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Abstract. There is increasing concern about chemical pollutants that are able to mimic hormones, the so-called
endocrine-disrupting compounds (EDCs), because of their structural similarity to endogenous hormones, their ability
to interact with hormone transport proteins or because of their potential to disrupt hormone metabolic pathways. Thus,
the effects of endogenous hormones can be mimicked or, in some cases, completely blocked. A substantial number of
environmental pollutants, such as polychlorinated biphenyls, dioxins, polycyclic aromatic hydrocarbons, phthalates,
bisphenol A, pesticides, alkylphenols and heavy metals (arsenic, cadmium, lead, mercury), have been shown to disrupt
endocrine function. These compounds can cause reproductive problems by decreasing sperm count and quality, increasing
the number of testicular germ cells and causing male breast cancer, cryptorchidism, hypospadias, miscarriages,
endometriosis, impaired fertility, irregularities of the menstrual cycle, and infertility. Although EDCs may be released
into the environment in different ways, the main sources is industrial waste water. The present paper critically reviews the
current knowledge of the impact of EDCs on reproductive disorders in humans.
Additional keywords: environment, reproductive problems, waste water.

Introduction
In recent decades, there has been increasing concern regarding
disruption of the endocrine system in living organisms by
synthetic organic chemicals because of the recognition that
the environment is contaminated with numerous endocrinedisrupting compounds (EDCs) that exert hormonal activity
(Metzler and Pfeiffer 2001). EDCs disrupt the normal actions
of endogenous hormones. Many environmental pollutants,
including polychlorinated biphenyls (PCBs), dioxins, polycyclic aromatic hydrocarbons (PAHs), phthalates, bisphenol A
(BPA), pesticides, alkylphenols and heavy metals (arsenic,
cadmium, lead, mercury), have been shown to significantly alter
endocrine balance. Most EDCs are mutagenic and highly carcinogenic (Schantz and Widholm 2001; Rai and Pal 2002;
Birkett 2003; Petrovic et al. 2004; Mocarelli et al. 2008). Human
exposure to EDCs may result from the ingestion of contaminated food and water, inhalation of air and absorption of the
EDCs through the skin. However, in most cases, human exposure to EDCs is through the ingestion of contaminated food.
Properties of EDCs
Many EDCs are organochlorine substances, which means
that they contain chemically bound carbon and chlorine. This
Ó CSIRO 2011

binding is strong and resistant to biochemical and physical
degradation. The organochlorines have a long half-life and they
accumulate in the environment as a persistent organic pollutant
(Fisher 1999; Muir et al. 1999). Humans and most wildlife
do not have biochemical pathways to detoxify or excrete
these chemicals, so they tend to accumulate in the body. The
log[octanol/water partition coefficient] (Kow) values for most
EDCs indicate a high degree of lipophilicity (see Table 1)
(Birkett 2003).
The current knowledge of the way in which EDCs affect
humans is patchy, although there is some evidence that these
compounds have the potential to induce deleterious changes in
the human reproductive system. In summary, there is evidence
from many countries that exposure to EDCs can decrease sperm
count and quality, increase in the number of testicular germ cells
and the incidence of male breast cancer, cryptorchidism and
hypospadias, disturb menstrual cycle and result in intrauterine
growth restriction and polycystic ovarian syndrome (Toppari
et al. 1996; Mylchreest et al. 1998, 1999; Sharara et al. 1998;
Gray et al. 1999; Parks et al. 2000; McIntyre et al. 2001; Fisher
et al. 2003). The evidence supporting the effect of EDCs on
wildlife is stronger, although the validity of the results is widely
disputed (Colburn and Clement 1992). In the present paper we
10.1071/RD09300
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Table 1. Endocrine-disrupting compounds: their lipophilic properties and impact on human health
Compounds

log Kow

Impact on human health

References

PCBs

4.6–8.4

Dioxins

6.15–7.28

Infertility, certain types of cancer, shortened menstrual
cycle and other non-specific reproductive effects
Altered serum testosterone levels and decline in
sperm concentrations

Li and Hansen (1997); Mendola et al. (1997);
Kester et al. (2000); Birkett (2003)
Sharpe and Skakkebaek (1993); Egeland et al.
(1994); Carlsen et al. (1992); Auger et al.
(1995); Menchini-Fabris et al. (1996); Toppari
et al. (1996); Swan et al. (2000)
Perera et al. (2002); Birkett (2003)
Harris et al. (1997); Mylchreest et al. (1998,
1999); Gray et al. (1999); Parks et al. (2000);
McIntyre et al. (2001); Fisher et al. (2003)

PAHs
Phthalates

E6.0
1.46–13.1

Preterm birth and intrauterine growth restriction
Reduced anogenital distance, nipple and areola retention,
cleft phallus, hypospadias, cryptorchidism, reduction in
fetal testosterone levels, abnormally located Leydig
cells, abnormal seminiferous cord formation
Decrease in the quantity and quality of sperm production,
decreased fertility in males, hypospadias,
cryptorchidism, endometrial hyperplasia,
recurrent miscarriages, polycystic ovarian syndrome
Decrease in the quantity of sperm production,
miscarriage, genital deformities, hypospadias

BPA

3.4

Pesticides

0.2–7.0

Alkylphenols

4.17–4.48

Arsenic
Cadmium

1.3
3.5–4.2

Decrease in the quantity and quality of sperm production,
testicular cancer, hypospadias, cryptorchidism
Decreased birthweight and miscarriage
Infertility and prostate cancer

Lead

3.8–4.3

Infertility, miscarriage, low birthweight

Mercury

0.62

Infertility, miscarriage, disturbances in the
menstrual cycle

focus on reproductive disorders caused by EDCs and, as such,
we do not discuss the effects of EDCs on other hormones, such
as thyroid hormones or glucocorticoids.
Oestrogenic properties
The three major endocrine systems that can be disrupted by
EDCs are the oestrogen (i.e. EDCs mimic or block natural
oestrogens), androgen (EDCs mimic or block natural testosterone) and thyroid (EDCs with direct and/or indirect effects on
the thyroid) systems (Snyder et al. 2003). Natural oestrogens are
involved in the development and adult function of organs in the
female genital tract and mammary gland. At the cellular level,
oestrogens promote cell proliferation and hypertrophy of female
secondary sex organs. These effects are mediated through the
oestrogen receptor (ER). The ERa is present in classical oestrogen target organs such as the uterus, ovary, testis and epididymis, while the ERb is present in the ovary, uterus, prostate and
testis (Kuiper et al. 1996, 1997).
Some of xeno-oestrogens have been identified among the
alkylphenolic compounds, phthalates, PCBs, bisphenol A and
some pesticides (Soto et al. 1994, 1995; Brotons et al. 1995).
One of the main questions regarding EDCs with oestrogenic
properties or those that can prolong oestrogen activity is their
impact on the occurrence of breast cancer (Davis et al. 1993).
Over 500 weakly oestrogenic EDCs have been identified but,
as yet, there is no definitive conclusion as to whether human

Carlsen et al. (1992); Giwercman et al. (1993);
Chitra et al. (2003); Muñoz de Toro et al. (2005)

Singer (1949); Toppari et al. (1996); Walter et al.
(1988); Finizio et al. (1997); Baskin et al.
(2001); Nicolopoulou-Stamati and Pitsos
(2001); Garry (2004); Carbone et al. (2006)
Carlsen et al. (1992, 1995)
Nordström et al. (1979)
Garcia-Sanchez et al. (1992); Kolonel (1996);
Nampoothiri and Gupta (2006);
Vinceti et al. (2007)
Al-Saleh et al. (1995); Bellinger (2005);
Nampoothiri and Gupta (2006)
Sharara et al. (1998); Schuurs (1999); Gardella
and Hill (2000); Yoshida (2002)

exposure to these oestrogenic EDCs poses any risk to reproductive health (Brody and Rudel 2003; Sharpe and Irvine 2004).
The oestrogenic effects of compounds are mediated by
binding to cytosolic oestrogen receptors in target cells, leading
to dimerisation of the ligand–receptor complex. The homodimer
binds to specific oestrogen-responsive elements of the DNA
and promotes an oestrogen-specific gene expression pattern
(Nimrod and Benson 1996). The liver is one of the major target
organs for the female sex steroid 17b-oestradiol (E2). Oestrogenic effects are not restricted to a small group of therapeutic
agents; several groups of compounds that are used daily in
industry, agriculture or at home also exhibit oestrogenic effects.
In the present article, we review the major groups of environmental chemicals, such as PCBs, dioxins, PAHs, phthalates,
BPA, organochlorine pesticides, alkylphenols and some heavy
metals, such as arsenic, cadmium, lead and mercury, which are
currently known to have oestrogenic effects in vertebrates or in
in vitro assays. At present, tens of thousands of man-made
chemicals are being used, yet the direct effects of these chemicals on the human endocrine system have been estimated for
only a few, mostly based on animal testing. The oestrogenic
activity of most chemicals, such as phthalates, BPA and alkylphenols, has been detected accidentally. Only recently has the
screening of chemicals that are used in large quantities been
attempted. Hence, it is highly possible that many oestrogenic
chemicals remain unidentified.

EDCs and human reproductive health

In general, EDCs modulate the hormonal function in the body
and, in particular, affect the steroid hormone balance. There are
many potential mechanisms of action of EDCs. At the cellular
level, EDCs can induce endocrine disruption through several
routes that involve steroid receptor binding, blockade of steroid
receptor binding or disruption of the biosynthesis and/or metabolism of steroids (Sharpe and Irvine 2004). The classic view that
steroids act only through the binding of the steroid to a highaffinity steroid receptor (Truss and Beato 1993) has also been
challenged. There is an increasing body of literature regarding the
rapid, non-genomic actions of steroid hormones (Simoncini and
Genazzani 2003). The exact pathways for this form of steroid
signalling are not yet fully elucidated and there is much debate and
controversy in the literature. Changes in the effective concentrations of hormones can occur if an EDC binds to a specific
hormone receptor. This compound may then either mimic the
hormone or block the normal biological response by occupying
the receptor site. Alternatively, EDCs may be able to react directly
or indirectly with the hormone structure to alter its function,
change the pattern of hormone synthesis or modulate the number
of hormone receptors and their affinity for specific molecules
(Simoncini and Genazzani 2003; Sharpe and Irvine 2004).
The EDCs are capable of causing and exacerbating disease in
all forms of vertebrates, including humans. This is because the
chemical structure of hormones varies little between species,
and even classes, although the functions within different organisms may vary substantially (Kawauchi et al. 2002).
Most work has focused on the ER, but some evidence
suggests that some abnormalities in male sexual development
may be mediated at the level of the androgen receptor (AR;
Kelce and Wilson 1997). The presence of a potent anti-androgen
can create an oestrogenic environment, thus producing symptoms indicative of oestrogen exposure.
Diethylstilboestrol exposure
Considerable evidence for the potential effects of EDCs comes
from diethylstilboestrol, a synthetic oestrogen. The results of
the prescription of diethylstilboestrol are well known. Women
who were exposed in utero to diethylstilboestrol are at risk of
developing clear cell adenocarcinoma of the vagina (Giusti et al.
1995). In addition, diethylstilboestrol has been linked with
irregularities of the menstrual cycle, altered uterine structure,
infertility and breast cancer (Giusti et al. 1995). Several studies
have shown that sons of mothers treated with diethylstilboestrol
during pregnancy are at increased risk of hypospadias, cryptorchidism and a decreased sperm count (Stillman 1982). These
observations led to the hypothesis that such disorders, in addition to their genetic component, may have a common exogenous
origin related to prenatal exposure to EDCs (Skakkebæk et al.
2001; Sharpe 2003; Fisher 2004).
Many EDCs act in a similar way to diethylstilboestrol.
However, the action of diethylstilboestrol is for a limited period
of time only, whereas EDCs act throughout life since the
duration of action of individual EDC is very much longer than
that of diethylstilboestrol. Both the environmental concentration
and type of EDC vary. Furthermore, EDCs do not necessarily
remain where they are released into the environment and they
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may be transported in the water or air currents around the globe
(Loganathan and Kannan 1994).
Organic compounds
Polychlorinated biphenyls
The PCBs are a group of chemical compounds consisting of
more than 200 possible congeners that differ in the number and
position of the chlorine atoms on two basic benzene rings. Most
PCB products have been used as dielectric fluids in capacitors;
in addition, they have been used to a lesser extent as additives in
paint (Jiang et al. 1997). The log Kow values range from 4.6 to
8.4, so these chemicals are rapidly adsorbed in sediments and
other particulate matter (Birkett 2003). Because of their physical
and chemical properties, PCBs are highly stable and persistent
in the environment and tend to accumulate progressively in the
soil, plants and animals in the food chain in proportion to
the trophic level (Agency for Toxic Substances and Disease
Registry (ATSDR) 1997). The accumulation and amplification
of PCBs through the food chain as a result of environmental
contamination is a global issue because these compounds can
cause endocrine disruption (Peterson et al. 1993; Johansson
et al. 1998; Baccarelli et al. 2004). PCBs have been classified by
the International Agency for Research on Cancer (IARC) as
potentially carcinogenic to humans (IARC 1998) and may have
non-carcinogenic health effects, particularly as endocrine disruptors (Integrated Risk Information System (IRIS) 2005). It has
been suggested that chemicals such as PCBs in the environment
can mimic natural hormones when internalised and that this
endocrine disruption can lead to infertility, certain types of
cancer, hermaphroditism, reduced testosterone levels, other
hormone-related disorders, a shortened menstrual cycle and
other non-specific effects on the female reproduction (Mendola
et al. 1997). PCBs and their metabolites can exhibit agonistic
and antagonistic behaviours in oestrogenic systems, although
the exact mechanism by which hydroxylated PCBs produce
their effects has not been established (Li and Hansen 1997;
Kester et al. 2000). Conversely, some researchers deem reports
that environmental oestrogen-mimicking compounds increase
the incidence of male and female breast cancer or male reproductive problems as unproven and implausible (Ross 2004).
Dioxins
Dioxins are undesirable contaminants produced almost exclusively in industrial processes, including incineration, chlorine
bleaching of paper and pulp and the manufacture of certain
pesticides, herbicides and fungicides (Olie et al. 1977; Gilpin
et al. 2003). The log Kow values for this group of chemicals
range from 6.15 to 7.28, indicating lipophilicity.
In humans and other vertebrates, dioxins have been shown to
be risk factors for endocrine disruption, including reproductive
abnormalities and altered serum testosterone levels (Egeland
et al. 1994). In the past 50 years, a significant decline in human
sperm concentrations of approximately 1% per year has been
reported in the literature (Carlsen et al. 1992; Sharpe and
Skakkebaek 1993; Auger et al. 1995; Menchini-Fabris et al.
1996; Toppari et al. 1996; Swan et al. 2000). Experimental
animal data have shown adverse effects of exposure to
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2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on male reproductive function, including testicular function and reduced sperm
count and motility (Faqi et al. 1998; Roman and Peterson 1998).
The pre- and perinatal periods are particularly sensitive and,
indeed, higher levels of exposure are required to produce similar
effects in adult animals (Roman and Peterson 1998; Theobald
et al. 2003). The results of Mocarelli et al. (2008) show a reduction
in E2 and a permanent effect on semen quality in men as a result
of the disruptive action of low concentrations of TCDD on the
endocrine system. This effect was seen after exposure particularly
in infancy and/or prepuberty to levels of TCDD that were, until
recently, seen in the general male population of many industrialised countries and, to a lesser degree following exposure in
puberty, but not following exposure in adulthood.
Polycyclic aromatic hydrocarbons
The PAHs are organic chemicals formed during the incomplete
combustion of organic matter and, consequently, they have been
found in cooked food, tobacco smoke and in gas and particle
emissions from motor vehicles, domestic heating systems and
power plants (Simko 2002; Li et al. 2003; Mabilia et al. 2004).
The PAHs also have the potential to bioaccumulate and have
log Kow values in the region of 6, indicating a high degree
of lipophilicity (Birkett 2003). PAHs have been found in the
atmosphere, in terrestrial and aquatic ecosystems, in remote
areas with no urban centres and in dietary products (Grova et al.
2002; Nadal et al. 2004; Tao et al. 2004; Cincinelli et al. 2005;
Tsapakis and Stephanou 2005).
Several PAHs have endocrine-disrupting properties (IARC
1983; US Environmental Protection Agency (EPA) 1984).
Damage to the human reproductive system (breast cancer and
cancer on reproductive tract) by PAHs has been evaluated
repeatedly by different authors (Santodonato 1997; Birkett
2003). Recent toxicological and epidemiological studies suggest that PAH exposure during the pre- and neonatal periods
may have adverse reproductive or developmental effects (Perera
et al. 2005). Airborne PAHs have been implicated in effects
on human reproduction, such as preterm birth and intrauterine
growth restriction (Perera et al. 2002). Determination of PAH
levels in breast milk is of paramount importance to determining
infant risk.
Phthalates
Phthalates are synthetic chemicals that are widely used in the
production of plastics, as solvents in inks used in food packaging
and in certain cosmetics (Thomas and Thomas 1984). The
log Kow values for this group of chemicals range from 1.46 to
13.1, indicating high lipophilicity (Harris et al. 1997).
When certain phthalate esters are administered during the
period when the male reproductive tract is developing in utero,
certain abnormalities can occur (e.g. reduced anogenital distance, nipple and areola retention, cleft phallus, hypospadias and
undescended testes; Mylchreest et al. 1998, 1999; Gray et al.
1999; Parks et al. 2000; McIntyre et al. 2001; Fisher et al. 2003).
The occurrence of these abnormalities suggests under virilisation of the Wolffian duct and urogenital sinus. The effects
observed in rodents have been associated with a reduction in
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testosterone synthesis by the fetal testis (Mylchreest et al. 1998,
1999; Gray et al. 1999; Parks et al. 2000; McIntyre et al. 2001;
Fisher et al. 2003). The wide spectrum of abnormalities that
are induced following in utero exposure of rodents to certain
phthalate esters is similar to the spectrum of reproductive
disorders believed to occur within the human population.
Testosterone production is essential for the normal masculinisation of the male reproductive tract, but dibutyl phthalate and
diethylhexyl phthalate induce a 60–85% reduction in fetal
testosterone levels during the critical period of development
(Parks et al. 2000; Fisher et al. 2003).
Unlike other anti-androgens, phthalates do not interact with
the androgen receptor (Mylchreest et al. 1999; Parks et al.
2000). Phthalate treatment interferes with the transcription of
several key genes involved in cholesterol transport and the
biosynthesis of testosterone (Shultz et al. 2001; Barlow et al.
2003; Thompson et al. 2004). Testicular cancer, cryptorchidism,
hypospadias and poor sperm quality may all be manifestations
of a single condition called testicular dysgenesis syndrome
(Skakkebæk et al. 2001). Epidemiologically, testicular cancer
and poor semen quality have been linked to birth cohort effects
and, by definition, hypospadias and cryptorchidism are male
congenital abnormalities suggesting that all these disorders have
their root in fetal development.
The relative oestrogenic potencies of several phthalates are
butyl benzyl phthalate 4 dibutyl phthalate 4 diisobutyl phthalate 4 diethyl phthalate 4 diisononyl phthalate (Harris et al.
1997). The potencies are approximately 1  106 to 5  107 less
than that of E2 (Harris et al. 1997).
Bisphenol A
Bisphenol A (2,2-bis(4-hydroxyphenyl)propane) is an organic
compound composed of two phenol rings connected by a methyl
bridge, with two methyl functional groups attached to the bridge.
The log Kow value for BPA is 3.4, indicating its lipophilicity and
tendency to bind to a solid phase in the aquatic environment. BPA
is used as a source material for the production of phenol resins,
polyacrylates and polyesters, but mainly for the production of
epoxy resins and polycarbonate plastics. Epoxy resins are used as
food contact surface lacquer coatings for cans, protective coatings and finishes, automobile parts, adhesives and as coatings for
PVC pipes. Polycarbonate plastics are used in the manufacture of
compact disks, automotive lenses, household appliances, food
packaging and plastic bottles because they have high impact
strength, hardness, toughness, transparency, resistance to temperatures between 408C and þ1458C and a resistance to many
acids and oils (Staples et al. 1998). BPA is also used in resinbased dental sealants and bonding agents (Pulgar et al. 2000). As
a result of an increase in the use of products based on epoxy resins
and polycarbonate plastics, human exposure to BPA (both
environmental and through food) has increased.
BPA is an endocrine disruptor with oestrogenic activity
(Rubin and Soto 2009) and an oestrogenic potency that is
approximately 1  104 less than that of E2 (Bergeron et al.
1999). Several studies have suggested adverse endocrine disruptive effects of low doses BPA on adults, such as decreased
quantity and quality of sperm production, decreased fertility
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in males, recurrent miscarriages, persistent alterations in peripubertal mammary gland development and polycystic ovarian
syndrome (Carlsen et al. 1992, 1995; Chitra et al. 2003; Muñoz
de Toro et al. 2005), as well as effects on the fetus, such as an
increased incidence of hypospadias and cryptorchidism, stimulation of mammary gland development, endometrial hyperplasia
and abnormal karyotypes (Carlsen et al. 1992; Giwercman et al.
1993; Markey et al. 2001; Chitra et al. 2003; Muñoz de Toro
et al. 2005). Schönfelder et al. (2002) found that blood concentrations of BPA in humans were higher in male compared
with female fetuses under normal environmental exposure.
Pesticides
Recently, the potential of certain pesticides to act as EDCs
has been reported (see Table 2). Pesticide compounds include
organometallic compounds, such as tributyl tin and many other
organochlorine compounds that are toxic and persistent in the
environment (Toppari et al. 1996; Vasseur and Cossu-Leguille
2006). Other pesticides, such as organophosphates, carbamates,
triazines and pyrethrins, have been reported to be less persistent
and less toxic than the organochlorines (Andersen et al. 2002).
Conventional toxicological testing of pesticides may miss
the potential of a substance to disrupt the endocrine system,
especially at the low concentrations likely to be found in the
environment. EDCs in pesticides are active in vivo at extremely
low doses (Hayes et al. 2002; Mankame et al. 2004; Weltje et al.
2005) and it has been suggested that the permitted levels in food
may be too high (Hayes et al. 2003; Storrs and Kiesecker 2004;
Weltje et al. 2005). There is also a concern that the values for
acceptable levels have been set without taking into account the
exposure of human fetuses, infants and children, who exhibit
greater susceptibility to these compounds that adults (Goldman
et al. 2004; Sharpe 2006).
Links between pesticide exposure and endocrine disruption
were suggested as early as 1949, when low sperm counts were
observed in men involved in the aerial application of dichlorodiphenyltrichloroethane (Singer 1949; Toppari et al. 1996).
More recently, exposure to endocrine disrupting pesticides has
been implicated in the aetiology of various cancers (Toppari
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et al. 1996; Mathur et al. 2002; Garry 2004), miscarriage and
other reproductive disorders (Nicolopoulou-Stamati and Pitsos
2001; Garry 2004).
Indeed, much of the damage caused by EDCs appears to take
place during gametogenesis and the early development of the
fetus (Sultan et al. 2001; Skakkebæk 2002; Hardell et al. 2006;
Sharpe 2006), although the effects may not be apparent until
adulthood, making links between EDCs and human disease
difficult to prove. Fetuses and babies also receive greater
doses of EDCs because of the mobilisation of maternal fat
reserves during gestation (Anderson and Wolff 2000;
Waliszewski et al. 2000) and breast feeding (Anderson and
Wolff 2000; Przyrembel et al. 2000), as well as because of
the high consumption of food in relation to bodyweight in the
case of infants and children (Tilson 1998). Recent studies
suggest adverse endocrine-disrupting effects, such as hypospadias, cryptorchidism and other birth defects, on the fetus
exposed to pesticides (Walter et al. 1988; Baskin et al. 2001;
Schreinemachers 2003; Garry 2004; Mackenzie and Constanze
2005; Carbone et al. 2006).
Alkylphenols
Alkylphenols are the final products in the biodegradation of
alkylphenol polyethoxylates, which are non-ionic surfactants
widely used in detergents, paints, pesticides, cosmetics and
other formulated products (Jobling et al. 1996). The log Kow
values for this group of chemicals range from 4.17 to 4.48,
indicating lipophilicity and a tendency to partition to solid
phases in the environment.
Based on a meta-analysis of 61 studies, it has been suggested
that the human sperm count and quality have decreased in the
past 50 years (Carlsen et al. 1992). There are also indications of
an increased incidence of testicular cancer in human adults, as
well as an increased occurrence of cryptorchidism and hypospadias in human fetuses (Carlsen et al. 1995). Soto et al. (1991)
reported that nonylphenol released from plastic centrifuge tubes
during cell culture procedures induced the proliferation of
human breast tumour cells. Alkylphenols have the potential to
interfere with the sexual development and reproduction of
vertebrate organisms. Because a balance of steroid hormones

Table 2. Common endocrine-disrupting pesticide groups: their effects and modes of action
Pesticide group

Hormones affected

Mechanisms

References

Carbamates

Androgens, oestrogens, steroids

Goad et al. (2004); Lu et al. (2004);
Morinaga et al. (2004)

Organochlorines

Androgens, oestrogens, prolactin

Organophosphates

Oestrogens

Androgen receptor dependent; oestrogen receptor
interference with cellular microtubule formation
in oestrogen-sensitive cells
Competitive inhibition of androgen receptor, inhibition
at oestrogen-sensitive reporter, binding to androgen
receptors, interference in induction of aromatase
Induction of oestrogen-related genomic activity

Pyrethrins

Oestrogens, progesterone

Triazines

Androgens

Antagonism or potentiation of oestrogen action by
inhibition of progesterone action
Competitive inhibition of androgen receptors, binding
to androgen-binding proteins; induction or inhibition
of aromatase

Daxenberger (2002); Lemaire et al.
(2004); Scippo (2004); Storrs and
Kiesecker (2004)
Kang et al. (2004); Gwinn et al.
(2005); Jeong et al. (2006)
Kim et al. (2004)
Meulenberg (2002); Ishihara et al.
(2003)
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is required to maintain normal gonadal differentiation and
morphological development of male and female vertebrates, it
is possible that exposure to EDCs may result in altered development of primary and secondary sexual characteristics (Jobling
et al. 1996).
The relative oestrogenic potencies of alkylphenolic compounds are octylphenol 4 nonylphenol carboxylic acid 4
nonylphenol 4 nonylphenol ethoxylate, with potencies approximately 1  105 less than that of E2 (White et al. 1994).
Heavy metals (As, Cd, Pb, Hg)
The general population is exposed to metals at trace concentrations either voluntarily through supplementation or involuntarily
through the intake of contaminated food and water or following
contact with contaminated soil, dust or air. Some metals, such as
cadmium (Cd), lead (Pb), arsenic (As) and mercury (Hg), are nonessential xenobiotics that are known to be harmful to human
health. The accelerating industrialisation in developing countries
with an enormous and increasing demand for heavy metals has
resulted in the high anthropogenic emission of these pollutants
into the biosphere. In the past century, there has been an increasing
awareness throughout the world of the health and developmental
risks associated environmental exposure to toxic metals, such as
As, Cd, Pb and Hg. Exposure to toxic levels of any of these
environmental contaminants may result in impaired health in
adults, but the toxicological effects of these metals are often more
devastating in the developing reproductive system of children.
Heavy metal pollution in water bodies is a serious environmental issue, threatening not only aquatic ecosystems, but also
human health through the contamination of drinking water.
Exposure to heavy metals (As, Cd, Pb, Hg) has been identified
as a factor affecting human fertility (Sharara et al. 1998); these
heavy metals may induce hormonal disorders, preventing ovulation and pregnancy, as well as abnormalities in sperm production (Sinawat 2000; Choi et al. 2004).
Arsenic
Exposure to excess As, principally from contaminated drinking
water, is considered one of the top environmental health threats
worldwide (Abernathy et al. 2003; Watanabe et al. 2003;
Mukherjee et al. 2006). Most of this exposure is from natural
geological sources of As that contaminate groundwater. The
log Kow value for As is 1.3, indicating lipophilicity.
Epidemiological studies have linked chronic exposure to As
in drinking water with increased risks of developmental and
reproductive problems (Smith et al. 1992; Abernathy et al.
2003; Watanabe et al. 2003; Tapio and Grosche 2006). Chronic
exposure to As has been associated with increased numbers of
spontaneous abortions in women working at or living in close
proximity to smelters, as well as women whose partners worked
at the smelters (Nordström et al. 1979). The rate of spontaneous
abortion was even higher when both partners worked at the
smelters.
Cadmium
Cadmium is highly toxic and one of the most important environmental pollutants in industrialised countries. For the general
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population, the main sources of Cd exposure are food, drinking
water and tobacco smoke (Satarug and Moore 2004). The
log Kow value for Cd is 3.5–4.2, indicating its lipophilicity and
tendency to bind to a solid phase in the aquatic environment.
Cadmium has pronounced toxic effects on most organisms
and produces significant testicular injury in the fetus (Xu et al.
1996). This injury may include a progressive reduction of testis
weight, accompanied by irreversible damage to the seminiferous tubules and decreased viability of testicular cells. Furthermore, Cd can cause a significant reduction in gonadotropin
binding, which alters the steroidogenic enzyme activity of
granulosa cells and thus a dysfunction in the production of
hormones, leading to infertility (Nampoothiri and Gupta 2006).
In experimental animals, Cd causes testicular cancer (Siu et al.
2009) and sarcomata (Haddow et al. 1964). Several studies on
industrial workers have suggested links between Cd exposure
and prostate cancer (Garcia-Sanchez et al. 1992; Kolonel 1996;
Vinceti et al. 2007).
Lead
Lead is the most abundant of the heavy metals on earth (Tong
and McMichael 1999). The main sources of lead exposure are
paints, dust, soil, kitchen utensils and leaded gasoline (Järup
2003). Lead has the potential to bioaccumulate and has log Kow
values in the region of 3.8–4.3, indicating a high degree of
lipophilicity.
Lead toxicity can result in a wide range of biological effects
on various organ systems depending on the level and duration of
exposure. Lead exposure is a more profound problem for infants
or young children than for adults (Tang et al. 1999). Despite its
toxicity, the physical and chemical characteristics of Pb mean
that is has been used throughout history for a variety of purposes,
resulting in increased human exposure to this heavy metal
through a myriad of pathways, including air, food, soil, dust
and water. Al-Saleh et al. (1995) reported that Pb can cross the
placenta and have a negative effect on birth, inter alia low birth
weight. Lead exposure during the early stages of human life
poses a risk for the health and functional ability of vulnerable
fetuses and infants. Lead can affect the developing fetus directly
or indirectly through paternal or maternal physiology, both
before and during the reproduction process (Silbergeld 1991).
High levels of paternal Pb exposure appear to reduce the father’s
fertility and to increase the risk of miscarriage and reduced fetal
growth (preterm delivery and low birthweight; Bellinger 2005).
Exposure to Pb during fetal development and breast feeding
depends on the maternal burden and factors that modulate Pb
transfer through the placenta and the mammary gland. A recent
study by Nampoothiri and Gupta (2006) has shown that Pb can
cause a significant reduction in gonadotropin binding, which
alters the steroidogenic enzyme activity of granulosa cells
and thus interferes with the production of hormones, leading
to infertility.
Mercury
Mercury is a naturally occurring metal that has several forms:
(1) metallic or elemental Hg, which is commonly used in dental
fillings and thermometers; (2) inorganic compounds that are
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used in skin care and medicinal products; and (3) organic
compounds that are used in fungicides and paints. Mercury has
relatively good lipid solubility (log Kow ¼ 0.62).
Mercury is one of the most toxic heavy metals commonly
found in the global environment, including in the lithosphere,
hydrosphere, atmosphere and biosphere. It persists in the
environment and accumulates in the food chain. The general
population is exposed to mercury primarily through the diet
(contaminated fish) and dental amalgam (World Health
Organization (WHO) 1991; Clarkson 2002).
Human exposure to Hg (usually in an inorganic form and
at very low concentrations) commonly occurs as a result of
inhalation, the consumption of water, fish and other foods
and the ingestion of soil. After inhalation of Hg by humans,
elemental mercury vapour diffuses rapidly through the alveolar
membrane and is absorbed. McRill et al. (2000) have reported
an association between women’s use of skin-lightening creams
and soaps and exposure to Hg.
Mercury and its compounds have a wide spectrum of toxicities, depending on the chemical form and mode of exposure
(Satoh 2003). Mercury and its compounds are a significant
threat to human health, particularly to pregnant women, women
of child-bearing age, developing fetuses and breast-fed infants.
Animal studies have demonstrated an adverse effect of Hg on
spermatogenesis (Homma-Takeda et al. 2001). In vitro studies
have shown that Hg is capable of inducing sperm abnormalities
(Ernst and Lauritsen 1991; Choy et al. 2003). There have been
numerous studies on the effects of Hg on the adult reproductive
system (Zahir et al. 2005). According to published articles,
Hg can cause spontaneous abortion, stillbirths, congenital
malformations, infertility, disturbances in the menstrual cycle
and inhibition of ovulation (Sharara et al. 1998; Schuurs 1999;
Gardella and Hill 2000; Yoshida 2002). Shen et al. (2000)
indicated that HgCl affected the meiotic maturation of mouse
oocytes, obviously blocked IVF and injured or reduced the
reproductive capacity of mice. Davis et al. (2001) reported that
exposure to metallic Hg altered oestrous cyclicity, but had no
significant effect on ovulation, implantation or maintenance of
first pregnancy during short-duration exposure of female rats.
Removal of EDCs
The EDCs may be released into the environment in different
ways and one of the most important sources is industrial waste
water. Industrial effluent needs to be more strictly controlled to
preserve the natural balance in the environment. According to
the EU Water Framework Directive 2000/60/EC (The European
Parliament and the Council of the European Union 2000),
all industrial water pollution sources must be analysed regularly
for the presence of numerous compounds that are toxic, bioaccumulative or function as endocrine disruptors (Hamm
et al. 2005a, 2005b). According to Directive 2008/105/EC, the
average annual values in surface waters must not exceed
0.3 mg L1 for nonylphenol and 1.3 mg L1 for di(2-ethylhexyl)
phthalate (The European Parliament and the Council of the
European Union 2008). Consequently, individual producers are
obliged to reduce the concentration of EDCs in any discharge to
fulfil the requirements of the directive. These steps will ensure
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better environmental management throughout Europe and will
also help restore the already highly damaged equilibrium of
natural surface and underground waters.
Conventional waste water treatment processes are not specifically designed to remove traces of dangerous organic contaminants, so these contaminants are consequently consumed by
aquatic organisms and may then enter the human food chain.
For this reason, it is essential that future research focuses on the
investigation of appropriate water treatment methods to be
integrated into waste water treatment facilities to prevent the
release of EDCs into the natural waters. Research on ultrafiltration, nanofiltration and advanced oxidation processes (AOPs),
such as the Fenton and photo-Fenton reactions, photocatalysis
with TiO2 reagents and ozonation (Chang et al. 2003; Snyder
et al. 2003; Yoon et al. 2004, 2006; Esplugas et al. 2007;
Gültekin and Ince 2007), in the past decade has resulted in
promising techniques for the removal of EDCs from waste
waters and/or surface waters.
Biological treatment, particularly by the activated sludge
process, has been used widely to remove pollutants from waste
waters (Thompson et al. 2001; Pokhrel and Viraraghavan 2004;
Balabanič et al. 2009; Balabanič and Krivograd Klemenčič
2011). Biodegradation is the dominant mechanism of organic
EDC degradation in water (Soares et al. 2008; Zhao et al. 2008).
Many studies have reported on the biodegradation of phthalates,
BPA and alkylphenols under aerobic or anaerobic conditions
(Balabanič and Krivograd Klemenčič 2011). In particular,
aerobic and combined aerobic–anaerobic biological waste water
treatment plants have been effective in reducing the concentration of phthalates by 69–91% (Balabanič et al. 2009; Dargnat
et al. 2009; Balabanič and Krivograd Klemenčič 2011), BPA
by 74–92% (Vethaak et al. 2005; Balabanič and Krivograd
Klemenčič 2011), nonylphenol by 33–94% (Drewes et al. 2005;
Balabanič and Krivograd Klemenčič 2011) and heavy metals
by 480% (Kulbat et al. 2003). The biodegradability of these
compounds after biological treatment is strongly dependent on
the characteristics of the waste water (Vidal and Diez 2005).
Some studies have shown that membrane bioreactors
(MBRs) can remove more than 80% of EDCs from waste water
(Wintgens et al. 2002). In addition, membrane filtration technologies, such as reverse osmosis (RO) and ultrafiltration (UF),
have been shown to be a promising alternative for the removal
of micropollutants (Yoon et al. 2004, 2006). RO results in the
almost complete removal of micropollutants, but the higher
implied energy consumption of this process is an important
drawback that needs to be considered. Comparing membrane
types, the rejection rate for EDCs is highest for RO, followed by
nanofiltration (NF), UF and microfiltration (MF; Chang et al.
2003). Several studies have discovered that the rejection efficiency of EDCs by membranes strongly depends on the physicochemical properties of the EDCs, such as molecule weight,
Kow, water solubility, electrostatic properties, etc. (Liu et al.
2009).
The AOPs have proven to be powerful in destroying most
EDCs in water (Chamarro et al. 2001; Fukushima and Tatsumi
2001; Malato et al. 2001, 2002; Katsumata et al. 2004; Will et al.
2004; Nogueira et al. 2005; Esplugas et al. 2007; Gültekin and
Ince 2007; Mascolo et al. 2008; Xu et al. 2009), but the higher
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energy consumption of the process must be taken into
consideration.
Because some EDC present in waste water are harmful to the
environment and organisms at very low concentrations, it will be
necessary to prevent, or at least limit, their input in the production process or to treat any waste appropriately to ensure their
removal (Gültekin and Ince 2007).

to environmental contaminants in utero, as well as throughout
the lifespan, and sharing this information in an accessible way
with patients and the general public are recommended. People
should avoid EDCs sources, especially when they decide to
have children. Our chemical policies and legislations at local
and national levels, as well as globally, need to be formulated,
financed and implemented to ensure the best public health.

Conclusion

Acknowledgements

Of concern is the possibility that EDCs may adversely affect
human health. Indeed, there is evidence now indicating that
exposure to EDCs may be responsible for various reproductive
problems. Endocrine disruption has been documented in a variety
of vertebrates, in the laboratory and under field conditions.
Numerous industrial chemicals, pesticides and commercial products that have been released into the environment are endocrine
disrupters. Monitoring of animal tissues has shown that some of
these chemicals biomagnify in the food chain, with significant
concentrations reported in humans in some communities and
regions of the world (Fisher 1999; Birkett 2003). Chemical
substances acting as endocrine disrupters can exert oestrogenic or
anti-oestrogenic effects, which interfere with the function of the
sensitive human endocrine system. Limited results from epidemiological and laboratory studies on humans and more extensive
results from experimental animals support the hypothesis that
EDCs impair the functioning of the human endocrine system
(Gray et al. 1999; Parks et al. 2000; Nicolopoulou-Stamati and
Pitsos 2001; Hayes et al. 2003).
In most documented studies, animals were exposed to a few
chemical substances for a certain period of time. However,
humans are exposed to a great number of chemical substances
simultaneously and throughout their lifetime, usually several
decades. These various chemical substances may have synergistic or antagonistic effects on each other.
Conventional toxicological testing of pollutants may miss
the potential of a substance to disrupt the endocrine system,
especially at the low concentrations likely to be found in the
environment.
Industry remains the largest source of EDCs and measures
need to be taken to minimise the leakage of these substances
into the environment. Preventing the discharge of EDCs is an
important factor in the prevention of endocrine reproductive
disorders in humans and animals. Filtration techniques and
advanced oxidation processes are promising approaches for
the removal of EDCs from waste water or surface water, thus
reducing the load of these pollutants on human health.
The benefits of many EDCs in industry ensure that they will
continue to be used, so they will continue to pose a threat, forcing
individuals and populations to adapt in order to survive. To
reduce the entry of EDCs into the human body, it would be
necessary to develop and implement alternative manufacturing
processes for certain human-use products and to use fewer
chemicals for everyday purposes. Because many EDCs have
in utero effects, it would good to be develop fetal programming
for different chemicals with in utero endocrine-disrupting
effects. In addition, education of medical and health care
professionals regarding the sources of and the effects of exposure
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