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ABSTRACT

It is becoming increasingly difficult to avoid exposure to man-made endocrine disrupting
chemicals (EDCs) and environmental toxicants. This escalating yet constant exposure is
postulated to partially explain the concurrent decline in human fertility that has occurred
over the last 50 years. Controversy however remains as to whether causal associations
exist, with conflicting findings commonly reported for all major EDC classes. The primary
aim of this extensive work was to identify and review strong peer-reviewed evidence
regarding the effects of environmentally-relevant EDC concentrations on adult male and
female fertility during the critical periconception period on reproductive hormone
concentrations, gamete and embryo characteristics, as well as the time to pregnancy.
Secondly, to highlight where little or no data exists that prevents strong associations being
identified. Lastly, to ascertain whether individuals or couples diagnosed as sub-fertile
exhibit higher EDC or toxicant concentrations. From the greater than 1480 known EDC:s,
substantial evidence supports a negative association between exposure to phthalates, PCBs,
PBDEs, pyrethroids, organochloride pesticides and male fertility and fecundity. Only
moderate evidence exists for a negative association between BPA, PCBs, organochloride
pesticides and female fertility and fecundity. Overall fewer studies were reported in women
than men, with knowledge gaps generally evident for both sexes for all the major EDC
classes, as well as a paucity of female fertility studies following exposure to parabens,
triclosans, dioxins, PFAS, organophosphates and pyrethroids. Generally, sub-fertile
individuals or couples exhibit higher EDC concentrations, endorsing a causal association
between EDC exposure and sub-fertility. This review also discusses confounding and
limiting factors that hamper our understanding of EDC exposures on fertility and fecundity.
Finally, it highlights future research areas, as well as government, industry and social
awareness strategies required to mitigate the negative effects of EDC and environmental
toxicant exposure on human fertility and fecundity.
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1. INTRODUCTION

Over the last 40 years an increasing number of publications have reported and debated the
potential associations between endocrine disrupting chemicals (EDCs) and declining
human fertility, however a comprehensive review of research on the effects during the
critical peri-conception period is lacking. This is arguably the time where potential effects
on human fertility are the greatest. While a substantial number of environmental factors
affect the fertility and fecundity of couples during the peri-conception period, including
naturally-occurring compounds, the greatest concerns surround the increasing use of man-
made chemicals, with 1482 currently deemed to be EDCs [1]. These EDCs are found in
everyday items including plastic food containers, personal care items, food products, and
those used within manufacturing, industrial and agricultural processes (see review [2]).
Their wide range of uses means their possible routes of uptake in the body are also broad,
encompassing absorption through inhalation, across the skin, and ingestion of
contaminated water and food, impacting both the concentration and duration of exposure.
Consequently, which, and/or how many of these various routes of exposure is of
significance, and the rate at which these chemicals are metabolised in individuals [3],
represent a major hurdle in determining consistent consequences of exposure in humans.
Therefore, the aims of this comprehensive work assessing human data are to, a) review
strong evidence for positive and/or negative effects of the main EDC families, specifically
around the periconception period, on adult male and female fertility and fecundity. b)
highlight where little or no data exists, as well as possible reasons for this, and c¢) determine
whether individuals or couples diagnosed as sub-fertile have higher EDC concentrations in
their blood, urine or reproductive tissues, thus highlighting a possible causal association
between EDCs and sub-fertility. Ultimately, this review informs researchers and clinicians
of the current data available and knowledge gaps that can be the focus of future research
studies.

2. METHODS

PubMed, ISI Web of Science and Cochrane database searches were performed for each
EDC and toxicant, limited to human fertility and fecundity studies, published in English up
to 31 January 2020. Fertility was defined by inclusion of data on reproductive hormone
concentrations, gamete (sperm and oocyte) or embryo parameters (quantity and quality
measures). Fecundability was defined by time to pregnancy (TTP), and where data were
available, pregnancy and miscarriage rates. The search terms employed in combination
with a specific chemical were; AND infertility, AND human, AND fertility AND human,
AND sperm AND human, as well as AND oocyte AND human. Studies given preference
for inclusion were large-scale accidental/occupational exposures or epidemiological
studies, prospective or retrospective cross-sectional and cohort studies with sufficient
sample size (> 100 people). Case studies were excluded. In addition, studies were excluded
if accidental/occupational exposure involved undefined mixtures of compounds. Specific
toxicological measures, such as ED50, were not employed to define quality of the studies
as the focus of this review is on physiologically and environmentally relevant doses that
nevertheless elicit relevant effects. Consequently, the evidence assessed in this review is
largely limited to the effects on circulating, urinary and reproductive tract hormone
concentrations, as well as the characteristics of gametes and embryos where known. The
potential association of EDCs to clinical reproductive disorders and diseases (e.g.
cryptorchidism or endometriosis) is outside the scope of this review but should be noted as
potential contributors to altered fertility and fecundity in the peri-conception period as a
result of exposure to EDCs.
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3. ENVIRONMENTAL CHEMICALS AFFECTING MALE AND FEMALE
FERTILITY AND FECUNDITY

Most EDCs interfere with or mimic steroid hormone action; predominantly by engaging
oestrogen, androgen and thyroid hormone signalling pathways [2; 4]. In animal models it
has been found that the actions of EDCs can also act centrally in the hypothalamic-
pituitary-gonadal axis, by modifying secretion of and/or response to gonadotrophin-
releasing hormone (GnRH) and gonadotrophins [2; 4]. However, the influence of this on
human fertility has been poorly studied in humans, due to the inherent difficulty in its
assessment that requires extensive sampling for accuracy. This gap represents an important
avenue for future research on the effects of EDCs on human reproduction.

The EDC concentrations required to elicit effects on steroid hormone action can be far
lower than endogenous hormones and may not conform to predictable dose-response
curves [5]. Furthermore, it is unclear whether humans have the biochemical capacity to
easily detoxify or excrete these compounds [2; 5]. Herein lies one of the great challenges
for scientists and clinicians in reproductive endocrinology who are trying to unravel
whether causal links exist between EDC exposure and altered fertility and fecundity.
Human data are currently limited, particularly for individual chemical effects on adults in
the general population, and this is complicated by often conflicting findings and a lack of
longitudinal assessment or in vivo measures of chemical levels and their metabolites.
Hence, defining adverse effects and setting ‘safe’ exposure limits have been, and continue
to be, problematic. However, research output on the impact of EDC on fertility has
increased significantly in recent years with results warranting greater investigation in this
area.

3.1 Dietary Phytoestrogens; awaiting more data

Phytoestrogens are naturally occurring plant-derived compounds found in a variety of
foods that possess oestrogenic and anti-oestrogenic properties [6] which can be categorised
into five main groups: isoflavonoids, flavonoids, coumestans, stilbenes and lignans [6; 7].
Dietary consumption of phytoestrogens is highly variable between populations [6; 8],
reflected by differences in circulating concentrations, with the highest levels reported in
Asian populations [7]. To date, the majority of human studies have investigated effects on
the fetus, neonate, and around puberty (as reviewed in [9; 10]). In contrast, only a limited
number of studies have focussed on whether phytoestrogen consumption, predominantly
the isoflavone genistein found in legumes and soy products, affects human fertility and/or
fecundity [9; 11; 12; 13; 14; 15; 16].

3.1.1 Inconsistent effects of Phytoestrogens on male fertility

Of the few studies that have evaluated the effects of phytoestrogens on semen quantity and
quality, or male fertility, contradictory findings have been reported [9; 11; 14; 17], likely
due to differences in consumption levels and periods of exposure. A small pilot study in
which fifteen fertile men received soy supplements for two months identified no changes
in circulating hormones or semen parameters (volume, count, motility and
morphology)[18], however this period of time would not be sufficient to impact a full cycle
of spermatogenesis. In another study, male phytoestrogen intake as part of 184 couples
receiving fertility treatment was not associated with reproductive outcomes [17]. Likewise,
urinary phytoestrogen concentrations were not associated with a change in the time to TTP
of fertile couples trying to conceive [19]. In contrast, a prospective study of 501 men from
Michigan and Texas, USA, found that men with higher urinary levels of genistein and/or
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diadzein (both isoflavones) had reduced sperm number and altered morphology but no
abnormalities in other sperm parameters [14].

Numerous animal study findings support the inconsistent effects of phytoestrogen intake
on male reproductive hormone concentrations, fertility and fecundity (as reviewed in [9]).
Altered spermatogenesis, reduced steroidogenic enzyme activity and suppressed fertility
has been reported in male rats exposed to genistein during development from embryonic
day 12 to 19 [20]. Significantly, this timing corresponds with the initiation of meiosis and
germ stem cell differentiation in vivo [21]. However, the incidence of reduced daily sperm
production, epididymal sperm density and quality as well as reduced number of
implantations and live births reported in this study varied by dose. In contrast, genistein
and/or daidzein treatment increased sperm number, motility, cholesterol and testosterone
levels in adult mice [22]. The conflicting findings may represent species-specific
differences or differing windows of sensitivity during discrete developmental stages versus
adulthood. The latter is consistent with the effects of other environmental pollutants on
fertility and highlights the urgency with which further human and/or comparative studies
should be undertaken in this area.

3.1.2 Phytoestrogens may positively regulate female fertility, though insufficient data
exists

Only limited evidence exists to support any effects of phytoestrogens on human female
fertility and fecundity. A meta-analysis of 47 soy and/or isoflavone consumption studies
identified that women that were premenopausal (11 of 47 studies) had reduced circulating
LH and FSH concentrations, and an increase in menstrual cycle length with increasing
phytoestrogen intake [12], findings which are relevant to those choosing to establish a
family later in life. Conversely, a prospective study of 315 women found soy isoflavone
intake to be positively associated with live birth ratio in women attending a fertility clinic
[15], although at higher doses a reduction in this benefit was observed. Notably, recent data
supports the premise that soy intake may protect against adverse effects of other EDCs,
particularly bisphenol A (BPA)-induced effects on implantation, clinical pregnancy and
live birth rates in women undergoing fertility treatment [16]; as outlined in Section 3.2. It
remains to be determined whether these effects are a direct result of phytoestrogen intake
or indirect by reflecting a general difference in lifestyle of women consuming a
phytoestrogen-rich diet.

Plants containing high levels of genistein are routinely used as traditional treatments for a
variety of reproductive ailments [23; 24]. When coupled with the worldwide burgeoning
interest in herbal remedies, as alternative therapies for reproductive conditions, such as
endometriosis (reviewed in [25]), this provides a unique research resource that can be
harnessed to better understand the mechanistic basis of fertility-associated effects of
phytoestrogens. This also highlights a potential source of new clinical compounds that may
be drawn upon given the historical use of a naturally occurring EDCs in ancient and
traditional medicine. In contrast to studies in the human, the potential for phytoestrogens
to reduce fertility, increase spontaneous abortion and induce reproductive abnormalities is
reported in clover-fed sheep [26], along with a reduction in fertility, reported in captive
cheetahs fed a diet containing high levels of daidzein and genistein, which could be
reversed by diet substitution [27].

Overall, contradictory evidence exists for phytoestrogens altering fertility and fecundity,
though emerging data points towards a potential detrimental effect for sperm number and
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morphology in men with extended exposure and alterations in reproductive hormones in
women. Additional prospective studies would help clarify the nature and severity of
negative or beneficial effects, and the length of exposure and dose at which they occur.

3.2 Bisphenols; a class of EDC with high relevance to human fertility

Bisphenol A (BPA) is one of the highest volume chemicals produced worldwide and one
of the most well-studied EDCs. Amongst its many uses, it is utilised to make plastics,
resins, dental fillings and thermal receipt paper [28], and is known to leach from a broad
range of products thereby entering the body via multiple routes. Consequently, exposure to
BPA can be considered virtually constant, as evidenced by its presence in urine samples in
up to 95% of people tested [29; 30; 31]. Epidemiological studies have identified a strong
correlation between high adult urine BPA concentrations and an increased incidence of
obesity, type Il diabetes and cardiovascular disease [32; 33]. Limited prospective studies
of BPA and human fertility and fecundity exist. Equally, few human reproductive studies
exist on bisphenol analogues (e.g. BPS and BPF), introduced as replacements in ‘BPA-
free’ products under the assumption these analogues were safer. However, findings from
recent animal studies indicate this may not be the case [3]. Therefore, each bisphenol
analogue, including BPA, requires their own extensive risk assessment and
epidemiological study before clear statements can be made regarding their effects on
fertility and fecundity. Also of relevance is the consideration that additive reproductive
consequences may result from cumulative effects of multiple related bisphenol chemicals
derived from different sources.

3.2.1 Bisphenol negatively impacts male sperm quality

Epidemiological studies have identified an association between urinary BPA and perturbed
oestrogen, androgen, gonadotrophin and sex hormone binding globulin (SHBG)
concentrations (which sequesters steroid hormone action and may mask consequences
where only absolute serum steroid measurements are made), although few consistent
relationships have been observed [30; 34; 35; 36; 37]. Higher BPA levels in the urine of
occupationally exposed men are associated with higher self-reported sexual dysfunction
[38; 39], as well as reduced sperm concentration, count, motility and vitality [40].
However, occupationally exposed individuals have a greater exposure level than the
general population and therefore the changes to sperm quality may be an extreme
representation.

Most recently, a cross-sectional study assessing 215 healthy 18 to 23 year old men found a
significant positive correlation between urinary BPA and serum LH, as well as an inverse
association with sperm concentration and count [41]. Another recent study measured BPA
concentrations of 50 infertile and 50 matched fertile men found no significant differences
in urinary BPA, however total BPA levels were negatively associated with semen quality
and antioxidant levels, as well as being positively correlated with DNA damage and
multiple semen profile defects [42]. Furthermore, a study of 191 men seeking assisted
reproduction found that seminal, but not serum, BPA was negatively associated with sperm
concentration, count and morphology [43]. Within the general population, studies support
a greater negative effect of BPA in obese men [44; 45; 46], however, another study of 375
fertile males whose partners were pregnant failed to identify an association between BMI
and urinary BPA concentration [36]. While these studies suggest BPA exposure is
correlated with negative sperm and hormone characteristics in males, quantification of
BPA levels will need to encompass a range of measures given the variability in detecting
a correlation based on a single sample.
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Studies of BPA effects on couple fecundity are limited, of small sample size, with
contrasting results, potentially explained by differences in fertility status and demographics
of the cohorts screened. Studies have failed to determine an association between paternal
urinary BPA concentration and poor reproductive outcomes (TTP, fertilisation and live
birth rates) of couples trying to conceive [34; 47], although as noted, quantification of
urinary levels may not be ideal. In further support of this, one study of 27 couples receiving
fertility treatment identified an inverse correlation between paternal, but not maternal,
serum BPA concentrations and embryo cell number and quality [48]. In addition, low-level
antenatal BPA exposure in 496 Chinese women was associated with increased birth length
in male but not female babies [49], further illustrating the potential for sex-specific effects
of BPA. Likewise, a small study of 146 couples undergoing fertility treatment failed to
identify an association between BPA and pregnancy, embryo quality, normally fertilised
oocytes, fertilisation, sperm concentration or sperm motility [50]. The potential for effects
of bisphenols on fertility during embryonic development is further highlighted by a recent
study where exposure of male embryos to BPA, as determined by maternal serum at 18 and
34-weeks gestation, was associated with reduced sperm concentration and motility in
adulthood, but not correlated with serum hormone profiles (LH, FSH, inhibin, androgen or
oestrogen), of male offspring at 20 to 22 years of age [51].

A ban on the use of BPA in products such as baby bottles [52] led to its replacement by
related bisphenols S and F [53], proposed as safer alternatives by the industry, though due
to their structural similarity, recent studies have determined both to have EDC effects [31;
54;55; 56]. As aresult, little is known about their potential to impact fertility and fecundity.
A recent study of 158 men seeking fertility treatment identified reduced semen volume in
individuals with detectable levels of urinary BPS, with sperm concentration, total count
and motility also reduced in obese males [57]. These data highlight the potential for other
lifestyle factors to exacerbate subtle changes in reproductive parameters with bisphenol
exposure.

3.2.2 BPA negatively impacts female fertility

The majority of BPA studies have been undertaken in sub-fertile females, with higher
serum BPA concentrations reported in infertile, compared with fertile women [58; 59].
Overall, data suggest a negative association between urine BPA concentration and
circulating oestrogen levels [35; 60; 61], although one cohort study failed to determine an
association between BPA and steroid hormone concentrations in women in the general
population [62]. Further effects on oocyte yield and quality [61; 63; 64], and blastocyst
formation [65], as well as increased rates of implantation failure [66] and miscarriage [67;
68] have also been reported, though data from a recent study of 146 couples in South Korea
suggests no association between urinary, plasma or follicular fluid BPA levels and oocyte
retrieval or peak E2 [50].

Similar to findings in men, BPA exposure has not been associated with a change in TTP
[59; 69; 70] and notably one study found no association with fecundity in generally healthy
women [59]. By contrast, in a study of 700 Chinese women attempting pregnancy and
followed for 12 months, urinary BPA levels were associated with a 13% reduction in
fecundability [31]. In addition, women with a high likelihood of occupational BPA
exposure during pregnancy exhibit an increased risk of low birth weight at term [71].

Altogether, clear associations between BPA and serum hormones or sperm parameters are
reported, and significant data has mounted for a negative consequence of BPA exposure
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on folliculogenesis and events around conception, as outlined above. Notably, numerous
rodent studies corroborate these findings, reporting reduced sperm count, motility and
quality [34; 72] after exposure to BPA at levels deemed safe by relevant regulatory bodies
in Europe and the USA (i.e. at or below the lowest observed adverse effect level (LOAEL;
50 mg/kg)). Similarly, substantial data from animal studies strongly supports a direct
negative effect of BPA exposure on follicle number and growth, oocyte ploidy and
development, steroidogenesis [28; 35; 73], uterine morphology and endometrial health,
embryo number and metabolism [74], implantation [75; 76] and fertility [58], including
potential transgenerational effects [77]. Concerningly, paternal BPA exposure appears to
preferentially affect male offspring, including the documentation of generational effects,
hinting at potential long-term consequences of exposure. Based on these findings,
individuals trying to conceive should minimise the use of products containing BPA, and
strongly supports the need for further human studies to encourage governments to further
legislate in this area.

3.3 Phthalates are major disruptors of male fertility and fecundity that warrant
greater legislation against human exposure

Phthalates, such as the di-esters di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate
(DBP) and diethyl phthalate (DEP), are added to plastics to increase their flexibility and
durability. Products containing phthalates include toys, footwear, food packing, medical
devices, perfumes and personal care products [78; 79]. Predominantly, exposure occurs via
ingestion and is generally ubiquitous in developed countries, with studies detecting blood
and urinary phthalates in >95% of those screened, as well as being detectable in
reproductive [80; 81] and amniotic fluids [82], however the majority of anti-androgenic
and oestrogenic effects of phthalates are exerted by their mono-ester metabolites [83].
Common mono-esters include mono(2-ethylhexyl) phthalate (MEHP), monobutyl
phthalate (MBP), monoethyl phthalates (MEP), and monobenzyl phthalate (MBzP) [81].
Therefore, as with other classes of EDC, it is important to note that broad statements
regarding phthalate actions as a single collective group may be inappropriate, potentially
explaining discrepancies between studies, and may be dependent on the isoforms
measured. This is reflected in temporal- and sex-specific actions of different phthalate
metabolites identified in the studies below.

3.3.1 Phthalates alter male fertility by contributing to poor sperm motility and quality
Given the complexities stated above, readers are directed elsewhere for a systematic review
of the epidemiological evidence [84]. In short, several large epidemiological and fertility
centre studies report altered reproductive hormones, predominantly decreased testosterone,
oestradiol and increased SHBG, in men exposed to DEHP or certain mono-ester
metabolites (e.g. MBP and MEHP [85; 86; 87; 88; 89; 90; 91; 92; 93; 94; 95]). The vast
majority of studies and meta-analyses associate high urinary levels of mono-ester
phthalates in men with poor sperm motility and quality [78; 91; 92; 96; 97; 98; 99; 100;
101; 102; 103; 104], low sperm concentration and morphology [94; 99; 100; 104; 105; 106;
107; 108; 109; 110; 111; 112; 113], and decreased semen volume [114]. It is worth
highlighting, contrary to the majority of published work, a small number of studies have
found a positive association between low-level antenatal DEHP exposure and sperm
motility, as well as adult serum testosterone levels [115; 116], though the latter findings
may reflect a response to reduced androgen receptor activity.

An inverse relationship between male urinary phthalate metabolite concentrations and the
generation of high-quality embryos in an IVF clinic has also been reported [117]. In
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contrast, cross-sectional studies have failed to find any association between urinary mono-
ester concentrations and any semen parameters of sub-fertile [118] or fertile men [119;
120]. In addition, one study of 153 young Canadian men found no association between
phthalate levels detected in hair, and sperm count or motility, though associations with
thyroid hormone levels were reported [120]. However, urinary mono-ester phthalate
metabolites in male but not female partners have been associated with a longer TTP in the
general population [47; 69], and a reduced implantation and live-birth rate in couples
receiving fertility treatment [121]. In contrast, a recent systematic review concluded that
no association exists between phthalates and male or female fecundability or TTP [122],
though their analysis is complicated by the equivocal results derived from different
phthalate chemicals.

3.3.2 Phthalates reduce oocyte yield, alter reproductive hormones and may affect
clinical pregnancy rates in females

Contrasting effects are similarly evident in females with phthalate exposure. Higher urinary
mono-ester concentrations, especially DEHP metabolites, have been associated with
decreased antral follicle counts [123; 124] and lower oocyte yield [125; 126; 127] in
women seeking fertility treatment. However, no association was identified between
follicular fluid or urine mono-ester metabolite concentration and oocyte yield or peak
oestradiol concentration in another study [128]. A study of urinary mono-ester
concentrations and changes in menstrual cycle length identified only monocarboxyoctyl
concentration as being associated with a shorter luteal phase in women trying to conceive
[129].

Conflicting evidence however exists regarding the possible effects of phthalates on TTP,
as urinary MEP concentration has been associated with a longer TTP in one cohort study
of 229 Danish women over 430 pregnancies [130], although more generally, large cohort
studies have found no association between urine or serum mono-ester phthalate
concentrations and a longer TTP [69; 70; 129; 131]. Within specific studies, DEHP mono-
ester metabolites levels were suggestive of a shorter TTP [70; 131]. High urine levels of
specific DEHP metabolites have been correlated with a lower rate of clinical pregnancy
and live birth in women undergoing IVF [123; 124; 125; 126; 127; 132]. In a study of 663
women receiving fertility treatment, urinary MBP was inversely associated with normal
fertilization, as were moderate levels of MEP and mono (2-ethyl-5-oxohexyl) phthalate
(MEOHP) [133]. The same study found phthalate metabolites, including DEHP, were not
correlated with day 3 embryo quality, clinical pregnancy rate, live birth rate, or early
miscarriage rate, though moderate levels of MEP and MMP reduced good quality
blastocyst formation [133]. In contrast to the study by Deng et al (2020), no association
was identified between follicular fluid or urine mono-ester metabolite concentration and
fertilisation rate or embryo quality [128], or phthalate concentrations of either partner and
fertilisation rate in couples receiving fertility treatment [134]. In the same study however,
male but not female MEP concentrations were positively associated with cleavage stage
embryo quality, and MBzP and MBP concentrations were negatively associated with
blastocyst quality [134].

Equally, conflicting reports exist with regards to urine mono-esters concentrations and
early pregnancy loss. MEHP has been associated with a higher occurrence of pregnancy
loss [135; 136], whereas other DEHP metabolites are associated with reduced pregnancy
loss [129]. These studies employed comparable participant numbers and it is worth noting
that both investigated couples without proven reproductive capacity. It is however likely
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that such conflicts reflect differences in the mechanism of action by specific phthalate
chemicals. Perhaps greater insight of possible effects of phthalates can be gleaned from
individuals exposed after an intentional contamination of 900 food and drink products with
DEHP in 2011 in Taiwan [137]. Studies are beginning to emerge that investigate the long-
term effect on parameters of fertility in this unique cohort, with the earliest finding of high
DEHP exposure estimated at the time of contamination being associated with a reduction
in serum FSH and increase in serum SHBG [138]. Follow-up studies of reproductive
success will be highly informative.

Overall, a growing number of epidemiological studies provide evidence for an effect of
mono-ester phthalate exposure on reproductive hormones, semen volume, and TTP, with
stronger evidence for detrimental effects on sperm concentration, motility and quality.
These findings are supported by many animal studies (reviewed in [139]) and therefore the
topic of phthalate effects on male fertility requires greater government and social attention.
Despite only a limited number of studies having been undertaken in women compared with
men, generally with conflicting reports, there is evidence that specific phthalates and their
metabolites may negatively impact both male and female fertility and fecundity. Further
study of specific phthalates will identify clearer associations. There is however a growing
body of evidence highlighting negative effects from animal studies on folliculogenesis and
steroidogenesis [140; 141], as well as changes in oestrous cyclicity and accelerated
reproductive ageing [142; 143] and male effects (reviewed in [139]). Overall findings
highlight the potential for metabolite- and time-dependent differences in the effect of
phthalates [144] and the complexity of phthalate actions that include potential
transgenerational epigenetic changes identified in rodents [145] among other
transgenerational consequences [146; 147; 148] that necessitate further investigation in
humans.

3.4 Parabens as potential regulators of human fertility and fecundity; an important
research gap

These phenolic compounds exhibit weak oestrogenic activity [149; 150] and are
structurally similar to bisphenols, comprising many sub-classes including methyl, propyl
and butyl parabens [151]. They are often utilised as preservative and anti-microbial agents,
being commonly found in food, cosmetics and personal care products [79]. Their presence
has been detected in >90% of urinary samples [152] and are recorded to be more than 5-
fold higher in women than in men [153]. Despite their widespread use, surprisingly few
epidemiological or animal studies exist that assess paraben concentrations and their effects
on fertility and fecundity. Of the studies undertaken to date, few associations have been
identified in either males or females. Thus, there is an unmet need for more studies on the
potential effects of parabens on fertility and fecundity in both humans and animals.

3.4.1 Inconclusive effects of parabens in men

The two most commonly detected sub-classes of parabens (methyl and n-propyl) are
consistently found in serum, urine and seminal plasma collected from the general
population [154]. In three studies, male urinary paraben concentrations were not associated
with changes in plasma steroid hormone concentrations or semen parameters normally
associated with infertility [155; 156; 157], however one study did identify such an
association [158], and a separate study from the same group found an association with
sperm disomy [159]. Likewise, butyl parabens were positively associated with sperm DNA
damage in one of the aforementioned studies [155]. In contrast, paternal urinary
concentrations of couples receiving fertility treatments (IVF or ICSI) have not found am
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association with fertilisation rate, embryo quality, implantation rate [151] or semen quality
[160].

3.4.2 Inconclusive effects of parabens in women

To date, only a handful of studies are available on the effects of parabens on fertility in
women. One prospective study of 192 women receiving fertility treatment reported a weak
negative association between urinary propyl paraben and antral follicle count, accompanied
by a positive association with day 3 FSH concentrations [161]. In the same cohort, no
association was identified between urinary paraben concentrations and mature oocyte
counts, number of high-quality embryos, fertilisation rates, implantation or pregnancy rates
[162]. A similar lack of effect on IVF outcomes was recently reported in a study of 420
women [132]. In a separate study of 501 women, a 34% reduction in fecundity was
identified in women with a urinary paraben concentration in the highest quartile [163]. A
recent systematic review of a range of suspected EDCs also provides preliminary support
for an association between exposure of women to parabens and longer TTP [122], however
data continues to emerge that demonstrate no association [164], or only a weak association
with specific parabens [165].

Altogether there is inadequate evidence to make judgements regarding the potential for
specific parabens to modify normal female fertility, though minimising exposure it likely
to be better than assuming no risk. Insufficient data from animal studies exists to
corroborate a definitive effect of parabens on either male or female fertility.

3.5 Triclosan; emerging negative impacts in men and a lack of consistent findings in
women highlights the importance of more research in this area

Triclosan (TCS) is a phenolic compound that, like parabens, is structurally similar to
bisphenols, but also PCBs and thyroid hormones [2]. It is an anti-bacterial and anti-fungal
compound commonly included in many personal care, industrial and household products.
Unsurprisingly, TCS is found in over 75% and up to 98% of urine samples of cohorts
surveyed [166; 167; 168; 169], including those of pregnant women [170; 171]. Studies of
aquatic invertebrates, fish and marine mammals highlight the potential of TCS to disrupt
thyroid hormone homeostasis, in part through competitive inhibition of thyroid hormone
inactivation via sulfation, as well as the reproductive axis by mimicking or interfering with
the action of androgens and oestrogens [172; 173; 174]. However, conflicting findings exist
from rodent studies [175] and few epidemiological studies focusing on fertility have been
undertaken in humans.

3.5.1 Triclosan negatively impacts sperm quality and androgen profiles in men

In a large cohort (877 infertile, 713 fertile) and smaller case-controlled study (163 men),
urinary TCS concentrations were not associated with semen parameters or idiopathic
infertility [37; 156] though associations were identified for a raft of other phenolic
compounds [156]. However, urinary TCS concentrations were negatively associated with
plasma testosterone, inhibin B and LH concentrations in the small-case controlled study
[37]. Also in contrast to the large cohort study by Chen [156], another large cohort study
of 471 men found urinary TCS concentration to be negatively associated with sperm
quality, most notably motility [176] and a second study of 419 men from the LIFE study
found high TCS concentration to be associated with lower sperm concentration and count
[177]. A similar association between high urinary TCS and abnormal sperm morphology
was found in a study of 315 men from an infertility clinic [178] and in 262 men enrolled in
the EARTH study [179]. Data from in vitro and animal studies, although equally
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conflicting, generally demonstrate TCS to decrease androgen synthesis and sperm
production, mediated by changes in FSH and LH concentrations [180].

3.5.2 Conflicting studies of triclosan effects in women

Retrospective analysis of 2,000 Canadian women identified that those in the highest
quartile for urinary TCS concentration had an increased TTP when compared to those in
other quartiles [70]. In support of this, a study of 109 women from a fertility clinic in the
United States of America found that urinary TCS concentrations were inversely associated
with ovarian reserve [181], and antral follicle count in a second study of 511 polish women
attending a fertility clinic [182]. A study of 156 Chinese women seeking IVF with urinary
TCS concentrations above the median value found significant reductions in embryo
formation and implantation rates [183]. Furthermore, urinary TCS levels have been
negatively associated with placental weight in 473 European women [184]. In contrast,
other studies have found no association between TCS exposure and fertility and fecundity
in women. One, a prospective study of 501 couples, reported no association between
female, male or couple TCS exposure and TTP [163]. Finally, a study of 496 mother-infant
prospective cohort pairs in China found no association between antenatal TCS urine levels
and any measure of birth outcome [49], although whether reproductive effects are apparent
in exposed children remains to be determined and pre-pregnancy levels were not
determined. Overall, the majority of studies have shown an association between urinary
TCS and fecundity of women with the highest TCS levels, however further research is
needed to identify other risks and clarify the extent of effects on pregnancy.

Altogether, a number of findings suggest that there may be a negative effect of TCS on
both male and female fertility and fecundity, inconsistencies emphasise the need for further
study in this area. This is particularly true given that many of the conflicting studies
represent large cohorts, hence better stratification of sub-cohorts within these may help
delineate consistent findings.

3.6 Persistent Organic Pollutants (POPs)

As their name suggests, these compounds reside in the environment for extensive periods
of time and often become concentrated in the adipose tissues of humans and animals [2].
These chemicals are comprised of superfamilies, each containing many isoforms or
congeners that share a common chemical structure, yet can have vastly different biological
effects [185]. As with phthalates, this goes some way to explaining conflicting reports on
their action as endocrine disruptors, as outlined below, as studies often make broad
conclusions irrespective of whether a specific isoform, combination of isoforms or whole
superfamilies have been utilised.

3.6.1 Polybrominated biphenyls (PBBs) and diphenyl ethers (PBDEs): mounting
evidence indicates negative impacts on female fertility and fecundity

PBBs and PBDEs are used in flame retardants, including those used in clothing, furniture
and mattresses, hence high concentrations are often found in house dust [186]. Some
PBDEs, including penta- and octa-PBDE and deca-BDE were banned or restricted in the
European Union, or voluntarily phased out in the USA and other countries [187]. PBBs
and PBDEs are reported to affect fertility and fecundity in both males and females, though
both negative and positive effects have been observed. The exact mechanisms of action are
unclear, presumably due to the large number of different congeners and their metabolites
with varying toxicities, but PBB and PBDEs have known oestrogen, anti-androgen and/or
thyroid actions which can affect fertility (see review [2]).
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3.6.1.1 PBB- and PBDE-induced alterations in male fertility

Few studies have investigated the relationship of PBB concentrations and male fertility. Of
these, one large cohort study (468 men in the LIFE study) determined that serum PBB
concentrations were positively associated with sperm concentration and negatively with
sperm morphology, yet had no association with other sperm parameters (motility and DNA
integrity) [188]. Conversely, when subfertile men were studied and classified by sperm
motility, no relationship was identified between serum PBBs and reproductive hormones
or sperm parameters [37].

A number of studies have investigated the relationship between PBDE concentrations and
male fertility. A positive association was identified between PBDE congeners found in
house dust and serum LH, testosterone, oestradiol and SHBG concentrations in men
attending a fertility clinic [187], but a negative association between PBDE and FSH and
inhibin B concentrations in two studies [187; 189]. However, other cohort studies found,
with respect to circulating reproductive hormone concentration, either contradictory
findings [190] or no changes [37; 120; 191]. Several cohort studies have determined a
negative association between serum PBDE and sperm concentration and motility [120;
186; 192; 193] or morphology [188], but generally inconsistent findings exist as to the
effects of PBDEs on human sperm characteristics in vivo [37; 186; 188; 191; 193]. In the
context of IVF, high paternal urinary flame retardant levels were associated with an 8-12%
reduction in the proportion of fertilised oocytes from the first to second quartile of male
urinary retardant levels [194].

3.6.1.2 PBDEs, in limited studies, decrease fertilisation rates, embryo quality and
increase implantation failure and TTP in females

Compared with men, fewer studies have been undertaken into PBB and PBDE effects on
fertility in women. Serum PBDE concentrations have been negatively associated with FSH
levels [195] but were not associated with changes in menstrual cycle characteristics [196].
In women receiving fertility treatment, PBDE concentrations were identified in follicular
fluid [197; 198], although not all PBDE congener concentrations were correlated between
serum and follicular fluids, suggesting serum levels may not provide a good indicator of
local ovarian exposures. Notably, follicular PBDE congeners, such as BDE 153, were
associated with decreased fertilisation rates, lower rates of high-quality embryos and
increased implantation failure [197; 198]. Equally, increasing concentrations of four
congeners (BDE 47, 99, 100 and 153) in blood were associated with a longer TTP and
reduced fecundability (BDE 100 and 153) [196]. Further, congener BDE-28 was associated
with a longer TTP, and congener BDE-153 with an increased risk of miscarriage and
premature birth [195] but not lower birth weight [199]. Similarly, maternal preconception
serum concentrations of congeners BDE-17, -28, -66 and homologue triBDE are associated
with a higher risk of pregnancy loss [200]. Notably, two prospective studies measuring 10
PBBs failed to find an association between PBB serum concentrations with a longer TTP
in 501 couples trying to conceive [47; 201], though in a follow-up study of the same cohort,
increased maternal preconception serum PBDE concentrations were associated with a
higher risk of pregnancy loss [200].

Overall, limited studies on PBB have been reported, however studies have begun to emerge
in the last 5 years that appear to identify PBDE exposure as being negatively associated
with sperm motility and concentration in males, and embryo development, implantation
failure and TTP in females. Studies in animals are equally limited, but generally support

13



605

610

615

620

625

630

635

640

645

650

negative effects of PBDEs on male fertility [202; 203] and offspring neurobehaviour [203]
and induces mitochondrial dysfunction and oxidative stress in mouse oocytes [204]. These
preliminary findings however highlight the need for further investigation.

3.6.2 Polychlorinated biphenyls (PCBs); still a major disruptor of human fertility and
fecundity

PCBs comprise 209 different chemicals that were used in fluids for electrical devices,
industrial lubricants, paints and copy paper until their worldwide ban in 1979 (see review
[2]). However, their persistence in the environment means there is ongoing exposure to
PCBs from water and soil. PCBs are known to inhibit enzymes that regulate the excretion
of many chemicals, including phthalates [205], thereby increasing the body’s chemical
burden. The exact mechanisms of action are unclear, presumably due to the large number
of different PCBs and their metabolites with varying chemical structures and toxicities,
though some are known to interact with the aryl hydrocarbon receptor (AhR). As with other
POPs, PCBs are known to have oestrogen, anti-androgen and thyroid hormone actions that
can affect fertility and fecundity in both men and women (see review [2]).

3.6.2.1 PCB exposure reduces sperm motility and DNA integrity

Modelling using LIFE study data suggests that male PCB exposure may be a significant
determinant of infertility risk [206; 207]. A number of studies have reported negative
associations between PCB exposure and serum testosterone and SHBG concentrations [43;
208; 209; 210; 211]. While conflicting findings exist as to the effects of PCBs on human
sperm characteristics in vivo (see reviews [2; 43; 99; 212; 213]), the majority of these
studies identified PCB exposure as being negatively associated with sperm motility and
DNA integrity. This has been consistently reported for PCB 138 and 153 [193; 205; 214;
215; 216; 217; 218]. Notably, the 1978-79 large scale PCB exposure of in utero and adult
males in Taiwan to contaminated cooking oil resulted in decreased sperm motility and
altered morphology in both cohorts [219; 220]. Evidence suggests that PCB exposure
predominantly interferes with the last stage of sperm development; their maturation in the
epididymis, as few studies report reductions in total sperm count or concentration [43; 221].
Indeed, human sperm exposed to a PCB mixture (Aroclor 1254) for 3 or 6 hours
demonstrate reduced sperm motility, increased reactive oxygen species levels and increases
in a surrogate marker of mitochondrial dysfunction [222]. However, the extent to which
the chosen test concentrations reflect concentrations present in human semen is unknown
as the authors merely emulate doses from previous in vitro studies. Nevertheless, higher
plasma concentrations of certain PCBs (101, 138, 156, 157, 167, 170, 172, 207 and 209)
have been associated with a longer TTP [47; 201]. This finding was supported by a more
recent study of 501 couples from 16 countries but now living in the USA, where 7 of 36
PCBs tested in serum and urine were associated with a 17% to 29% reduction in couple
fecundability [223]. To date, the most robust evidence for a negative effect of PCBs
(especially PCB 138 and 153) on sperm exists for motility and DNA integrity, with weak
evidence for effects of PCBs on hormone concentrations, other sperm parameters and
fecundity.

3.6.2.2 PCB exposure alters hormone and cycle characteristics in women, and is
associated with reduced implantation, fertilisation and embryo quality, and increased
TTP

Studies have associated high PCB exposure, especially those with oestrogenic activity,
with changes in menstrual cycle characteristics [224; 225; 226; 227], with up to a three day
increase in cycle length [227]. A very large (31,575) cross-sectional study also associated
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increased levels of nine specific PCBs, including PCBs 118, 138, 153 and 170, with early
onset menopause [228]. Furthermore, in women receiving fertility treatment, PCB
concentrations were identified in follicular fluid [229; 230] and associated with decreased
fertilisation rates, lower rates of high-quality embryos and increased implantation failure
[198; 231].

As a potential insight into the mechanistic basis of pregnancy loss, a study of 94 IVF
participants found a negative correlation between PCB levels (PCB 28, 52, 138 and 180)
in follicular fluid with endometrial thickness [232]. In the same study, individual PCBs
were found to be independent predictors, with a negative association for other clinical
measures of IVF success. These included PCB 28 and the number of eggs retrieved, PCB
180 and the number of fertilised oocytes or cleaved embryos and PCB 52 and the number
of implantation sites [232]. Likewise, a study of urinary PCB levels in 58 female patients
undergoing their first IVF cycle found an inverse association between higher PCB levels
and antral follicle count, the follicular response to gonadotrophins, including oestradiol,
the number of oocytes retrieved and endometrial thickness, as well as fertilisation rates,
embryo quality and clinical IVF outcome in terms of embryo implantation and live birth
[233]. Longitudinal studies have identified a longer TTP for women relative to exposure to
certain PCBs (particularly 118, 167 and 209) [47; 201; 234; 235]. Of note, some of the
effects of PCB have been associated with transplacental actions, such as reduced
fecundability in the daughters of mothers exposed to relatively high PCB levels during
pregnancy [236].

Generally, the majority of studies undertaken provide robust evidence that supports that
PCBs are negatively associated with fertility and fecundity in both men and women, with
considerable effects on both sperm and oocytes, as well as the resultant embryo culminating
in implantation failure and a longer TTP. Studies in animals are limited, but generally
support negative effects of PCBs and PBDEs on male fertility but again less evidence is
available for female animals (see reviews [2; 4]).

3.6.3 Polychlorinated dibenzo-p-dioxins (PCDDs or Dioxins); the devil we don’t know
Dioxins are by-products of industrial processes, including the production of herbicides,
metal and paper, waste and wood incineration, as well as being released by microwaving
plastic containers [237; 238; 239]. Dioxins are lipophilic and are not easily eliminated by
the body, leading to bioaccumulation. Well-known examples of dioxins include
tetrachlodibenzo-p-dioxin (TCDD), a contaminant present in Agent Orange [221]. Dioxins
exert their effect in part through their interaction with the AhR, with reproductive effects
amongst the most sensitive. Even at background levels, dioxins exert adverse effects on
oestrogen, androgen and thyroid hormone regulation [240] and reviewed in [241].

3.6.3.1 Exposure to dioxins reduces pre- and peri-pubescent male sperm count

Exposure of chemical production workers to dioxin has been associated with increased
gonadotrophins and decreased testosterone in serum [242]. Likewise, a substantial
accidental exposure to dioxin in Seveso Italy in 1976 was followed by the analysis of 135
boys up to the age of 18 at the time of the event and demonstrated lower oestradiol and
higher FSH concentrations in adulthood, compared with unexposed contemporaries [243].
Moreover, men who were breastfed [244] or were pre-pubertal at the time of the event
[243] had reduced sperm count and motility as adults. In contrast, no association between
adult exposure and semen quality was found, highlighting the potential for a
developmentally sensitive window of exposure during childhood and adolescence. A more
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recent longitudinal study of 516 Russian boys aged 18 to 19 years old associated higher
peripubertal serum TCDD concentrations with poorer semen parameters, including
concentration, count and motile count [245]. However, no further data exists on the actions
of PCDD or dioxin on male fertility and fecundity, particularly with regards to possible
effects of environmentally relevant dioxin concentrations. Similarly, animal studies
examining the peri-conception period are extremely limited.

3.6.3.2 Insufficient data on dioxin effects in women

No clear evidence exists to allow conclusions of possible dioxin effects on female fertility
and fecundity. Follow-up of ovarian function in women accidentally exposed during the
aforementioned incident in Italy (section 3.6.3.1), identified no evidence of altered ovarian
function or changes in menstrual cycles [246]. However, a dose-dependent association
between circulating dioxin and TTP was found in women exposed while trying to conceive
[247]. It is possible that, like the study of semen quality in adult men exposed during the
same incident, the lack of changes in ovarian function of adult women reflects a window
of sensitivity during earlier development not investigated in these studies. Animal studies
have determined TCDD alters folliculogenesis, blocks ovulation and inhibits production of
oestrogen while reducing ovarian weight, although effects differ between species [185;
248].

Overall, limited but direct associations can be made between dioxin exposure and sexual
development in males that may alter fertility and fecundity. It is likely that the same is true
for females, given data from animal studies, although investigations are yet to be
undertaken to confirm this relationship in humans. Further, the persistence of these
chemicals in the environment highlight the potential for dioxins to have ongoing effects,
well beyond the time they are banned from use.

3.6.4 Perfluoroalkyl and Polyfluroalkyl substances (PFAS)

PFAS are a group of chemicals, containing more than 4,700 congeners, including the
perfluoroalkyl acids (PFAAs) perflurooctane sulfonic acid (PFOS) and perfluorooctanoic
acid (PFOA) (see review [249]). Their hydrophobic and lipophilic properties make them
desirable for use in a wide range of consumer products including teflon, textiles, pesticides,
carpet and personal care products, and various manufacturing processes such as industry
surfactants, and fire-fighting foams (see review [249]). The two most commonly used and
studied groups are PFOA and PFOS, with few studies on human health with respective to
other PFAS. PFAS are often referred to as ‘forever chemicals’, as they are very resistant to
heat and to degradation in the environment, so persist for decades, often in ground and
drinking water, and bio-accumulate in the body [249; 250]. These compounds are known
to alter the expression of nuclear receptors involved in steroid metabolism, such as
peroxisome proliferator-activated receptors (PPARs) [251; 252] and bind to oestrogen
receptor alpha [253]. However, there is still a great deal of research required to identify the
mechanisms by which PFAS can elicit biological effects. An extensive systematic review
of the available literature was recently undertaken of PFAS effects on reproductive
hormones, fertility and fecundity in humans [249].

3.6.4.1 Significant conflicting data highlights the need for more research on effects of
PFAS in men

Several cohort studies report no effect of PFAS exposure on plasma hormone
concentrations (testosterone, oestradiol, SHBG, LH or FSH) in healthy young men [254;
255; 256], although one cohort study of 257 young Danish men did identify a negative
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association between PFAS and testosterone [257], and two other studies reported a positive
correlation between plasma PFOA and LH and SHBG levels [211; 258]. Thus, based on
these few studies, the consensus is that no substantial evidence exists to support effects of
PFAS on reproductive hormones in men. The caveat however, it that all these studies were
conducted on young men (< 30 years old), so potentially effects in older reproductively
active men remain to be determined.

In total, fewer than 15 studies have investigated an association between PFAS exposure
and sperm parameters (see review [249]). Six studies identified that a higher serum
concentration of several PFAS congeners was associated with low sperm count and
concentration [259], as well as sperm quality, including unfavourable morphological
characteristics [260; 261; 262] and fewer normal sperm in ejaculates [255; 260]. Equally,
six studies found no association between PFAS and sperm quality or DNA global
methylation [211; 257; 258; 263; 264; 265]. Notably, no study has consistently found the
same sperm parameters to change with PFAS exposure.

3.6.4.2 Insufficient and conflicting data on effects of PFAS in women

Two studies report negative associations between plasma oestradiol and PFOA and
perflurooctanesulfonamide (PFOSOA) concentrations but not for other PFAS [266; 267].
Aside from these studies, very few have investigated the effects of PFAS exposure on
female reproductive hormones; those that have find no changes in hormone concentrations
(see review [249]). Conflicting evidence also exists for menstrual cycle length, with some
studies finding that exposure to specific PFAS are associated with an altered menstrual
cycle length [268; 269; 270], while another study has found no association [271]. A recent
study of 146 young (18 to 21 year old) females in the Veneto region in Italy, one of the
most heavily PFAS polluted areas in the world, identified an increase in the age at
menarche and the frequency of irregular periods [272]. Several large cohort studies, both
prospective and retrospective, report a longer TTP, reduced fecundity or infertility
associated with higher maternal plasma concentrations of certain PFAS [201; 273; 274;
275], although most studies have found that the majority of PFAS congeners measured
showed no associations [269; 274; 276; 277; 278; 279]. These contrasting findings may be
explained by a shorter peri-conception monitoring time, correction for different
confounding factors or the variety of geographical locations of the studied cohorts.

In terms of PFAS exposure and either miscarriage or preterm birth rates, data are
conflicting, with only four and ten studies being undertaken respectively (see review
[249]). Generally, inadequate evidence exists that precludes the ability to make any
statement on maternal blood PFAS concentrations and changes in miscarriage or preterm
birth rates, however, a correlation between higher PFOS (but not other PFAS) umbilical
cord concentrations and increased preterm birth is evident [280; 281]. Strong evidence
from the very large cross-sectional NHANES study in the USA [282], as well as a
substantial systematic review [283] have identified that PFOA is associated with low birth
weights. However, conflicting evidence exists relating to maternal blood concentrations of
other PFAS and changes in birth weight [249]. Further, analysis of the Avon Longitudinal
Study of Parents and Children, a British pregnancy cohort comprising 446 mother-daughter
pairs, found no association between in utero PFAS exposure and AMH levels in female
adolescents [284].

Currently, the collective findings from human studies do not support a consistent effect of
PFAS on sperm. No association is evident from animal studies, as administration of PFOA
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for two generations to rats at levels much higher than those found in humans showed no
effect on semen parameters [285; 286]. For women, nearly all measured fertility traits result
in contrasting findings from the less than 20 studies collectively undertaken. Equally,
relatively few animal studies have been conducted, with conflicting findings or no effects
on fertility [285] to lower implantation rates [287]. Hence, the current data cannot provide
any firm conclusions for possible PFAS effects.

3.6.5 Pesticides, herbicides and insecticides; clear reductions in fertility and fecundity
by specific chemicals highlights that greater research and political action is urgently
required

These chemicals can be divided into several categories, with organochlorines (OC),
organophosphates (OP) and pyrethroids being the most widely recognised [288]. Data on
the effects of pesticide and herbicide exposure on fertility are equivocal in humans and
experimental animal studies [2; 212; 288; 289]. The principle reason for this is the vast
number of chemicals classified under these categories that can act via a multitude of
hormonal pathways. In addition, the majority of studies do not include actual measurements
of pesticide exposure, concentration and/or duration of exposure. Individuals are often
simultaneously exposed to multiple chemicals and concentrations, including chemical
accelerants in commercial products that can have their own detrimental effects, with
limited quantitation of direct exposure levels, where the potential effects of individual or
specific categories of chemicals are often not considered. Nonetheless, the clear and strong
effect on human fertility in some studies of specific chemicals in this group, highlight the
importance of a global effort to undertake studies of sufficient power to make unequivocal
conclusions about their effects.

3.6.5.1 Organochlorines (DDT/DDE); major disruptors of human fertility

Probably the most studied and well-known OC in terms of their effects on fertility and
fecundity are dichlorodiphenyltrichloroethane (DDT) and its breakdown product
dichlorodiphenyldichloroethylene (DDE). DDT acts like oestrogen when it enters the body,
while DDE blocks male hormones such as testosterone (see reviews [2; 4]). In 1972, DDT
was banned in the USA and subsequently many other countries, however it is still used in
areas prone to malaria [4]. Limited studies exist on the direct impacts upon fertility in
humans, although many studies find significant effects in areas that have been chronically
exposed to DDT.

3.6.5.1.1 DDE compromises male fertility

In populations where DDT is used against malaria, increased levels of DDE in the blood
are associated with reduced testosterone [290], FSH and LH concentrations, and higher
oestradiol and SHBG levels [290; 291], as well as changes to semen volume and sperm
count [290], motility and morphology [292; 293], and sperm DNA structure [292; 294].
Consequently, androgen concentrations and semen quality are adversely affected by DDE.
In contrast, some studies have identified no association between DDE and hormone
concentrations and sperm parameters [2; 215], though results of these studies showed clear
trends. In a large prospective cohort, a negative association between plasma concentrations
of DDE and TTP was determined in male partners of couples trying to conceive for 12
months [201].

3.6.5.1.2 DDE perturbs female reproduction
Serum DDT and DDE concentrations are associated with changes in menstrual cycle length
[295; 296] and decreased oestrogen and progesterone concentrations [297; 298]. Despite
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measurement of these compounds in follicular fluid [230; 299], the majority of studies have
not identified a relationship between DDE in serum and follicular fluid with fertilisation
rate or pregnancy in women seeking fertility treatment [300; 301; 302]. However, several
studies have associated higher serum concentrations with a longer TTP [234], lower
ovarian reserve [233] and implantation rates [232] as well as early pregnancy loss [303;
304; 305], with increased DDE levels also associated with early onset menopause [228].
Additionally, low birth weight, congenital malformations and stillbirths were more
prevalent in babies from women exposed to higher levels of a range of OC pesticides [306].

Collectively, studies demonstrate strong correlations between DDT and DDE exposure and
male and female fertility and fecundity, particularly in areas where their use continues.
Animal study findings corroborate substantial negative effects of DDT and DDE exposure
on male fertility and fecundity, including data that indicates transgenerational effects [307],
as well as the negative effects of these compounds on female fertility [308].

3.6.5.2 Other organochlorines can disrupt human fertility

Additional OC pesticides with potential relevance to human fertility include the pesticides
methoxychlor, chlordane, dieldrin, mirex, chlordecone (kepone), heptachlor, toxaphene, as
well as hexachlorobenzene (perchlorobenzene) and hexachlorocyclohexanes (e.g. lindane);
though relatively little is known about these overall. In general, these compounds have
similar modes of action to DDT and DDE, via modifications of steroid production and/or
action (reviewed in [309]), though animal studies indicate the effects of dieldrin and mirex
may be independent of their ability to modify oestrogen action (reviewed in [310]). Aside
from the paucity of recent studies, difficulty in determining the influence of specific OC
pesticides on fertility stems from the fact that several studies have associated only the sum
of OC exposure to fertility measures. However, a strong association has been observed in
females, as detailed below.

3.6.5.2.1 Specific organochlorines negatively impact male fertility

After the banning of DDT, methoxychlor was promoted as a suitable replacement but has
since also been banned due to its acute toxicity and ability to modify androgen and
oestrogen receptor signalling (reviewed in [311; 312; 313]) that includes potential
transgenerational effects identified in animal studies [314; 315; 316]. However, animal
studies to date have used doses higher than typical human environmental exposure levels
and therefore the specific contributions of methoxychlor to modifying human fertility in
the general population remain to be established.

In one small Icelandic study of 27 fertile men attending a fertility clinic for female factor
sub-fertility, metabolites of chlordane or a mixture of some 200 organochlorines were not
associated with sperm count, concentration or motility [317]. Similarly,
hexachlorobenzene was not associated with semen parameters in the same or a second
study of 65 men from a Netherlands fertility clinic, or another study from a hospital
andrology laboratory in the USA [318; 319], nor in 90 sub-fertile men from an Indian
fertility clinic [320]. Animal model studies generally support the aforementioned human
data [308].

Insight into the effects of chlordecone (kepone) on male fertility was afforded through two
poisoning episodes, occurring first in 1975 at an industrial production facility in Virginia
USA. Exposed men exhibited reduced sperm counts and motility lasting approximately
four to six months [321; 322], suggesting a significant, albeit transient, negative effect on
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fertility. Though use was banned in 1975 in the USA, it was still used in less developed
nations. Subsequently, significant environmental pollution was discovered in the West
Indies in 1999. Fortuitously, one year before the discovery of pollution, blood and semen
samples were collected from 100 male agricultural workers in this region. These men
showed higher kepone levels than non-agricultural workers but exhibited no difference in
TTP, semen volume, sperm concentration, output, motility, or morphology, nor significant
changes in hormone concentrations (FSH, LH, Inhibin B, testosterone and oestradiol) [309;
323; 324]. These limited findings suggest that while transient effects on fertility may result
from moderate or high kepone exposures, typical environmental exposure in the general
community is unlikely to result in significant impacts on fertility or fecundity in the longer
term.

Very few studies exist that investigate the effects of mirex, dieldrin, lindane, heptachlor
and hexachlorobenzene on male fertility. One study of 21 Canadian couples found that
mirex was undetectable in seminal plasma of husbands from couples unable to conceive
but was present in couples that did conceive [230]. Similarly, a small study of dieldrin
exposure in 31 women and 16 men from Tanzania found no association between serum or
semen lindane levels and pregnancy rate or semen quality [325]. In contrast, a study of
278 men visiting a fertility clinic in India where couples were unable to conceive with no
known fertility disorders exhibited significantly higher semen lindane levels and lower
sperm motility when compared to couples who had conceived within one year [326]. Blood
and semen hexachlorobenzene analysis of 589 spouses of pregnant women from
Greenland, Poland and Ukraine found a positive association with SHBG, and negative
association with free androgen levels, without major consequences in semen quality [327].

3.6.5.2.2 Other OC:s significantly impair female fertility

While fewer studies of OC pesticides have been conducted in women, recent data largely
supports a role for OC pesticides in diminishing fertility and fecundity. As part of the
Hokkaido Study Sapporo Cohort encompassing 514 women enrolled between 23 and 35
weeks of gestation, linear regression modelling found that chlordanes, hexachlorobenzene,
hepatachlor, mirex and toxaphenes levels in maternal blood were negatively associated
with testosterone, SHBG and prolactin, while being positively associated with
dehydroepiandrostenedione and FSH levels in cord blood of male offspring [328]. This
illustrates the potential for a range of OC compounds to modulate endocrine hormone
production in women.

Human studies on methoxychlor have principally been performed in vitro. However, in
mouse studies, methoxychlor was found to induce follicular atresia and reduce follicular
growth [329], principally via effects on oestrogen production and action (reviewed in [310;
330]), although conflicting data regarding rodent follicular development exists (reviewed
in [308]).

In further support of OC effects in women, high follicular fluid lindane concentrations in
94 women was recently associated with a lower implantation rate [232]. Furthermore,
lindane isomer concentrations in blood samples of 30 women in India who had experienced
more than three miscarriages were significantly higher when compared to a similarly sized
fertile cohort [331] and higher lindane plasma concentrations were detected in 68
Taiwanese women seeking fertility treatment [332]. Moreover, high lindane concentrations
in the blood of women living in agricultural areas of Kazakhstan have been associated with
low concentrations of gonadotrophins, oestradiol and IGF-I [333], supporting a link
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between lindane accumulation and changes in female fertility and fecundity. Animal
studies similarly support human findings, with reductions in ovulation rates in rabbits, and
oestradiol levels, implantation rates, and mitosis in mice, as well as impacting granulosa
cell integrity, vaginal opening, cyclicity and LH and FSH concentrations (reviewed in [185;
308]).

Chlordecone levels in women were associated with a decrease in gestational length and an
increased risk of pre-term birth in a study of 818 pregnant women from the West Indies
[334]. Accidental heptachlor exposure during the peri-conception period was associated
with longer luteal phase length and stunted the reduction in the oestradiol:progesterone
ratio post-ovulation in 457 Hawaiian women [335]. In animal studies the relatively high
OC doses used raises question regarding the relevance of findings to human exposures and
fertility [310; 330], however significant data using rats and mice demonstrate the ability of
chlordecone to alter reproductive function and fertility through its actions as a relatively
weak oestrogen receptor agonist (reviewed in [336]). Overall, solid evidence exists to
support a negative effect of OCs on female fertility.

The array of OC chemicals and their varied effects on fertility and fecundity reported to
date stands as a testament to the need for standardisation in research and better
classifications to inform clinicians and government regulators in assessing the endocrine-
disrupting potential of each chemical. Beyond varied results in males, accumulating
evidence supports the view that OC exposure in women has a negative impact on female
fertility, making this class of EDCs a prime candidate for minimisation strategies in women
seeking to become pregnant.

3.6.5.3 Organophosphates (OP); is restricted use working?

Organophosphate (OP) pesticides, such as chlorpyrifos, malathion and diazinon, were first
developed in the 1940s and rapidly became widely used both industrially and residentially
[337]. Residential use has become restricted in recent years, particularly in developed
countries, though agricultural use remains a major concern with 93% of pregnant women
in Canada having at least one OP metabolite in their urine [338]. The presence of OP
exposure in the general population is associated with the consumption of fruits and
vegetables [338; 339], as well as with higher education and income [338; 340]. This raises
the question of whether limiting use to agricultural areas is an effective means of
minimising exposure to these chemicals. Exposure to OP is also reflected in differences in
culture, diet, lifestyle and the regulatory oversights of pesticides in different geographical
areas [341]. Predictably, those working in agricultural areas have higher urinary OP
metabolites compared with the general American population [342]. This is in addition to
the significant incidental exposure of those living near agricultural areas but not being
directly involved in commercial agricultural activities [343]. Therefore, while reductions
in OP exposure of the general population have been achieved due to tighter regulations on
residential use [344], exposure persists and highlights the relevance of OP research in the
context of human fertility.

3.6.5.3.1 OPs decrease male fertility and perturb sperm parameters

Most of the evidence regarding OP effects on male fertility comes from studies of
occupationally exposed men. Urinary OP levels were associated with lowered sperm
parameters in six studies (see systematic review [345]). However, these include only weak
evidence from relatively small pilot studies (n < 100) that specific OP metabolites had
negative effects on sperm concentration [346; 347], count [348], volume [349], DNA or
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morphology [350; 351; 352], and were associated with increased sperm aneuploidy; effects
that may be attributed to increases in oxidative damage (reviewed in [353; 354]). In a larger
study of 227 men occupationally exposed to OP, sperm chromatin condensation was
compromised in 75% of semen samples [355]. Furthermore, in a large questionnaire-based
study of Canadian farming couples involving 3984 pregnancies, focusing on farming
activities of males in the three months prior to conception through to the month of
conception, OP use generated an odds ratio > 2 for miscarriage and pre-term delivery but
only where it was used in combination with other pesticides (e.g. thiocarbamates) [356].
Further, in a study of 578 partners of male Finnish greenhouse employers and employees,
a suggestion of decrease in TTP was identified, with this effect only apparent in those men
ineffectively protected from OP [357].

3.6.5.3.2 Limited data to date associates high OP levels in women with increased TTP
Similar negative effects of OP on fertility and fecundity are observed in females, though
more data are required. Of 615 Chinese women planning a pregnancy and followed for one
year, those in the highest quartile of OP urinary metabolite concentration had a longer TTP
and lower fertility compared with women in the lowest quartile [358]. In another study of
94 couples undergoing ICSI for male factor infertility, a significant negative association
between follicular fluid chlorpyrifos concentration and endometrial thickness, oocyte
retrieval and implantation rate was determined, with the same associations identified for
another OP pesticide, diazinon [232]. It is useful to recognise that several of the effects of
OP pesticides on fertility and birth outcomes are evident in studies of flame retardants [359]
(see section 3.6.4). This likely reflects their shared molecular structures and potentially,
therefore, mechanisms of action. Though evidence is sparse in humans, one potential
mechanism for the effect of OP on female fertility and fecundity is via alterations in thyroid
function [360].

Data associating occupational exposure of men to OP with fertility are therefore broadly
consistent, identifying a negative influence on various semen parameters, though large
robust studies in this area are lacking. Some confidence in the view of a negative influence
of OP can be drawn from many animal studies that consistently report multiple effects on
sperm including reduced density, counts, motility, viability, as well as increased DNA
fragmentation, plasma membrane destruction, apoptosis, and cell death. Further effects
include reductions in plasma testosterone, changes in serum gonadotrophin concentrations
and decreased activity of antioxidant enzymes (reviewed in [353; 354]). While fewer
studies have explored the effects of OP in females, data suggest a longer TTP potentially
related to reduced oocyte numbers and implantation rates.

It is worthwhile noting one study making strident conclusions of a lack of any endocrine-
modulating activity for an important OP pesticide, chlorpyrifos. This study, investigating
both male and female animals [361], was undertaken exclusively by the Dow Chemical
company that manufactures Chlorpyrifos. This seemingly exhaustive analysis should be
interpreted with an abundance of caution, due to the overt conflict of interest. The work
from Dow is inconsistent with a growing number of published in vivo animal studies [362;
363; 364; 365], not to mention the exhaustive studies in aquatic organisms [366; 367].

Given their extensive use in agriculture and the likelihood of negative effects on fertility
and fecundity, OP pesticides represent an important class of EDC on which future research
should focus, the results of which will be of importance to fertility specialists seeking
mechanisms to explain fertility of unknown aetiology. Thus, government health panels
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should invest significantly in promoting legislation aimed at minimising and replacing OP
pesticides, in the interests of reproductive health.

3.6.5.4 Pyrethroids

Pyrethroids, derived from naturally occurring pyrethrins in plants, are commonly used
around the home as aerosol insecticides, as well as in agricultural production systems [368]
under the assumption that their ‘natural’ origin makes them safer. These include bifenthrin,
cypermethrin, permethrin and tetramethrin. Consequently, pyrethroid use has increased
considerably over the last twenty-five years, resulting in widespread and greater
opportunity for human exposure [368; 369]. To date, relatively few studies have
investigated adverse effects on human reproduction, with most focused on male effects
[345;370; 371]. In line with studies on certain pesticide classes, a recent substantial review
of pyrethroids and human epidemiology studies failed to identify any study that collectively
demonstrated a robust experimental design, as well as high-quality endpoint measures and
evidence, or findings that were concordant with those of toxicological animal studies [368].
Even in animal toxicity studies, only weak effects are detected in steroid and thyroid
hormone concentrations, as well as sperm parameters (see review [368]). This is
underpinned by conflicting evidence as to whether pyrethroids have the potential to act via
or modulate oestrogen pathways [372; 373; 374]. Thus, the mechanisms of action of
pyrethroids remains elusive.

3.6.5.4.1 Pyrethroid exposure negatively impacts sperm DNA quality and
concentration

Only a small number of studies have examined pyrethroid exposure and hormone
concentrations. Urinary concentrations of the pyrethroid (3-phenoxybenzoic acid, 3-PBA)
were associated with increased serum LH and reduced oestrogen concentrations in a study
of 212 non-occupationally exposed Chinese men, but did not relate to FSH, testosterone or
prolactin concentrations [375]. Similar relationships were determined in another study of
161 men (18 to 54 years old) from an infertility clinic that investigated a number of urinary
metabolites and plasma hormone concentrations. However, a positive relationship with
FSH and a negative relationship with inhibin and the ratio of testosterone to SHBG were
also observed [376]. In contrast to these studies, no association between urinary 3-PBA
concentration and serum hormone levels was identified in a study of 322 Japanese
university students [377].

Fifteen cross-sectional studies have reported negative associations between urinary
pyrethroid metabolite concentrations and sperm parameters (see reviews [345; 368; 370;
371]), mainly with respect to chromatin and DNA quality, as well as aneuploidy rates [378;
379; 380; 381]. Several studies also identified that a higher 3-PBA urine concentration is
negatively associated with sperm concentration [346; 375; 379; 380; 382]. Comparisons
between quartiles within studies have found sperm count, motility and morphology to be
negatively associated with high urinary pyrethroid metabolite concentrations [379; 383],
while another study found the Y:X ratio of sperm to be negatively associated with urinary
pyrethroid metabolites in healthy fertile men in Japan [384]. The majority of studies
however rely on single sample time points of varying duration relative to exposure or self-
reported occupational exposure from men working in greenhouses [357] and fenvalerate
factories in China [378; 385], as well as those exposed to various pyrethroids in the general
population [346; 379; 381; 386; 387; 388; 389]. Despite this, moderate evidence suggests
that environmental concentrations of pyrethroids negatively impact reproduction,
particularly sperm DNA quality and concentration, in non-occupationally exposed men.
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3.6.5.4.2 Pyrethroid effects on female fertility and fecundity is understudied
Available data on the fertility and fecundity of women with pyrethroid exposure is sparse
compared with data on men. This highlights the urgent need for research in this area, given
the emerging negative consequences identified in men. Furthermore, cross-sectional
studies have shown pyrethroid metabolites to be consistently present in the urine of women,
and that these were from non-dietary pathways e.g. from domestic pesticide use and
proximity to crop fields [390].

Few studies have explored a relationship between pyrethroid and reproductive hormone
concentrations, although one study of South African women reported indoor use of
pyrethroids was associated with decreased plasma anti-Mullerian hormone concentration
[391] suggestive of poor reproductive outcomes. In terms of fertility studies, a prospective
cohort study of 615 Chinese women seeking to conceive determined increasing urinary
pyrethroid metabolite 3-PBA concentration to be associated with a longer TTP and
decreased fertility [358].

The very low number of fertility and fecundity studies in women overall, means no firm
conclusions can be made on the possible effects of pyrethroids. Animal data on the effects
of environmental pyrethroid concentrations on female reproduction are minimal with
findings conflicted [373]. In comparison, animal studies using toxicological doses have
identified altered hormone concentration (estrogen and progesterone), morphometric and
structural changes in the female reproductive tract, perturbed ovulation, increased atresia
of follicles, oocytes and corpora lutea, as well as changes in endometrial glands [373; 392],
suggesting the potential for adverse effects at lower doses.

Combined, the assumption that concentrated natural pesticide chemicals will have no
impact on male or female fecundity is potentially naive. Growing evidence supports a
negative impact on male sperm characteristics, although more studies are required to assess
effects in females. Until such time, pyrethroid use should likely be minimised, particularly
by those trying to conceive.

4. SUMMARY

This review encapsulates the available robust human data for the effects of several common
EDC classes on adult male and female fecundity and fertility around the time of conception.
Accumulating data suggests that several EDCs have a negative effect in men and women
[2; 4; 393], with important differences between the temporal activity of specific EDCs,
where some EDCs have actions during discrete phases of reproduction, while others act
more broadly. Examples include those of PCBs and chlordecone with effects at the last
stages of spermatogenesis, compared with phthalates and DDT/DDE that influence both
reproductive hormone levels and multiple semen parameters in men, as well as BPA
influencing multiple measures of oocyte reserve/quality and measures of embryo quality
in women. It is likely that the broader influence of the latter EDCs reflects their ability to
bind and modulate the actions of the AR and/or ER and the diverse function of these
hormone receptors in regulating normal aspects of fertility.

Based on the information reviewed, there is strong evidence to support a negative
association between male fertility (measured by sperm count, motility, morphology and
DNA integrity) and exposure to phthalates (MEHP and MBP), BPAs, PCBs,
PCDD/Dioxins, pyrethroids as well as pesticides including DDE (Table 1). Equally, for
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male fecundity (TTP), moderate evidence supports a negative association with exposure to
mono-ester phthalates, PCBs and pesticides including DDE, especially in the context of
couples seeking assistance through IVF clinics. In contrast to studies in men, substantially
fewer studies have been undertaken in women. Consequently, only a moderate negative
association is evident for oocyte quality, implantation rate and/or miscarriage rates with
BPA or PCBs exposure. There is also a negative association with fecundity (TTP) and
menstrual cycle length apparent for PCBs, BPA, and pesticides (including DDE) (Table 2).
It 1s however anticipated that more associations between EDCs and female fertility and
fecundity will become apparent with further study. In addition, the lower number of robust
fertility effects identified in women compared with men likely reflects the difficulty in
accessing and studying oocytes compared with sperm, rather than a lack of actual effects.
Overall, this review not only integrates the current human literature to determine those
EDCs for which strong associations with fertility and fecundity are evident, it identifies
gaps in our knowledge of the effects of EDC classes. Thus, it suggests critical focus areas
for future research as a foundation from which meaningful changes can be made to improve
human fertility and fecundity, by placing the issue of investigating EDC exposures firmly
on the social and political agenda.

4.1 Limitations of this review and EDC field

In deciding whether to include studies in this review, the authors decided to exclude many
of the studies that investigate EDCs in cohorts of less than 100 individuals, except in cases
where no or very little data are available for a particular EDC. The aim being to focus on
studies with a higher likelihood of comprising meaningful results and to minimise small
sample size-induced inflation of apparent data conflicts. This approach possibly excludes
some studies with varying experimental and statistic strength that could have influenced
the conclusions drawn but their inclusion would more likely have confounded the final
conclusions. Nevertheless, this is a clear limitation in this review. Recently, Chung et al.
[394] calculated a minimum effect size nearing 2700 to be able to establish clear significant
links between EDCs and sperm parameters, highlighting that existing studies consisting of
only a few hundreds of participants are underpowered. Notably, if the effect of a chemical
is not discussed in this review, it is most likely due to a lack of study rather than an absence
of association. Where possible, a lack of effect determined with data of sufficient
robustness has been highlighted, however this is unlikely to have captured all negative data
in existence, due to the inherent issue in publishing all negative study results.

Whether effects have or have not been identified in this review may be complicated by
reliance on one-off urine or blood samples as a biomarker of exposures by most studies,
combined with a lack of standardisation. These one-off samples also give no indication of
life-stage or life-long exposure, particularly as the impacts of in utero exposure may only
manifest in adulthood. Also, given the short half-life of some chemicals, it is the
measurement of their more potent metabolites that should be the focus to more accurately
determine a person’s true exposure, not simply the measurement of the free or total parent
chemical concentration. Without these data, it is possible that measurement of the parent
chemical may be inaccurate or confounded when attempting to identify association with
fertility and fecundity. Equally, the time from sampling to evaluating a biological
difference in reproductive outcomes may be too short or large in some cases, for example
within the approximate three-month duration for the full process of spermatogenesis [395].
It is also worth noting that concentrations of EDCs in urine may not faithfully reflect the
concentrations present in reproductive organs. Studies that, for example, measure semen
EDC content [396] may allow more direct relationships to emerge. This is not withstanding
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the generally lower level of EDC metabolites found in semen, and the large number of
study participants that would be required for an investigation of sufficient statistical
strength [394]. Likewise, a significant limitation of the analysis presented herein is that this
review has not made attempts to draw direct comparisons between study quality based on
specific dose and exposure context used in each. Such analyses are relevant to the field but
outside the scope of the current analysis.

Probably the largest confounder when interpreting study findings is determining the more
realistic day-to-day exposure of humans to not just one EDC but a dynamic mixture of
EDCs across a lifetime, often with EDCs working synergistically or antagonistically to
result in physiological effects. Hence, simply measuring only one EDC at a time, with
respect to a physiological endpoint measure, is a very narrow view and likely may explain
some of the conflicting findings reported. Linked to this is the complication in obtaining
experimental evidence for the direct and indirect physiological interactions between
different EDCs across numerous endocrine systems in vivo, let alone the sheer difficulty
of performing such analyses. Therefore arguably, the effects reviewed herein may only be
the tip of the iceberg.

In addition to the specific limitations highlighted above, the EDC field as a whole has major
limitations. Despite the suspected role of environmental toxicants in various human
reproductive disorders and diseases, there are obviously no randomised control trials
investigating their direct effects. Equally, relatively few systematic reviews and meta-
analyses exist, therefore studies in humans instead often comprise large-scale accidental or
occupational exposures, or alternatively cross-sectional epidemiological studies.

Available research is therefore open to confounding issues including unknown levels and
duration of exposure, measurement relative to time of exposure, selection of study
populations with abnormally high exposure levels, and variation in the sex, metabolism,
age, health and fertility status of subjects. Stage-specific sensitivities at discrete stages of
germ cell development are also likely to manifest differently and contribute to conflicting
literature. In contrast, a relatively large number of animal studies exist, although exposure
levels are often much higher than occur in human populations, and species-specific
differences, especially in terms of sensitivity at specific developmental stages, raises
questions about whether results are directly relevant to humans [4]. Far more research is
thus required to establish their effects on reproductive function, particularly during the peri-
conceptional period.

4.2 Challenges and clinical recommendations

Currently, it remains unclear whether exposure to EDCs and toxicants results in one, some
or all of the following; an increase in sub-fertility and infertility, accentuation of underlying
fertility issues, and/or whether sub-fertile individuals are more susceptible to, or unable to
detoxify, these chemicals as efficiently from their bodies, which likely depend greatly on
the individual, their genetics, and the presence of other existing pathologies. For
individuals or couples receiving fertility treatment, particularly those diagnosed with
idiopathic infertility, promoting lifestyle awareness and modification principles, as
outlined above, represents an easy intervention for probable short-term gains in fertility
and fecundity. It is therefore recommended that detailed information on their lifestyle, and
possible occupational and general exposure to environmental chemicals be obtained. It may
also prove informative to analyse blood, urine, reproductive fluids and tissues, as well as
non-reproductive tissues (hair and adipose) for current and cumulative environmental
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chemical loads. The major challenge therein is to balance the desires of the patient and
clinician to understand the reasons behind individual cases of infertility, with the high
financial burden associated with making such detailed investigations. The challenge for
researchers is to undertake robust studies that are, ideally, executed in a more standardised
fashion, allowing for stronger conclusions to be drawn from results that will better inform
and guide clinicians in their decision making.

There is a perception by the public and even some scientists and clinicians that EDCs have
little to no physiologically relevant effect at low doses. Often purportedly justified by the
conflicting findings reported for several well-studied compounds. This contributes to the
laissez-faire attitude and the most significant challenge related to their use: establishing
minimal criteria to underpin regulation and legislative change. Legislation is highly
variable, even for chemicals with demonstrated effects, including BPA, which while
banned in many countries for use in specific items, such as baby bottles [52], it is still used
in the same countries in other products, or remains as a voluntary phase-out in other
countries. Even when certain congeners are removed, i.e. BPA, its replacements (BPS and
BPF) are usually less well-studied and likely later found to have similar detriment
physiological effects [31; 54; 55]. A lack of not only forethought, but also consistency, in
legislating change, along with a paucity of research, contributes to a failure to protect future
generations. Failure to establish appropriate tests and for more subtle endpoint measures,
such as fertility, using environmentally relevant concentrations remains a significant
obstacle to enacting change, with more significant consequences likely to become more
apparent in future generations.

Based on the existing evidence outlined in this review, it is recommended that specific
EDCs are avoided by all individuals, in particular couples trying to conceive, and by
families with children. These include BPA, phthalates and pesticides, such as specific
organochlorides, that have clear negative impacts on fertility and fecundity. In men,
exposure to pyrethroids should also be avoided as these appear to show effects on semen
quality, and while insufficient data in women has been generated, it is logical that a similar
avoidance is suggested to women seeking to become pregnant. While conflicting data
exists for other EDCs, the balance of evidence suggests that general avoidance principles
should be practiced by all individuals until definitive data emerges. While the evidence is
limited, reduced exposure may be beneficial not only in terms of improving fertility and
fecundity but is also likely to benefit an individual’s general health. This recommendation
aligns with those of the United Nations & World Health Organization [4], the Endocrine
Society [2], International Federation of Gynecology and Obstetrics [397], American
College of Obstetricians and Gynaecologists [398], Royal College of Obstetricians &
Gynaecologists [399], and the American Academy of Paediatrics [400], amongst a growing
number of other professional organisations, societies and entities.

Clinical advice as to the lifestyle choices and management strategies that may help lower
exposures to EDCs and improve fertility and fecundity success rates include: 1) avoid
drinking out of, or heating food in, soft plastic containers, 2) limiting consumption of
processed, pre-canned, and pre-packaged foods, 3) washing fresh produce prior to
consumption, 4) limiting the consumption of fatty or oily fish, beyond amounts sufficient
to reap the benefits, 5) reducing the use of EDC-laden personal care products (e.g. make-
up, shampoos, hair colourings) or avoid those with high concentrations of EDCs, 6) avoid
handling receipts (coated in BPA), exposure to strong solvent-based chemicals (paints,
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cleaning products, glues) and industrial processing chemicals, and 7) frequently ventilate
homes and offices to remove airborne particles from furniture and fittings.

Worryingly, population-based change to EDC exposure is limited by several major factors.
The fact that many of our modern conveniences rely heavily on the use of such chemicals,
and that the influence of chemical exposure can be a generation in front of observed
consequences. Utilising these chemicals in production and manufacturing is heavily driven
by consumer demand and commercial profits, something that is difficult to counter without
government oversight combined with public awareness campaigns. For example, forcing
producers and manufacturers to supply alternatives to EDCs may make little difference
where consumers are ill-informed as to the source, type and logistics of EDC exposure.
Equally, the replacement of EDCs with analogues (e.g. BPA replaced with BPS and BPF)
does not necessarily mean these are safe alternatives, given their structural similarity,
though advertising may give this impression. Thus, it is likely that government intervention
will be required firstly, to enforce broad adherence to the replacement of EDCs with safe
alternatives, due to the potential cost implications of changing current chemicals for the
manufacturing industries. Secondly, to improve social awareness through government and
medical practitioner campaigns. Thirdly, to focus more funds, research and resources on
filling knowledge gaps in determining the effects of EDC exposure, while addressing the
needs of agriculture and manufacturing industries in identifying and testing cost-effective
alternative safe processes and products. Collectively, these represent substantial future
challenges of how to effectively tackle EDC and toxicant usage and their associated effects
on human health, including reproduction. Governments, regulators and legislators must
balance the business needs of producers with the evolving stance of medical researchers
around the impact of specific EDCs on human health.

5. CONCLUSIONS

The increasing issue of exposure to EDCs and environmental toxicants resulting in a
negative effect on human fertility and fecundity is arguably the major reproductive health
concern of our time. Following an extensive review of the current literature substantial
evidence exists to support a negative association between adult male fertility and fecundity
and exposure to BPA, phthalates, PCBs, PBDEs, pyrethroids, DDE, as well as other
organochloride pesticides. Whilst only moderate evidence exists of a negative association
between adult female fertility and fecundity and exposure to BPA, PCBs and
organochloride pesticides. The difference in the quantity of evidence between sexes is
likely explained by relatively few studies on women compared with men, presumably
partially due to the difficulty in accessing and studying female gametes. In addition to
identifying fewer studies in women and knowledge gaps being evident generally for both
sexes for all the major EDC classes, there exists a paucity of female fertility studies
following exposure to parabens, triclosans, dioxins, PFAS, organophosphates and
pyrethroids. Irrespective of the concerning population-wide increase in EDC exposure,
sub-fertile individuals or couples commonly exhibited higher EDC and toxicant
concentrations in their urine, blood and reproductive tract. Thus, a causal association
between exposure to EDCs and sub-fertility is probable. Notably, this review was also able
to ascertain common methodological issues, confounding and limiting factors that certainly
hamper the ability to determine more than just an association between EDC exposure and
sub-fertility and reduced fecundity. Finally, this review highlighted critical focus areas for
future research, government regulation and social awareness campaigns to mitigate the
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negative effects of EDC and environmental toxicant exposure on human fertility and
fecundity.
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Table 1: Summary of studies on the influence of endocrine disrupting chemicals (EDCs) on male fertility and fecundity. Red shading indicates
consistent results in > 2 studies with n > 100 individuals. Orange shading indicates conflicting or inadequate sample sizes, irrespective of whether
data supports an influence or not. Grey shading indicates that data support no effect in studies of sufficient statistical strength (in > 2 studies
2650  with n > 100 individuals). White panels indicate studies were not available or did not meet the criterion of having n > 100 individuals in a study.
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Sperm/Spermatogenesis
Spermatogenesis (PCB)
Morphology
Motility (PCB)
Concentration/Count
Viability
DNA Integrity (PCB)
Volume
Acrosome reaction
Reproductive Hormones
Oestrogen
Androgen
Gonadotrophins
Steroid hormone binding globulin (PCB)
Pregnancy
Increased time to pregnancy (PCB)
In vitro fertilisation (IVF)
Implantation
Live birth rate
Embryo quality
Miscarriage

*Only data relating to dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenyldichloroethylene (DDE) are captured in this table. Polybrominated
biphenyls (PBB), polybrominated diphenyl ethers (PBDE), polychlorinated biphenyls (PCB), polychlorinated dibenzo-p-dioxins (PCDD), per- and poly-
fluroalkyl substances (PFAS), organochlorides (OC), organophosphates (OP).



Table 2: Summary of studies on the influence of endocrine disrupting chemicals (EDCs) on female fertility and fecundity. Red shading indicates
2655  consistent results in > 2 studies with n > 100 individuals. Orange shading indicates conflicting or inadequate sample sizes, irrespective of whether
data supports an influence or not. Grey shading indicates that data support no effect in studies of sufficient statistical strength (in > 2 studies
with n > 100 individuals). White panels indicate studies were not available or did not meet the criterion of having n > 100 individuals in a study.
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Oestrogen
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Steroid hormone binding globulin
Pregnancy
Increased time to pregnancy (PCB)
In vitro fertilisation (IVF)
Implantation
Live birth rate
Embryo quality
Miscarriage

*Only data relating to dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenyldichloroethylene (DDE) are captured in this table. Polybrominated
biphenyls (PBB), polybrominated diphenyl ethers (PBDE), polychlorinated biphenyls (PCB), polychlorinated dibenzo-p-dioxins (PCDD), per- and poly-
2660  fluroalkyl substances (PFAS), organochlorides (OC), organophosphates (OP).



58



Highlights
Strong evidence of negative associations between EDC exposure and fertility
Male fertility is reduced by BPA, phthalate, PCB, PBDE, pyrethroid and DDE
exposure
Female fertility is reduced by BPA, PCB and organochloride pesticide exposure
More studies on EDC exposure in men than women, with limited data for many EDCs

Subfertile individuals or couples commonly exhibit higher EDC concentrations
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