health Perspect 2001;109:957-63.
Hightower JM, O’Hare A, Hernandez GT. Blood Mercury
Reporting in NHANES: Identifying Asian, Pacific Islander,
Native American, and Multiracial Groups. Environ Health
Perspect 2006;114:173-5.

Mahaffey K, Clickner R, Bodurow C. Blood Organic
Mercury and Dietary Mercury Intake: National Health and

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Nutrition Examination Survey, 1999 and 2000. Environ
Health Perspect 2004;112:562-70.

Durgnat JM, Heuser J, Andrey D, Perrin C. Quality and
Safety Assessment of Ginseng Extracts by Determination
of the Contents of Pesticides and Metals. Food Addit
Contam 2005;22:1224-30.

Ernst E. Toxic Heavy Metals and Undeclared Drugs in
Asian Herbal Medicines. Trends Pharmacol Sci 2002;23:
136-9.

Garvey GJ, Hahn G, Lee RV, Harbison RD. Heavy Metal
Hazards of Asian TRaditional Remedies. Int J Environ
Health Res 2001;11:63-71.

Saper RB, Kales SN, Paquin J, et al. Heavy Metal Content
of Ayurvedic Herbal Medicine Products. JAMA 2004;292:
2868-73.

Geraldine M, Herman DS, Venkatesh T. Lead Poisoning as
a Result of Infertility TReatment Using Herbal Remedies.
Arch Gynecol Obstet 2007;275:279-81.

Al-Saleh I, Coskun S, Mashhour A, et al. Exposure to
Heavy Metals (Lead, Cadmium and Mercury) and Its
Effect on the Outcome of In-Vitro Fertilization Treatment.
Int J Hyg Environ Health 2007;211:560-79.

Silberstein T, Saphier O, Paz-Tal O, Gonzalez L, Keefe
DL, Trimarchi JR. Trace Element Concentrations in
Follicular Fluid of Small Follicles Differ from Those in
Blood Serum, and may represent long-term exposure.
Fertil Steril 2008; April 17 [Epub ahead of print].

Zenzes MT, Krishnan S, Krishnan B, Zhang H, Casper RF.
Cadmium Accumulation in Follicular Fluid of Women in
In Vitro Fertilization-Embryo Transfer Is Higher In
Smokers. Fertil Steril 1995;64:599-603.

De SK, Paria BC, Dey SK, Andrews GK. Stage-Specific
Effects of Cadmium on Preimplantation Embryo Development
and Implantation in the Mouse. Toxicology 1993;80:
13-25.

Fernandez EL, Gustafson A-L, Andersson M, Hellman B,
Dencker L. Cadmium-Induced Changes in Apoptotic Gene
Expression Levels and DNA Damage in Mouse Embryos
Are Blocked by Zinc. Toxicol Sci 2003;76:162-70.

Liu L, Trimarchi JR, Navarro P, Blasco MA, Keefe DL.
Oxidative Stress Contributes to Arsenic-induced Telomere
Attrition, Chromosome Instability, and Apoptosis. J Biol
Chem 2003;278:31998-2004.

Navarro PAAS, Liu L, Keefe DL. In Vivo Effects of
Arsenite on Meiosis, Preimplantation Development, and
Apoptosis in the Mouse. Biol Reprod 2004;70:980-5.
Paksy K, Forgdcs Z, Géti 1. In VitroComparative Effect
of Cd2+, Ni2+, and Co2+ on Mouse Postblastocyst
Development. Env Res 1999;80:340-7.

vom Saal FS, Akingbemi BT, Belcher SM, et al. Chapel
Hill Bisphenol A Expert Panel Consensus Statement:
Integration of Mechanisms, Effects in Animals and
Potential to Impact Human Health at Current Levels of
Exposure. Reprod Toxicol 2007;24:131-8.

Welshons WV, Nagel SC, vom Saal FS. Large Effects from
Small Exposures. III. Endocrine Mechanisms Mediating
Effects of Bisphenol A at Levels of Human Exposure.
Endocrinology 2006;147:s56—69.

Tkezuki Y, Tsutsumi O, Takai Y, Kamei Y, Taketani Y.
Determination of Bisphenol A Concentrations in Human



Environmental Factors Affecting Female Infertility

17

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Biological Fluids Reveals Significant Early Prenatal
Exposure. Hum Reprod 2002;17:2839-41.

Takeuchi T, Tsutsumi O. Serum Bisphenol A Concentrations
Showed Gender Differences, Possibly Linked to Androgen
Levels. Biochemical and Biophysical Research Commu-
nications 2002;291:76-8.

Calafat AM, Kuklenyik Z, Reidy JA, Caudill SP, Ekong J,
Needham LL. Urinary Concentrations of Bisphenol A and
4-Nonylphenol in a Human Reference Population. Environ
Health Perspect 2005;113:391-5.

Calafat AM, Ye X, Wong LY, Reidy JA, Needham LL.
Exposure of the U.S. Population to Bisphenol A and
4-Tertiary-Octylphenol: 2003—2004. Environ Health Perspect
2008;116:39-44.

Goodman JE, McConnell EE, Sipes IG, et al. An Updated
Weight of the Evidence Evaluation of Reproductive and
Developmental Effects of Low Doses of Bisphenol A. Crit
Rev Toxicol 2006;36:387-457.

vom Saal FS, Welshons WV. Large Effects from Small
Exposures. II. The Importance of Positive Controls in Low-
Dose Research on Bisphenol A. Environ Res 2006;
100:50-76.

Takai Y, Tsutsumi O, Ikezuki Y, et al. Estrogen Receptor-
Mediated Effects of a Xenoestrogen, Bisphenol A, on
Preimplantation Mouse Embryos. Biochem Biophys Res
Commn 2000;270:918-21.

Nakagomi M, Suzuki E, Usumi K, et al. Effects of
Endocrine Disrupting Chemicals on the Microtubule
Network In Chinese Hamster V79 Cells in Culture and in
Sertoli cells in Rats. Teratog Carcinog Mutagen 2001;
21:453-62.

Pfeiffer E, Rosenberg B, Deuschel S, Metzler M.
Interference with Microtubules and Induction of
Micronuclei In Vitro By Various Bisphenols. Mutat Res
1997;390:21-31.

Hunt PA, Koehler KE, Susiarjo M, et al. Bisphenol A
Exposure Causes Meiotic Aneuploidy in the Female
Mouse. Curr Biol 2003;13:546-53.

Can A, Semiz O, Cinar O. Bisphenol-A Induces Cell Cycle
Delay and Alters Centrosome and Spindle Microtubular
Organization in Oocytes During Meiosis. Mol Hum Reprod
2005;11:389-96.

Can A, Semiz O. Diethylstilbestrol (DES)-Induced Cell
Cycle Delay and Meiotic Spindle Disruption in Mouse
Oocytes During In-Vitro Maturation. Mol Hum Reprod
2000;6:154-62.

Pocar P, Augustin R, Gandolfi F, Fischer B. Toxic Effects
of In Vitro Exposure to p-tert-Octylphenol on Bovine
Oocyte Maturation and Developmental Competence. Biol
Reprod 2003;69:462-8.

Susiarjo M, Hassold TJ, Freeman E, Hunt PA. Bisphenol A
Exposure In Utero Disrupts Early Oogenesis in the Mouse.
PLoS Genetics 2007;3:e5.

Sugiura-Ogasawara M, Ozaki Y, Sonta S-i, Makino T,
Suzumori K. Exposure to Bisphenol A Is Associated with
Recurrent Miscarriage. Hum Reprod 2005;20:2325-9.
Safe SH. Polychlorinated Biphenyls (PCBs): Environmental
Impact, Biochemical and Toxic Responses, and Implications
for Risk Assessment. Crit Rev Toxicol 1994;24:87-149.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

McFarland VA, Clarke JU. Environmental Occurrence,
Abundance, and Potential Toxicity of Polychlorinated
Biphenyl Congeners: Considerations for a Congener-Specific
Analysis. Environ Health Perspect 1989;81:225-39.
Reijnders PJH. Reproductive Failure in Common Seals
Feeding on Fish From Polluted Coastal Waters. Nature
1986;324:456-17.

Buck GM, Sever LE, Mendola P, Zielezny M, Vena JE.
Consumption of Contaminated Sport Fish from Lake
Ontario and Time-to-Pregnancy: New York State Angler
Cohort. Am J Epidemiol 1997;146:949-54.

Harris SA, Jones JL. Fish Consumption and PCB-
Associated Health Risks in Recreational Fishermen on the
James River, Virginia. Environ Res 2008;107:254-63.
Anderson HA, Falk C, Hanrahan L, et al. Profiles of Great
Lakes Critical Pollutants: A Sentinel Analysis of Human
Blood and Urine. The Great Lakes Consortium. Environ
Health Perspect 1998;106:279-89.

Kearney JP, Cole DC, Ferron LA, Weber J-P. Blood
PCB,p,p’-DDE, and Mirex Levels in Great Lakes Fish and
Waterfowl Consumers in Two Ontario Communities.
Environ Res 1999;80:S138-S49.

Kosatsky T, Przybysz R, Shatenstein B, Weber J-P,
Armstrong B. Fish Consumption and Contaminant
Exposure among Montreal-Area Sportfishers: Pilot Study.
Environ Res 1999;80:S150-8.

Turyk M, Anderson HA, Hanrahan LP, et al. Relationship
of Serum Levels of Individual PCB, Dioxin, and Furan
Congeners and DDE with Great Lakes Sport-Caught Fish
Consumption. Environ Res 2006;100:173-83.

Bloom MS, Buck Louis GM, Schisterman EF, Liu A,
Kostyniak PJ. Maternal Serum Polychlorinated Biphenyl
Concentrations Across Critical Windows of Human
Development. Environ Health Perspect 2007;115:1320-4.
De Felip E, Domenico Ad, Miniero R, Silvestroni L.
Polychlorobiphenyls and Other Organochlorine Compounds
in Human Follicular Fluid. Chemosphere 2004;54:1445-9.
Jarrell JF, Villeneuve D, Franklin C, et al. Contamination
of Human Ovarian Follicular Fluid and Serum by
Chlorinated Organic Compounds in Three Canadian Cities.
CMAJ 1993;148(8):1321-17.

Pauwels A, Covaci A, Delbeke L, Punjabi U, Schepens
PJC. The Relation Between Levels of Selected PCB
Congeners in Human Serum and FOllicular Fluid.
Chemosphere 1999;39:2433-41.

Trapp M, Baukloh V, Bohnet HG, Heeschen W. Pollutants
in Human Follicular Fluid. Fertil Steril 1984;42:146-8.
Younglai EV, Foster WG, Hughes EG, Trim K, Jarrell JF.
Levels of Environmental Contaminants in Human
Follicular Fluid, Serum, and Seminal Plasma of Couples
Undergoing In Vitro Fertilization. Arch Environ Contam
Toxicol 2002;43:121-6.

Buck GM, VenaJE, Schisterman EF, et al. Parental Consumption
of Contaminated Sport Fish from Lake Ontario and Predicted
Fecundability. Epidemiology 2000;11:388-93.

Axmon A, Rylander L, Stromberg U, Hagmar L. Female
Fertility in Relation to the Consumption of Fish Contaminated
with Persistent Organochlorine Compounds. Scand J Work
Environ Health 2002;28:124-32.



VY. Fujimoto and L.C. Giudice

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Buck GM, Mendola P, Vena JE, et al. Paternal Lake Ontario
Fish Consumption and Risk of Conception Delay, New
York State Angler Cohort. Environ Res 1999;80:S13-8.
Cordle F, Locke R, Springer J. Risk Assessment in a
Federal Regulatory Agency: An Assessment of Risk
Associated with the Human Consumption of Some Species
of Fish Contaminated with Polychlorinated Biphenyls
(PCBs). Environ Health Perspect 1982;45:171-82.

Dar E, Kanarek MS, Anderson HA, Sonzogni WC. Fish
Consumption and Reproductive Outcomes in Green Bay,
Wisconsin. Environ Res 1992;59:189-201.

Mendola P, Buck GM, Vena JE, Zielezny M, Sever LE.
Consumption of PCB-Contaminated Sport Fish and Risk
of Spontaneous Fetal Death. Environ Health Perspect
1995;103(5):498-502.

Sugiura-Ogasawara M, Ozaki Y, Sonta S-i, Makino T,
Suzumori K. PCBs, Hexachlorobenzene and DDE are Not
Associated with Recurrent Miscarriage. Am J Reprod
Immunol 2003;50:485-9.

Buck G, Tee G, Fitzgerald E, et al. Maternal Fish
Consumption and Infant Birth Size and Gestation: New
York State Angler Cohort Study. Environ Health 2003;2:7.
Rylander L, Stromberg U, Hagmar L. Dietary Intake of
Fish Contaminated with Persistent Organochlorine
Compounds in Relation to Low Birthweight. Scand J Work
Environ Health 1996;22:260-6.

Fries GF. The PBB Episode in Michigan: an Overall
Appraisal. Crit Rev Toxicol 1985;16:105-56.

Small CM, Cheslack-Postava K, Terrell M, et al. Risk of
Spontaneous Abortion Among Women Exposed to
Polybrominated Biphenyls. Environ Res 2007;105:247-55.
Barsotti DA, Marlar RJ, Allen JR. Reproductive Dysfunction
inRhesus Monkeys Exposed toLow Levels of Polychlorinated
Biphenyls (Aoroclor 1248). Food Cosmet Toxicol 1976;14:
99-103.

Brezner E, Terkel J, Perry AS. The Effect of Aroclor 1254
(PCB) on the Physiology of Reproduction in the Female
Rat-I. Comp Biochem Physiol C 1984;77:65-70.

Jonsson HTJ, Keil JE, Gaddy RG, Loadholt CB, Hennigar
GR, Walker EMIJ. Prolonged Ingestion of Commercial
DDT and PCB; Effects on Progesterone Levels and
Reproduction in the Mature Female Rat. Arch Environ
Contam Toxicol 1975;3:479-90.

Miiller WF, Hobson W, Fuller GB, Knauf W, Coulston F,
Korte F. Endocrine Effects of Chlorinated Hydrocarbons in
Rhesus Monkeys. Ecotoxicol Environ Saf 1978;2:161-72.
Kholkute SD, Dukelow WR. Effects of Polychlorinated
Biphenyl (PCB) Mixtures on In Vitro Fertilization in the
Mouse. Bull Environ Contam Toxicol 1997;59:531-6.
Kholkute SD, Rodriguez J, Dukelow WR. Reproductive
Toxicity of Aroclor-1254: Effects on Oocyte, Spermatozoa,
In Vitro Fertilization, and Embryo Development in the
Mouse. Reprod Toxicol 1994;8:487-93.

Kholkute SD, Rodriguez J, Dukelow WR. Effects of
Polychlorinated Biphenyls (PCBs) on In Vitro Fertilization
in the Mouse. Reprod Toxicol 1994;8:69-73.

Pocar P, Perazzoli F, Luciano AM, Gandolfi F. In Vitro
reproductive Toxicity of Polychlorinated Biphenyls: Effects
on Oocyte Maturation and Developmental Competence in
Cattle. Mol Reprod Dev 2001;58:411-6.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Huang A, Lin S, Inglis R, Powell D, Chou K. Pre- and
Postnatal Exposure to 3,3’,4,4"-Tetrachlorobiphenyl: II.
Effects on the Reproductive Capacity and Fertilizing
Ability of Eggs in Female Mice. Arch Environ Contam
Toxicol 1998;34:209-14.

Seiler P, Fischer B, Lindenau A, Beier HM. Fertilization
and Early Embryology: Effects of Persistent Chlorinated
Hydrocarbons on Fertility and Embryonic Development in
the Rabbit. Hum Reprod 1994;9:1920-6.

Hennig B, Meerarani P, Slim R, et al. Proinflammatory
Properties of Coplanar PCBs: In Vitro and in Vivo
Evidence. Toxicol Appl Pharmacol 2002;181:174-83.
Lehmann DW, Levine JE, Law JM. Polychlorinated
Biphenyl Exposure Causes Gonadal Atrophy and Oxidative
Stress in Corbicula fluminea Clams. Toxicol Pathol
2007;35:356-65.

Murugesan P, Muthusamy T, Balasubramanian K,
Arunakaran J. Studies on the Protective Role of Vitamin C
and E Against Polychlorinated Biphenyl (Aroclor 1254):
Induced Oxidative Damage in Leydig Cells. Free Radic Res
2005;39:1259-72.

Slim R, Toborek M, Robertson LW, Lehmler HJ, Hennig
B. Cellular Glutathione Status Modulates Polychlorinated
Biphenyl-Induced Stress Response and Apoptosis in
Vascular Endothelial Cells. Toxicol Appl Pharmacol
2000;166:36-42.

Gao X, Son D-S, Terranova PF, Rozman KK. Toxic
Equivalency Factors of Polychlorinated Dibenzo-p-dioxins
in an Ovulation Model: Validation of the Toxic Equivalency
Concept for One Aspect of Endocrine Disruption. Toxicol
Appl Pharmacol 1999;157:107-16.

Son D-S, Ushinohama K, Gao X, et al. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) Blocks Ovulation By
a Direct Action on the Ovary Without Alteration of Ovarian
Steroidogenesis: LAck of A Direct Effect on Ovarian
Granulosa and Thecal-Interstitial Cell Steroidogenesis In
Vitro. Reprod Toxicol 1999;13:521-30.

Schmidt JV, Su GH-T, Reddy JK, Simon MC, Bradfield
CA. Characterization of a Murine Ahr Null Allele:
Involvement of the Ah Receptor in Hepatic Growth and
Development. Proc Nat Acad Sci 1996;93:6731-6.

Kietz S, Fischer B. Polychlorinated Biphenyls Affect Gene
Expression in the Rabbit Preimplantation Embryo. Mol
Reprod Dev 2003;64:251-60.

Kutz FW, Wood PH, Bottimore DP. Organochlorine
Pesticides and Polychlorinated Biphenyls in Human Adipose
Tissue. Rev Environ Contam Toxicol 1991;120:1-82.
Venkatesan MI, de Leon RP, van Geen A, Luoma SN.
Chlorinated Hydrocarbon Pesticides and Poychlorinated
Biphenyls in Sediment Cores from San Francisco Bay.
Mar Chem 1999;64:85-97.

James RA, Hertz-Picciotto I, Willman E, Keller JA, Charles
MJ. Determinants of Serum Polychlorinated Biphenyls
and Organochlorine Pesticides Measured in Women from
the Child Health and Development Study Cohort, 1963—
1967. Environ Health Perspect 2002;110:617-24.

Murphy R, Harvey C. Residues and Metabolites of Selected
Persistent Halogenated Hydrocarbons in BLood Specimens
from a General Population Survey. Environ Health Perspect
1985;60:115-20.



Environmental Factors Affecting Female Infertility

19

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Korrick SA, Chen C, Damokosh Al et al. Association of
DDT with Spontaneous Abortion: A Case-Control Study.
Ann Epidemiol 2001;11:491-6.

O’Leary JA, Davies JE, Feldman M. Spontaneous Abortion
and Human Pesticide Residues of DDT and DDE. Am
J Obstet Gynecol 1970;108:1291-2.

Longnecker MP, Klebanoff MA, Dunson DB, et al.
Maternal Serum Level of the DDT Metabolite DDE in
Relation to Fetal Loss in Previous Pregnancies. Environ
Res 2005;97:127-33.

Venners SA, Korrick S, Xu X, et al. Preconception Serum
DDT and Pregnancy Loss: A Prospective Study Using a
Biomarker of Pregnancy. Am J Epidemiol 2005;162:
709-16.

Cocco P, Fadda D, Ibba A, et al. Reproductive outcomes in
DDT applicators. Environ Res 2005;98:120-6.

Law DCG, Klebanoff MA, Brock JW, Dunson DB,
Longnecker MP. Maternal Serum Levels of Polychlorinated
Biphenyls and 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethyl-
ene (DDE) and Time to Pregnancy. Am J Epidemiol
2005;162:523-32.

Weiss JM, Bauer O, Bliithgen A, et al. Distribution of
Persistent Organochlorine Contaminants in Infertile
Patients from Tanzania and Germany. J Assist Reprod
Genet 2006;23:393-9.

Cohn BA, Cirillo PM, Wolff MS, et al. DDT and DDE
Exposure in Mothers and Time to Pregnancy in Daughters.
The Lancet 2003;361:2205-6.

Chedrese JP, Falter F. The Diverse Mechanism of Action
of Dichlorodiphenyldichloroethylene (DDE) and Metho-
xychlor in Ovarian Cells In Vitro. Reprod Toxicol 2001;
15:693-8.

Crellin NK, Kang HG, Swan CL, Chedrese PJ. Inhibition
of Basal and Stimulated Progesterone Synthesis By
Dichlorodiphenyldichloroethylene and Methoxychlor in a
Stable Pig Granulosa Cell Line. Reproduction 2001;121:
485-92.

Crellin NK, Rodway MR, Swan CL, Gillio-Meina C,
Chedrese PJ. Dichlorodiphenyldichloroethylene Potentiates
the Effect of Protein Kinase A Pathway Activators on
Progesterone Synthesis in Cultured Porcine Granulosa
Cells. Biol Reprod 1999;61:1099-103.

Holloway AC, Petrik JJ, Younglai EV. Influence of
Dichlorodiphenylchloroethylene on Vascular Endothelial
Growth Factor and Insulin-Like Growth Factor in Human
and Rat Ovarian Cells. Reprod Toxicol 2007;24:359-64.
Greenlee AR, Quail CA, Berg RL. Developmental
Alterations in Murine Embryos Exposed In Vitro to An
Estrogenic Pesticide, o,p’-DDT. Reprod Toxicol 1999;
13:555-65.

Greenlee AR, Quail CA, Berg RL. The Antiestrogen ICI
182,780 Abolishes Developmental Injury for Murine
Embryos Exposed In Vitro to o,p’-DDT. Reprod Toxicol
2000;14:225-34.

Greenlee AR, Ellis TM, Berg RL, Mercieca MD. Pregnancy
Outcomes for Mouse Preimplantation Embryos Exposed
In vitro to the Estrogenic Pesticide o,p’-DDT. Reprod
Toxicol 2005;20:229-38.

Dowling V,Hoarau PC,Romeo M, etal. Protein Carbonylation
and Heat Shock Response in Ruditapes decussatus Following
p.p’-dichlorodiphenyldichloroethylene (DDE) Exposure: A

205.

206.

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Proteomic Approach Reveals that DDE Causes Oxidative
Stress. Aquatic Toxicology 2006; 77:11-8.
Pérez-Maldonado IN, Athanasiadou M, Yafez L,
Gonzalez-Amaro R, Bergman A, Diaz-Barriga F. DDE-
Induced Apoptosis in Children Exposed to the DDT
Metabolite. Sci Total Environ 2006;370:343-51.

Bock KW, Kohle C. Ah Receptor: Dioxin-Mediated Toxic
Responses as Hints to Deregulated Physiologic Functions.
Biochem Pharmacol 2006;72:393-404.

Needham LL, Gerthoux PM, Patterson DGJ, et al. Serum
Dioxin Levels in Seveso, Italy, Population in 1976. Teratog
Carcinog Mutagen 1997;17:225-40.

Eskenazi B, Mocarelli P, Warner M, et al. Relationship of
Serum TCDD Concentrations and Age At Exposure of
Female Residents of Seveso, Italy. Environ Health Perspect
2004;112:22-7.

Heiden TCK, Struble CA, Rise ML, Hessner MJ, Hutz RJ,
CarvanliiMJ.MolecularTargetsof2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD) Within the Zebrafish Ovary: Insights into
TCDD-Induced Endocrine Disruption and Reproductive
Toxicity. Reprod Toxicol 2008;25:47-57.

IARC. Polychlorinated Dibenzo-para-dioxins and Poly-
chlorinated Dibenzofurans. JARC Monogr Eval Carcinog
Risks Hum 1997:69.

Eskenazi B, Mocarelli P, Warner M, et al. Seveso Women’s
Health Study: A Study of the Effects of 2,3,7,8-Tetrachlo-
rodibenzo- p-dioxin on Reproductive Health. Chemosphere
2000;40: 1247-53.

Rier SE, Martin DC, Bowman RE, Dmowski WP, Becker
JL. Endometriosis in Rhesus Monkeys (Macaca mulatta)
Following ChronicExposureto2,3,7,8-Tetrachlorodibenzo-
p-dioxin. Fundam Appl Toxicol 1993;21:433-41.

Yang JZ, Agarwal SK, Foster WG. Subchronic Exposure
to 2,3,7,8-Tetrachlorodibenzo-p-dioxin Modulates the
Pathophysiology of Endometriosis in the Cynomolgus
Monkey. Toxicol Sci 2000;56:374-81.

Foster WG. Endocrine Toxicants Including 2,3,7.8-
Terachlorodibenzo-p-Dioxin  (TCDD) and Dioxin-like
Chemicals and Endometriosis: Is There A Link? J Toxicol
Environ Health B 2008;11:177-87.

Heilier J-F, Nackers F, Verougstraete V, Tonglet R, Lison
D, Donnez J. Increased Dioxin-Like Compounds in the
Serum of Women with Peritoneal Endometriosis and Deep
Endometriotic (Adenomyotic) Nodules. Fertil Steril
2005;84:305-12.

Koninckx PR, Braet P, Kennedy SH, Barlow DH. Dioxin
Pollution and Endometriosis in Belgium. Hum Reprod
1994;9:1001-2.

Mayani A, Barel S, Soback S, Almagor M. Dioxin
Concentrations in Women with Endometriosis. Hum
Reprod 1997;12:373-5.

Pauwels A, Schepens PJC, D’Hooghe T, et al. The Risk of
Endometriosis and Exposure to Dioxins and Polychlorinated
Biphenyls: A Case-Control Study of Infertile Women.
Hum Reprod 2001;16:2050-5.

Rier SPD, Foster WGPD. Environmental Dioxins and
Endometriosis. Sem Reprod Med 2003;21:145-54.

Zhao D, Pritts EA, Chao VA, Savouret J-F, Taylor RN.
Dioxin Stimulates RANTES Expression in An In-Vitro
Model of Endometriosis. Mol Hum Reprod 2002;8:
849-54.



20

VY. Fujimoto and L.C. Giudice

221.

222.

223.

224.

225.

226.

227.

228.

229.

Tsutsumi O, Uechi H, Sone H, et al. Presence of Dioxins
in Human Follicular Fluid: Their Possible Stage-Specific
Action on the Development of Preimplantation Mouse
Embryos. Biochem Biophys Res Commn 1998;250:
498-501.

Giavini E, Prati M, Vismara C. Embryotoxic Effects of
2,3,7,8 Tetrachlorodibenzo-p-dioxin ~Administered to
Female Rats Before Mating. Environ Res 1983;31:105-10.
Li XL, Johnson DC, Rozman KK. Reproductive Effects of
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) in Female
Rats: Ovulation, Hormonal Regulation, and Possible
Mechanism(s). Toxicol Appl Pharmacol 1995;133:321-7.
Yellon SM, Singh D, Garrett TM, Fagoaga OR, Nehlsen-
Cannarella SL. Reproductive, Neuroendocrine, and
Immune Consequences of Acute Exposure to 2,3,7,
8-Tetrachlorodibenzo-p-Dioxin in the Siberian Hamster.
Biol Reprod 2000;63:538—43.

Blankenship AL, Suffia MC, Matsumura F, Walsh KJ,
Wiley LM. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
Accelerates Differentiation of Murine Preimplantation
Embryos In Vitro. Reprod Toxicol 1993;7:255-61.

Wu Q, Ohsako S, Baba T, Miyamoto K, Tohyama C.
Effects of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)
on Preimplantation Mouse Embryos. Toxicology 2002;
174:119-29.

Wu Q, Ohsako S, Ishimura R, Suzuki JS, Tohyama C.
Exposure of Mouse Preimplantation Embryos to 2,3,7,
8-Tetrachlorodibenzo-p-dioxin (TCDD) Alters the Methy-
lation Status of Imprinted Genes H19 and Igf2. Biol
Reprod 2004;70:1790-7.

Hutt K, Shi Z, Albertini D, Petroff B. The Environmental
Toxicant 2,3,7,8-tetrachlorodibenzo-p-dioxin  Disrupts
Morphogenesis of the Rat Pre-implantation Embryo. BMC
Dev Biol 2008;8:1.

Guo Y, Hendrickx AG, Overstreet JW, et al. Endocrine
Biomarkers of Early Fetal Loss in Cynomolgus Macaques
(Macaca fascicularis) Following Exposure to Dioxin. Biol
Reprod 1999;60:707-13.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

Li B, Liu HY, Dai LJ, Lu JC, Yang ZM, Huang L. The
Early Embryo Loss Caused by 2,3,7,8-Tetrachlorodibenzo-
p-dioxin May Be Related to the Accumulation of this
Compound in the Uterus. Reprod Toxicol 2006;21:301-6.
Moran FM, VandeVoort CA, Overstreet JW, Lasley BL, Conley
AlJ. Molecular Target of Endocrine Disruption in Human
Luteinizing Granulosa Cells by 2,3,7,8-Tetrachlorodibenzo-
p-dioxin: Inhibition of Estradiol Secretion Due to Decreased
17Alpha-hydroxylase/17,20-Lyase ~ Cytochrome P450
Expression. Endocrinology 2003;144:467-73.

Abbott BD, Schmid JE, Pitt JA, et al. Adverse Reproductive
Outcomes in the Transgenic Ah Receptor-Deficient Mouse.
Toxicol Appl Pharmacol 1999;155:62-70.

Benedict JC, Lin T-M, Loeffler IK, Peterson RE, Flaws JA.
Physiological Role of the Aryl Hydrocarbon Receptor in
Mouse Ovary Development. Toxicol Sci 2000;56:382-8.
Kishi R, Sata F, Yoshioka E, et al. Exploiting Gene-
Environment Interaction to Detect Adverse Health Effects
of Environmental Chemicals on the Next Generation.
Basic Clin Pharmacol Toxicol 2008;102:191-203.

Pocar P, Fischer B, Klonisch T, Hombach-Klonisch S.
Molecular Interactions of the Aryl Hydrocarbon Receptor
and Its Biological and Toxicological Relevance for
Reproduction. Reproduction 2005;129:379-89.

Pocar P, Nestler D, Risch M, Fischer B. Apoptosis in
Bovine Cumulus-Oocyte Complexes After Exposure to
Polychlorinated Biphenyl Mixtures During In Vitro
Maturation. Reproduction 2005;130:857-68.

Nebert DW, Brown DD, Towne DW, Eisen HJ. Association
of fertility, fitness and longevity with the murine Ah locus
among (C57BL/6N) (C3H/HeN) recombinant inbred lines.
Biol Reprod 1984;30:363-73.

Pocar P, Augustin R, Fischer B. Constitutive Expression of
CYPIALI in Bovine Cumulus Oocyte-Complexes in Vitro:
Mechanisms and Biological Implications. Endocrinology
2004;145:1594-601.

Raffensperger C, Tickner J, Schettler T, Jordan A. And Can
Mean Saying “Yes” to Innovation. Nature 1999;401: 207-8.



