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Recent research indicates that the human infertility rate is increasing. Although various
reasons have been hypothesized for the growing infertility rate, environmental
contaminants are potentially important causal agents associated with this change.
Chemical contaminants are widespread throughout our environment and human
exposure is virtually unavoidable. The overall contribution of environmental exposure to
infertility is unknown, but studies involving occupational exposure, together with results
from animal experiments, suggest that environmental contaminants may adversely affect
fertility. We reviewed the adverse effects of environmental exposure on fertility and related
reproductive outcomes. Environmental contaminants covered in this review include heavy
metals, organic solvents, pesticides and endocrine disrupting chemicals. It is hoped that
this review will highlight the need for further research in this area.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Reproductive disorders are important health problems. Infertil-
ity has been recognized as a worldwide public health issue by
theWorld Health Organization (WHO). Infertility is “a disease of
the reproductive system defined by the failure to achieve a
clinical pregnancy after 12 months or more of regular unpro-
tected sexual intercourse” (WHO-ICMART glossary). The re-
ported international prevalence of infertility ranges from 4% to
14% in different countries and regions (Velde and Pearson, 2002;
Nachtigall, 2006; Jungwirth et al., 2012). Epidemiological data
demonstrated that approximately 80 million people worldwide
are infertile (Nachtigall, 2006). According to the WHO reports, a
silent population of more than 180 million couples faces the
consequences of infertility (Rutstein and Shah, 2004). A new
WHO study, published at the end of, 2012, has shown that the
overall burden of infertility in women from 190 countries has
remained similar in estimated levels and trends from 1990 to
2010 (Mascarenhas et al., 2012; WHO, 2018). While there are
various known reasons for infertility, it is estimated that 15%
~20% of couples undergoing evaluation for infertility will
eventually have no cause identified for their failure to conceive.

Human exposure to environmental pollutants iswidespread
and occurs throughmultiple routes. Organic contaminants can
be detected at low concentrations in drinking water, raising
concerns for human health, particularly in regard to reproduc-
tion (Martínez-Sales et al., 2015). An analysis of National Health
andNutrition Examination Survey data from2003 to 2004 found
that virtually every pregnant woman in the United States was
exposed to at least 43 different potentially harmful chemicals
(Woodruff et al., 2011). Robust scientific evidence has emerged
over the past 15 years, demonstrating that preconceptional and
prenatal exposure to toxic environmental agents can have
profound and lasting effects on reproductive health across the
life course (Diamanti-Kandarakis et al., 2009; Boekelheide et al.,
2012; ACOG, 2013). In recent years,moreandmoreexperimental
and epidemiologic evidence has indicated that certain indus-
trial and environmental chemicals could adversely impact
fertility and pregnancy (Russ et al., 2015).

Currently, it is well-appreciated that environmental expo-
sures to chemical contaminants are potential risk factors for
infertility and adverse pregnancy outcomes. The goal of this
review is to present and discuss the association between
environmental contaminants and reproductive disorders,
with a particular emphasis on infertility.
1. Association between environmental contami-
nants and reproductive outcomes

In this sub-section, our review of environmental contami-
nants is focused on heavy metals, organic solvents, pesticides
and endocrine disrupting chemicals (EDCs).
1.1. Heavy metals

Human exposure to heavy metals may occur occupationally,
environmentally, or through dietary intake (Amaya et al.,
2013). It was demonstrated that exposure to Pb could induce
reproductive toxicity and cause infertility in women (Chang et
al., 2006). For example, Tang and Zhu (2003) reported that
occupational exposure to Pb caused shorter menstrual cycles.
To investigate the association between infertility and heavy
metals, Tanrıkut et al. (2014) compared the Pb levels of 33
infertile women and 32 normal fertile women. Endometrial
samples were collected at 20–24 days of the menstrual cycle
by endometrial biopsies, and Pb levels in the endometrium
were then measured. They found that the detection rate of Pb
was 15% in endometrial samples of infertile women, but only
3% in endometrial samples of fertile women. Another study
investigated 341 male partners of infertile couples with no
occupational exposure to Pb (Wu et al., 2012). The results
showed that the Pb concentration in seminal plasma was
significantly correlated with a lower sperm count. Smoking
can increase the level of Pb in seminal plasma. Kiziler et al.
(2007) found that infertile smokers had significantly higher
levels of Pb and higher oxidative stress.

The general population may be exposed to three forms of
mercury (Hg): elemental, inorganic, and organic. Even though
the placenta may accumulate extremely high levels of Hg, it is
not an absolute barrier to prevent the transfer of Hg from
maternal blood to fetal blood (Pugach and Clarkson, 2009; Wu
et al., 2013). Elemental Hg has been proved to increase the
incidence of spontaneous abortion, and to cause irregular
menstruation and severe dysmenorrhea. It was also found
that organic Hg exposure would increase the risk of sponta-
neous abortion and fetal birth defects (Ericson and Kallen,
1989; Myers et al., 1995; Liu et al., 2008). In a case–control study
in Hong Kong, it was found that blood Hg concentrations in
women with unexplained infertility were significantly higher
than those in women with normal fertility (Choy et al., 2002).
The possible impact of occupational exposure to Hg on the
fertility of women working with amalgam has been explored.
Female dental assistants working with amalgam (exposure to
Hg vapor) showed a decrease in fecundability (probability of
conception through each menstrual cycle) compared with
other dental assistants.

The main route of human exposure to cadmium (Cd) is
through ingestion, and the main concern about Cd toxicity is
chronic exposure (Newbigging et al., 2015). It was speculated
that Cd might be one of the causes of unexplained infertility.
A case–control study showed that the levels of follicle-
stimulating hormone (FSH) were significantly positively
correlated with Cd concentrations in women's serum
(Gallagher et al., 2010). Another study found that Cd reduced
the production of human chorionic gonadotropin and
inhibited placental transmission of nutrients and oxygen to
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the fetus (Levin and Miller, 1981). Both the detection rate and
exposure level of Cd in endometrial samples showed obvious
differences between infertile and normal women (Tanrıkut et
al., 2014). The detection ratio of Cd was 91% in the endome-
trium of infertile women, while only 34% in normal women,
and the median concentration of Cd was 19.58 μg/L (inter-
quartile range 1.46–30.23 μg/L) in infertile women, and 0.00 μg/
L (interquartile range 0.00–0.40 μg/L) in normal women.

Studies found that prenatal and early postnatal exposure
to hexavalent chromium (Cr(VI)) was closely associated with
the occurrence of premature ovarian failure in the next
generation. Ren (2011) used occupational epidemiological
methods to investigate the effects of Cr(VI) on the reproduc-
tive function of male and female workers. The study
demonstrated that Cr(VI)-exposed female workers showed a
high occurrence rate of abnormal menstruation (mostly cycle
abnormalities and dysmenorrhea). It also found that Cr(VI)-
exposed male workers showed a significant reduction in
sperm counts, viability, and motility. Other indicators for
male reproductive function, including sperm lactate dehydro-
genase (LDH), LDH isozyme (LDHx) activity, and the LDHx/LDH
ratio were also reduced. Another study investigated the
semen quality of Indian welders occupationally exposed to
nickel and Cr. It was found that rapid linear sperm motility
and sperm concentration were significantly decreased in
exposed workers (Danadevi et al., 2003). In exposed workers,
the percentage of sperm tail defects was positively correlated
with blood nickel concentration, while sperm concentration
was negatively correlated with blood Cr concentration. It was
also found that semen abnormalities were related to the years
of exposure to nickel and Cr in welding fumes.

High levels of other metals also can affect reproductive
processes. It was found that stillbirths and offspring with
clubfoot in Australia were related to manganese exposure
(Laskey et al., 1982; Tsuchiya et al., 1987). Meeker et al. (2008)
showed that blood molybdenum was associated with reduced
sperm concentration and morphology abnormalities in a
concentration-dependent pattern.

1.2. Organic solvents

Organic solvents are widely used in auto repair, electronics,
dry cleaning, health-care products, paints, glues and other
industries, thus associated occupational populations have
higher exposure risks. Organic solvents, such as perchloro-
ethylene, toluene and xylene, were often associated with
adverse reproductive outcomes (Sharara et al., 1998). Some
studies had investigated women exposed to organic solvents,
and the results showed that daily or high exposure to organic
solvents significantly increased the risk of infertility (Sallmén
et al., 1995; Smith et al., 1997). It was also reported that
occupational exposure to volatile organic solvents interfered
with male reproductive hormones (Eldesouki et al., 2013).
Exposure to organic solvents could have toxic effects on male
sex steroids by directly affecting testicular function, especially
in workers exposed for many years (Eldesouki et al., 2013).

Female hairdressers can be exposed to organic solvents in
hair sprays. It was reported that hairdressers and cosmetol-
ogists have a higher risk of reproductive disorders, such as
infertility, fetal death and preterm delivery (Baste et al., 2008;
Kim et al., 2016). Xu et al. suggested that an increased risk of
spontaneous abortion was associated with gasoline exposure
(Xu et al., 1998). Another study investigated the reproductive
toxicity of gasoline components (Ekpenyong et al., 2013). This
cross-sectional study investigated 117 female gasoline station
attendants and 118 age-matched control women in Nigeria.
Compared with controls, inhalation of gasoline disrupted
ovarian function, caused menstrual disorders and changed
levels of female sex hormones, and thus affected the fertility
of female gasoline pump attendants.

Other industrial organic chemicals can also affect female
fertility. 4-Vinylcyclohexene can potentially alter ovarian
follicle reserve (Hoyer et al., 2001; Takai et al., 2003; Mayer et
al., 2004). Glycol ethers commonly used in the semiconductor
industry induced longer menstrual cycles and reduced female
fertility (Eskenazi et al., 1995; Correa et al., 1996; Hsieh et al.,
2005). There is an association between occupational exposure
to 2-bromopropane (2BP) and premature ovarian failure (POF),
which occurs collectively in female workers exposed to 2BP
(Koh et al., 1998; Boekelheide et al., 2004). Female workers in a
Korean electronics components factory were exposed to high-
purity 2BP as an organic solvent. Sixteen of the twenty-six
women who were exposed for 4–16 months were diagnosed
with POF according to FSH levels (Koh et al., 1998; Boekelheide
et al., 2004). Recently, it was found that reduced numbers of
mature oocytes were related to increased phthalate concen-
trations in females undergoing in-vitro fertilization (IVF)
(Hauser et al., 2016).

It was found that male workers exposed to benzene,
toluene, and xylene have decreased sperm vitality, sperm
activity and acrosin activity, mainly due to direct effects on
sperm and accessory gonad function (Xiao et al., 2001). A case
report found that a male laboratory worker was suffering
asthenospermia and fertility problems due to high chloroform
exposure (Chang et al., 2001).

1.3. Pesticides

Human exposures to pesticides can occur in the workplace, in
the household and through the ambient environment (Ye et
al., 2017). Fuortes et al. (1997) compared pesticide exposures
and adverse reproductive effects in 281 women with a
diagnosis of infertility and in 216 women who had success-
fully delivered a child. It was found that the women with a
history of working in the agricultural industry had an elevated
risk of infertility. To determine the effects of pesticide
exposure on reproductive health, agricultural workers were
evaluated in several different countries. In a Canadian study,
exposure to the phenoxy herbicide 2,4-dichlorphenoxy acetic
acid (2,4-D) was associated with spontaneous abortion
(Arbuckle et al., 2001). Sharma et al. (2013) found that the
wild type CYP17 A1A1 genotype combined with high blood
levels of organochlorine pesticides may be considered as an
important cause of ‘idiopathic’ preterm delivery in women.

Human sperm chromatin is a sensitive target for organo-
phosphate pesticides. High exposure to organophosphate
pesticides could reduce sperm quality and total sperm counts
(Recio-Vega et al., 2008; Yucra et al., 2008). In an in vitro
analysis, organochlorine pesticides, including γ-hexachloro-
cyclohexane (HCH), β-HCH, γ-HCH, 1,1-dichloro-2,2-bis (p-
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chlorophenyl) ethylene (DDE), and 1-dichloro-2,2,-bis (p-
chlorophenyl) ethane (DDD), were found to reduce sperm
motility in concentration- and duration-dependent manners
(Pant et al., 2013). Occupational exposure to organophosphate
pesticides interfered with male reproductive parameters,
which included damaged sperm chromatin, reduced semen
quality and altered reproductive hormone levels (increased
FSH and luteinizing hormone levels) (Mirandacontreras et al.,
2013). Similar results were reported in male farmers who had
chronic occupational exposure to carbamate pesticides
(Mirandacontreras et al., 2013). Sutyarso and Kanedi (2014)
investigated the impacts of herbicides on the seminal
parameters of workers in Indonesian oil palm plantations.
Participants were divided into three groups according to work
years: less than 10 years, 10–20 years and more than 20 years.
The results showed that as exposure time increased, semen
quality parameters (including semen volume, sperm count,
sperm motility, morphology and hypoosmotic swelling) were
significantly reduced. This decline in semen quality was
greater than the maximum decrease in normal elderly men,
thus it was speculated that the decrease of semen parameters
in plantation workers was likely due to herbicide exposure
(Sutyarso and Kanedi (2014)).

1.4. Endocrine disrupting chemicals

EDCs are exogenous substances that interfere with the
synthesis, secretion, transport, metabolism, and binding or
elimination processes of endogenous hormones responsible
for reproduction, development and homeostasis (Kopp et al.,
2017). EDCs include a range of chemical substances, including
pesticides (e.g., 1,1,1-Trichloro-2, 2-bis (p-chlorophenyl)
Fig. 1 – Pathways for endocrine disrupting chemic
ethane (DDT)), dioxins (e.g., 2,3,7,8-tetrachlorodibenzo-p-di-
oxin (TCDD)), plasticizers (e.g., bisphenol A (BPA)), polycyclic
aromatic hydrocarbons (PAHs), and Cr(VI). As shown in Fig. 1,
some EDCs interfere with ovarian folliculogenesis and corpus
luteum formation and produce undesirable reproductive
effects such as estrogen deficiency, dysfunctional ovulation,
POF and infertility. Other EDCs can affect reproductive
function by altering ovarian sex steroid synthesis and
metabolism by interfering with the expression and catalytic
activity of certain enzymes. Some EDCs were found to cause
ovarian toxicity by altering hormone receptor binding, such as
those targeting estrogen, androgen and aryl hydrocarbon
receptors (Craig et al., 2011).

As a plasticizer in reusable plastic containers, food
packaging and beverage bottles (including baby bottles), BPA
is one of the most widely used EDCs. It can slowly leach into
the contained materials and then impact reproductive health
(Craig et al., 2011). In recent years, BPA-induced female
reproductive health concerns have attracted much attention.
Exposure to BPA may be associated with female infertility,
and affect the morphology and function of the uterus, oviduct
and ovary, hypothalamic–pituitary–ovarian axis, estrous cy-
cles and embryo implantation (Ziv-Gal and Flaws, 2016). Using
IVF as a model to study early reproductive health outcomes in
humans, Ehrlich et al. (2012) found a negative dose–response
association between urinary BPA concentrations and serum
peak estradiol and oocyte yield. In addition, they found
significantly decreased metaphase II oocyte count and num-
ber of normally fertilizing oocytes, and a suggestive associa-
tion between BPA urinary concentration and decreased
blastocyst formation, thus indicating that BPA may alter
reproductive function in susceptible women undergoing IVF.
als to produce adverse reproductive outcomes.
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A cohort study found that male workers exposed to BPA had
an increased risk of ejaculation and erectile difficulty (Li et al.,
2010). Compared with unexposed workers, this would cause
sexual dysfunction in BPA-exposed workers, decreasing
sexual life satisfaction and reducing sexual desire.

Exposure to TCDD, DDT, DDE, polychlorinated biphenyls
(PCBs) and other pollutants may cause a series of changes in
menstrual and ovarian function (Mendola et al., 2008).
Decreased blood levels of progesterone and estrogen were
closely related to DDT and DDE exposure (Windham et al.,
2005; Perry et al., 2006). Studies found that exposure to
organochlorine pollutants (such as PCBs and p, p’-DDE) caused
slight adverse effects on the structural integrity of human
sperm chromatin (Rignell-Hydbom et al., 2005). One such class
of pollutants was PAHs, which are toxic components of
tobacco. The aryl hydrocarbon receptor (AhR) for PAHs is
present in oocytes (Jurisicova et al., 2007; Mikkelsen et al.,
2007; Tuttle et al., 2009). Maternal cigarette smoking during
the second trimester may affect female fetuses and reduce
their future fecundity (Fowler et al., 2014). This effect is
mediated through the activation of AhR, and the dysregula-
tion of important fetal ovarian genes and endocrine signaling
pathways.
2. Limitations of existing research

Large numbers of studies have demonstrated the substantial
interest in environmental contamination and reproductive
health. However, the existing literature represented in this
review is limited in several ways.

First, the measurement of reproductive outcomes requires
special consideration within the area of occupational infertil-
ity studies. The assessment of infertility rate is a widely used
measurement of alterations in the reproductive process. It is
feasible to apply this measurement to large-scale studies
because results can be obtained from questionnaires or
review of medical case records, and laboratory investigations
are not required. However, assessing the infertility rate does
not differentiate between early spontaneous abortion and the
inability to conceive (Baranski, 1993). In addition, the param-
eters of infertility include hormonal imbalance, menstrual
disorders, changes in the quality of semen, spontaneous
abortions prior to the clinical recognition of pregnancy,
stillbirth, perinatal death, low birth weight, structural and
functional congenital malformation, and so on. Thus, consid-
ering the relevance, sensitivity and feasibility, studies should
make sure that the actual measurement of specific reproduc-
tive outcomes is a true reflection of fertility. More importantly,
confounding factors, including lifestyle, general medical
conditions, medication, education, and exposure of the
spouse to different agents, were not taken into consideration
in some studies.

Second, there are many methodological problems in
assessing exposure to various environmental contaminants.
Although there are several well-documented cases of infertil-
ity occurring in occupational settings, there is less certainty
concerning exposure to environmental contaminants in the
general population. In fact, whether in the occupationally
exposed or general population studies, participants are
exposed to combinations of non-target agents. Because the
potential effects of contaminant mixtures cannot be sepa-
rated very well, it is difficult to identify the actions of
individual agents. In some studies, no actual measures of
exposure were made, and thus it cannot be concluded that
environmental contaminants contributed to the observed
changes, although they are highly suspected of being impor-
tant causal agents in the observed differences. Sometimes,
the fact that findings of exposure were based on only a few
measurements could lead to random misclassification of the
presence or absence of exposure. This can explain why not all
studies of exposure to the same environmental contaminant
revealed a positive association with an adverse effect on
fertility. Meanwhile, it is difficult to prove that subfertility or
infertility can be attributed to exposure to environmental
contaminants at environmentally relevant doses over a long
period of time. Compared with epidemiological findings,
animal studies would give a clearer demonstration of the
adverse reproductive and developmental toxicity of environ-
mental contaminants.
3. Future perspectives

The adverse reproductive health consequences due to envi-
ronmental exposure at the levels reported in existing studies
remain largely unknown and controversial. A further compli-
cation is the potential temporal disconnect between exposure
and adverse outcomes. Clearly, it is essential to obtain
multiple sources of exposure and more reproductive param-
eters. In comparison to accessing human serum or semen,
access to human ovarian tissue and follicular fluid is much
more difficult. However, although access to follicular fluid is
difficult, this has been made possible through reproductive
technologies. Thus researchers, including epidemiologists,
environmentalists, and clinicians, should cooperate with
each other and pool data across studies. On the other hand,
analysis of complex contaminants in environmental samples
is an extremely difficult task. The traditional targeted
approach gives good sensitivity and reliable identification
and quantification of the target compounds. However, it
always will miss important compounds that were not selected
at the start of the analyses. These unknowns or untargeted
substances may even occur at high concentrations or have
severe toxic potential. Therefore, it is necessary to improve
analytical methods, such as developing a new non-target
screening method. Finally, additional mechanistic studies are
desperately needed to understand how healthy reproductive
function is influenced by environmental contaminants.
4. Conclusions

We have reviewed recent literature linking environmental
contaminants and human reproductive health concerns,
particularly regarding infertility. Strong evidence proved that
exposure to environmental contaminants could interfere with
adult female and male reproductive function. These
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contaminants include heavy metals, organic solvents, pesti-
cides and endocrine disrupting chemicals. While these results
highlight the potential reproductive effects of exposure to
environmental contaminants, the patterns of effects for these
compounds are complex, and the impact of exposure to
environmental contaminants on human fertility remains
controversial. We suggest that significant future research is
required to examine the underlying molecular and cellular
basis for infertility, as well as the environmental factors
leading to infertility and related reproductive outcomes.
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