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Abstract

This paper reviews the current knowledge on the environ-
mental effects on penile development in humans. The spe-
cific focus is on endocrine-disrupting chemicals (EDCs), a het-
erogeneous group of natural or manmade substances that
interfere with endocrine function, and whether they can in-
duce hypospadias and micropenis in male neonates. Epide-
miological data and animal observations first raised suspi-
cions about environmental effects, leading to the testis dys-
genesis syndrome (TDS) hypothesis. More recent research has
provided stronger indications that TDS may indeed be the
result of the direct or indirect effects of EDCs. Drawing on ep-
idemiological and toxicological studies, we also report on the
effects of maternal dietand substances like pesticides, phthal-
ates, bisphenol A, and polychlorinated biphenyls. Proximity

to contamination hazards and occupational exposure are also
suspected to contribute to the occurrence of hypospadias
and micropenis. Lastly, the cumulative effects of EDCs and the
possibility of transgenerational effects, with the penile devel-
opment of subsequent generations being affected, raise con-
cerns for long-term public health.

Hypospadias is a congenital hypoplasia of the ventral sur-
face of the penis characterized by displacement of the ure-
thral meatus, a more or less proximal disjunction of the cor-
pus spongiosum, a short ventral cutaneous radius, preputial
dorsal excess, and sometimes ventral curvature of the penis.
It is the second most common male genital defect with an
estimated prevalence of 3.8 cases per 1,000 male births
[Skakkebaek et al., 2001]. Micropenis is defined as a growth
restriction of the genital tubercle with penile length less than
2-2.5 SD, ie., 25-30 mm in most parts of the world, al-
though this is highly variable according to ethnic groups.
Micropenis may be isolated or associated with hypospadias.



Although most patients with hypospadias and micropenis
present with a mild phenotype (over 50% have anterior hy-
pospadias), the etiology often remains undetermined and is
probably found at the intersection of genetics, endocrinol-
ogy, and environment. The overwhelming majority of cases
remain unexplained, although hypospadias now benefits
from next-generation sequencing [Ea et al., 2021]. Genetics
may, however, determine a susceptibility to exogenous fac-
tors rather than being the sole mechanism of penile defects.
Here, we propose a review of the potential targets of endo-
crine-disrupting chemicals (EDCs) that have been implicat-
ed in the occurrence of hypospadias and micropenis and the
most recent data on the role of exogenous factors.

Normal Mechanisms of Sex Development in Humans
and Potential Targets of EDCs

Male Sex Differentiation Is a Two-Step Process

Testis formation or sex determination is regulated by
transcriptional factors. The formation and proliferation
of the genital ridge requires the action of 6 master genes:
Wilms tumor suppressor (WT1I), nuclear receptor sub-
family 5 group A member 1 (NR5A1, encoding the ste-
roidogenicfactor 1),emptyspiracleshomeobox2 (EMX2),
LIM homeobox 9 (LHX9), and GATA-binding protein 4
(GATA4) [Yang et al,, 2018]. The testis determination
process is complex and involves a cascade of genes. SRY
promotes testis development through the upregulation of
SOX9 expression. In mice and human, Sry binds with Sf1
to activate Sox9 enhancers (including testis-specific en-
hancer of SOX9, TESCO) [Croft et al., 2018]. The other
genes are mainly NR5A1, WT1, CBX2 and DMRT1I.

The differentiation of internal/external genitalia or sex
differentiation is driven by fetal AMH secreted from Ser-
toli cells and androgens and IGF-1 produced by Leydig
cells. Penile development requires several homeobox
genes (HOXA, HOXB, and HOXD) [Morgan et al., 2003],
BMP4 and BMP7, [Chen et al., 2007], and FGFS8 and
FGFR2 [Nelson et al., 2007]. Both penile development
and urethral closure also require androgens (testosterone
and dihydrotestoterone), which act through the andro-
gen receptor (AR) [Kalfa etal., 2019]. Micropenis belongs
to the spectrum of androgen insensitivity. The urethra
closes as a double zipper mechanism [Baskin et al., 2018].
Genital differentiation in boys is based on an androgen-
estrogen equilibrium. The estrogen receptors ESR1 and
ESR2 are expressed in the genital tubercle of the fetal male
[Crescioli et al., 2003]. SNPs of ESRs and a CA-repeat in
ESR2 increase the risk of hypospadias [Deng et al., 2016].

Substances, Routes of Contamination, and
Mechanisms of Sex Development Disruption

Overview

EDCs constitute a heterogeneous group of natural or
man-made substances that interfere with endocrine func-
tion [Knez, 2013]. The mechanisms of disruption in-
clude: (1) the direct binding to estrogen receptor (ER) a
and ERP and modification of the activation or repression
of the transcription of specific genes, (2) non-genomic
action via membrane ERs, (3) induction and transforma-
tion into a more active estrogenic metabolite, (4) compe-
tition with endogenous estrogens for binding to sex hor-
mone binding globulin, (5) inhibition of the transcription
of androgen-dependent genes, (6) synergistic effects of
the previously cited mechanisms, and (7) suspicion of on-
cogenic effects. There are multiple routes of contamina-
tion, as humans are in constant contact with these sub-
stances [Garry et al., 1996; Brock et al., 1998], which are
present in water, soil, food, and air [Olea et al., 1999] and
can enter the body by ingestion, inhalation, and adsorp-
tion. These substances are often lipophilic and thus stored
in adipose tissue for many years [Kelce et al., 1995]. They
can also be found in breast milk and amniotic fluid
[Sonawane, 1995].

EDC exposure in utero may lead to developmental ab-
normalities in males. Regarding reproductive health, tes-
tis dysgenesis syndrome (TDS) [Skakkebaek et al., 2016],
which includes cryptorchidism, hypospadias, micrope-
nis, poor semen quality, and a predisposition to testicular
cancer, was initially assumed to be related to the inhibi-
tion of androgen action on fetal development. Recent
data, however, indicate that it may also result from the
direct or indirect effects of EDCs. Experimental data have
confirmed the impact of fetal exposure to EDCs in the
development of gonadal dysgenesis [Lara etal., 2017; Ab-
del-Maksoud et al., 2019]. Lara et al. [2017] reported that
prenatal exposure to dibutylphthalate (DBP) induced a
focal dysgenetic area in fetal testis and reduced androgen
production. The disruption of both fetal Leydig and Ser-
toli cells by DBP and the late reproductive consequences
may be related to environmental EDCs.

Classes of EDCs

A summary of the different classes of EDCs is shown

in Table 1.

Persistent organic pollutants (POPs) are organic com-
pounds that are highly resistant to environmental degra-
dation, with half-lives in the environment and living or-
ganisms in the range of several months to years [Nadal



Table 1. Endocrine-disrupting chemicals and disorders of penile development in humans

Endocrine-disrupting chemical References

Pesticides/insecticides

Kristensen et al. [1997]; Morera et al. [2006]; Sun et al. [2009]; Dugas et al. [2010];

Nassar et al. [2010]; Gaspari et al. [2011a, 2012]; Brouwers et al. [2007, 2010]; Kalfa et
al. [2015]; Garcia et al. [2017]; Cognez et al. [2019]

Dichlorodiphenyltrichloroetane (DDT) and/or its metabolite
dichlorodiphenyldichlorethane (DDE)

Longnecker et al. [2002]; Flores-Luevano et al. [2003]; Rignell-Hydbom et al. [2012];
Gaspari et al. [2012]; Winston et al. [2016]

Trans-nonachlor and oxychlordane
Atrazine

Trabert et al. [2012]
Agopian et al. [2013]; Winston et al. [2016]

Phenylurea herbicide isoproturon and phenoxyherbicide
2-methyl-4-chlorophenoxyacetic acid (MCPA)

Carmichael et al. [2013]; Haraux et al. [2018]

Trihalomethanes (THM) and haloacetic acids (HAA)

Luben et al. [2008]; Iszatt et al. [2011]

Tetrachlorethylene

Aschengrau et al. [2018]

Diethylhexylphthalate (DEHP), diisononylphthalate (DINP),
dibutylphthalates (DBP)

Chevrier et al. [2012]; Choi et al. [2012]; Watkins et al. [2014]; Jensen et al. [2015];
Marie et al. [2015]; Sathyanarayana et al. [2017]; Radke et al. [2018]

Bisphenol A (BPA)

Choi et al. [2012]; Fernandez et al. [2016a]

Polychlorinated biphenyl (PCB)

Dolk et al. [1998];McGlynn et al. [2009]; Carmichael et al. [2010]

Per- and polyfluoroalkyl substances (PFASs)

Vesterholm Jensen et al. [2014]; Toft et al. [2016]; Petersen et al. [2020]

Glycol ethers and/or its metabolites (methoxyacetic acid)

Warembourg et al. [2018]

Hexachlorobenzene (HCB)

Giordano et al. [2010]; Rignell-Hydbom et al. [2012]

Polybrominated diphenyl ethers (PBDEs)

Lee and He, [2010]; Poon et al. [2018]; Koren et al. [2019]

Dioxin (TCDD)

Mastroiacovo et al. [1988]

Nitrogen dioxide (NO,), O3, and PM10 and PM2.5 air pollutants

Salavati et al. [2018]; Huang et al. [2020]; Lin et al. [2021]

Heavy metal hazardous air pollutants (HMHAP)

White et al. [2019]

Phytoestrogens

Pierik et al. [2004]; Michikawa et al. [2019]

Fish consumption

Akre et al. [2008]; Giordano et al. [2008]

and Domingo, 2013]. POPs most routinely detected in
environmental and thus human samples that are reported
to have endocrine-disrupting properties include per- and
polyfluoroalkyl substances (PFASs), brominated flame
retardants (BFRs), and organochlorine pesticides, among
others. In addition to POPs, there are non-persistent en-
vironmental chemicals such as bisphenols, phthalates,
parabens, synthetic pyrethroids, and organophosphate
pesticides, which have relatively short half-lives in the hu-
man body and do not accumulate significantly [Diaman-
ti-Kandarakis et al., 2009].

PFASs are a family of fluorinated aliphatic compounds
manufactured for diverse applications [Sunderland et al.,
2019]. They are used in oil/water repellant textiles, food
packaging, cleaning products, and firefighting foams
[Frisbee etal., 2009]. PFASs are not easily degraded under

environmental conditions [Wang et al., 2013]. Humans
come into contact with them via contaminated water,
food, and air [Vestergren et al., 2008]. PFASs have been
detected in blood, milk, urine, umbilical cord, breast
milk, hair, and nails [Wang et al., 2018]. Several molecu-
lar mechanisms were identified for their action, including
PPARa antagonism, ROS generation, direct inhibition of
T synthesis and metabolism, and indirect inhibition of
glucocorticoid metabolism [Zhu et al., 2020].

BFRs are chemicals applied to various materials to re-
duce their flammability. This family of 209 possible
chemicals (congeners) are structurally similar to PCBs
[Lyche et al., 2015]. The most commonly used are poly-
brominated diphenyl ethers (PBDEs), hexabromocy-
clododecane (HBCDD), and tetrabromobisphenol A
(TBBPA). They have become ubiquitous environmental



contaminants and can be detected in air, water, soil, fish,
birds, and mammals, including humans [Hites, 2004].
Because most BFRs are highly lipid soluble, fatty fish, fish
oils, and fatty foods of animal origin are potential sources
for human exposure [Lyche et al., 2015]. PBDEs are also
able to penetrate the placenta, making intrauterine expo-
sure to PBDEs in the human fetus possible [Tang and
Zhai, 2017]. The endocrine-disrupting potency of BFRs
is illustrated by the interaction of various congeners with
estrogen, progesterone, and androgen receptors [Meerts
et al., 2001; Hamers et al., 2006].

Dioxins are a group of chlorinated organic chemicals
that are unfortunate by-products of manufacturing pro-
cesses that include pesticide manufacturing, chlorine
bleaching of paper pulp, combustion, and waste incinera-
tion. Moreover, humans were exposed to dioxins through
contamination by Agent Orange during the Vietnam
War and the industrial explosion in the Seveso disaster in
Italy [Weiss et al., 2003; Tai et al., 2011]. Both incidents
resulted in high and long-term dioxin exposure in hu-
mans. Tetrachlorodibenzo-p-dioxin (TCDD) is a well-
known dioxin that belongs to the dioxin/dioxin-like fam-
ily of environmental contaminants [Bruner-Tran et al.,
2017]. Dioxins are lipophilic and highly stable, have half-
lives ranging from 7 to 11 years in humans, and are ex-
creted in breast milk [Weiss et al., 2003; Tai et al., 2011].
Amonghuman and animal populations, ingestion of con-
taminated food is the primary source of dioxin exposure
[Harrad et al., 2003; Malisch and Kotz, 2014; EFSA Panel
on Contaminants in the Food Chain (CONTAM) et al.,
2018]. Esser et al. [2005] reported that TCDD produces
toxic effects by interfering with the physiological signal-
ing of AHR. In particular, dioxins were shown to block
ER action [Safe, 2001] and have antiandrogenic action
[Mai et al., 2020].

Bisphenols are man-made organic chemicals that are
produced throughout the world. The most common
and widely used analog of bisphenol, bisphenol A [BPA;
2,2-bis(4-hydroxyphenol)propane], is mainly used in
the production of polycarbonate plastics and epoxy res-
ins. Polycarbonate plastics are used in water bottles,
toys, CDs, food and beverage packaging, plastic table-
ware, flame retardants, medical, dental, and optical de-
vices, computers, wire insulation, and thermal paper.
Epoxy resins are used as lacquers to coat metal products
like food cans, bottle tops, and water supply pipes [Sha-
fei et al., 2018; Stillwater et al., 2020]. BPA is also found
in dust, laminate flooring, paints, and home electronics
[Shafei et al., 2018; Stillwater et al., 2020]. Since 2012,
the FDA has banned it from use in plastic baby bottles,

sippy cups, and baby formula packaging [Stillwater et
al., 2020]. However, its use has continued for many
years in non-infant applications like food packaging.
BPA is being gradually removed from consumer prod-
ucts, with a corresponding move toward its derivatives:
bisphenols F, E, B, and S as materials for polycarbonate
resin [Kitamura et al., 2005]. Yet, as these alternative
bisphenols are structurally similar to BPA, they are sus-
pected of having equivalent toxicological effects [ Yilmaz
et al., 2020]. According to the literature, at least 2 sub-
stitutes, BPS and BPF, are as hormonally active as BPA
and have endocrine-disrupting effects [Rochester and
Bolden, 2015].

Phthalates are esters of 1,2-benzenedicarboxylic acid
and their structure varies with the number of side chains,
which are formed by dialkyl, alkyl, or aryl groups [Benja-
min et al., 2015]. Phthalates are used as plasticizers in
many products, especially medical devices like intrave-
nous (IV) bags and tubing, umbilical artery catheters,
blood bags and infusion tubing, enteral nutrition feeding
bags, nasogastric tubes, and peritoneal dialysis bags. They
are also used in manufacturing a wide variety of consum-
er products, such as packaged foods and beverages, soft
plastic products like toys and infant products [Earls et al.,
2003], building and furniture materials, including furni-
ture upholstery, mattresses, wall coverings, floor tiles, and
vinyl flooring, and cosmetics and personal care products
to carry fragrances [Koniecki et al., 2011; Dobrzynska,
2016; Rowdhwal and Chen, 2018].

Unlike POPs, plasticizers like bisphenols and phthal-
ates are water soluble and do not bioaccumulate in the
body. However, due to their overuse in many products,
they can be found in air, water, and soil. Humans are dai-
ly exposed to plasticizers via dermal and oral exposure
and inhalation, but most exposure is oral. Once BPA and
analogs are absorbed into the body, they are able to bind
to ERa and , mimicking estrogen-like properties [Paris
etal., 2002]. They can also act with G protein-coupled ER
(GPER30) and interfere with estrogen-activated signaling
pathways [Chevalier et al., 2012; Acconcia et al., 2015;
Nadal et al., 2018; Sheng et al., 2019]. Moreover, BPA can
also bind to the AR and act as its antagonist [Huang et al.,
2019]. Phthalates influence the activity of the AR and ER,
leading to the impaired action of endogenous signal mol-
ecules on hormone-dependent tissue. In particular, they
act as agonists (DEP, DnBP, DiBP, BBzP, DiNP, DEHP,
DCHP) and antagonists (DnBP, BBzP, DEHP, DCHP) of
the ER and as agonists (DnBP, DEHP) and antagonists
(DnBP, DiBP, BBzP, DEHP, DCHP) of the AR [Hlisniko-
va et al., 2020].



Pesticides enter the soil by direct treatment or by being
washed off from the plant surface during rainfall [Anna-
malai and Namasivayam, 2015]. Although all classes of
pesticides can produce adverse effects on human health,
organochlorine pesticides (OCPs) pose the greatest risk
as EDCs, because they are relatively hydrophobic, resis-
tant to degradation, and able to accumulate in soils and
sediments [Annamalai and Namasivayam, 2015; Yilmaz
et al., 2020]. Populations are exposed daily via ingestion,
inhalation, and dermal contact [Brehm and Flaws, 2019].

Some OCPs are structurally similar to E2 and are able
to bind to the ER and mimic the effects of the endogenous
ligand [Zhang et al., 2020]; other OCPs, like glyphosate
and atrazine, are reported to increase aromatase expres-
sion and activity in cells [Richard et al., 2005; Gasnier et
al., 2009; Zhang et al., 2020]. Moreover, atrazine has an-
tiandrogenic properties [Kniewald et al., 1995]. DDT and
its metabolites (0,p-DDT, and p,p’-DDE) have estrogen-
ic effects by blocking the AR [Paris et al., 2002].

Heavy metals are found in practically all environmen-
tal compartments: air, water, soil, and living organisms,
where they act as EDCs [Wirth and Mijal, 2010]. The gen-
eral population is exposed to them via contaminants
found in drinking water and food [Wirth and Mijal,
2010]. Martin et al. [2007] identified a new class of potent
environmental estrogens, calling them metalloestrogens.
These metals and metalloids (i.e., cadmium, cobalt, nick-
el, lead, mercury, arsenite) mimic the effects of estradiol
by activating ERa through a high-affinity interaction with
the hormone-binding domain of the receptor [Martin et
al., 2007]. In addition, heavy metals, such as cadmium,
have the ability to disrupt steroidogenesis by interfering
with the biosynthesis of androgens [Georgescu et al.,
2011].

Phytoestrogens are mostly found in the diet and are
isoflavones and lignans. The main food sources are le-
gumes, particularly soy, although, they are contained in
smaller quantities in fruits, vegetables, and cereals [Hu et
al., 2014]. Phytoestrogens may act by ER-mediated ge-
nomic and non-genomic mechanisms [Viggiani et al.,
2019]. In general, phytoestrogens bind to ERs and behave
like weak agonists.

Ambient fine particulate matter (PM2.5) pollutants,
like astropospheric ozone (O3), sulfur dioxide (SO;), ni-
trogen dioxide (NO,), and carbon monoxide (CO), are of
public health concern worldwide. PM2.5 can penetrate
into blood, carrying many of the above-mentioned metal-
loestrogen heavy metals and polycyclic aromatic hydro-
carbons (PAHs) [Gao et al., 2018]. PAHs are estrogenic
or antiestrogenic [Zhang et al., 2016] through a direct in-

teraction between PAHs and ERs (estrogenic) and the
AHR-mediated suppression of estrogenic activity (anti-
estrogenic) [Arcaro et al., 1999; Zhang et al., 2016].

EDCs and Placenta

In addition to these mechanisms, EDCs may act on
fetal development through the placenta. Placental HCG
stimulates steroidogenesis of the fetal testis even before
the fetal gonadotropic axis is functional. Placental insuf-
ficiency can therefore be associated with fetal HCG insuf-
ficiency, which would explain the association between
hypospadias, intrauterine growth retardation (IUGR),
and low birth weight. The IUGR/hypospadias combina-
tion has been widely reported [Akre et al., 1999; Hughes
et al.,, 2002; Boisen et al., 2005]. In twin pregnancies,
IUGR is more common in the twin with hypospadias
[Chambers et al., 2006]. The association between low pla-
cental weight and the occurrence of hypospadias is strong
[Stoll et al., 1990], although it should be noted that the
association is stronger in posterior forms of hypospadias
[Ghirri et al., 2009; Brouwers et al., 2010]. During embry-
onic development, EDCs can alter placental cell division,
placental differentiation, determination of placental cell
lines, DNA methylation, implantation, and the mainte-
nance of pregnancy and organogenesis. PCBs, dioxins,
and phthalates impair the differentiation of certain cell
lines and trophoblast function in the blastocyst, cross the
placental barrier, and alter embryonic development in
humans [Myatt, 2006]. For example, a high concentration
of 5 phthalate metabolites (MEHP, MEOHP, MnBP,
MiBO, MBzP) in the serum of pregnant women was as-
sociated with a reduction in the expression of trophoblast
differentiation markers (PPARy, hCG) and an alteration
in placental function [Adibi et al., 2010]. These same sub-
stances are able to alter the functioning of human endo-
metrial cells via the AHR receptor [Willing et al., 2011].
In mice, exposure to PCBs increases the AHR signal and
other genes required for implantation (VEGFR-2 and
COX-2) [Clausen et al., 2005]. Dioxin, via this same sig-
naling pathway, decreases the expression of glucose trans-
porter 1 (GLUT1), which alters embryonic glucose up-
take. Among other potentially toxic elements, cadmium
acts as a metal estrogen [Guillette, 2006]. One of the main
sources of cadmium during pregnancy is tobacco smoke.
This substance alters the normal trophoblast functioning
by downregulating leptin [Stasenko et al., 2010]. Leptin,
as an adipokine, is an antiapoptotic and cell proliferation
factor that is important for the maintenance of the pla-
centa [Perez-Perez et al., 2008]. EDCs stimulate a stress
response in the placenta, inducing the expression of stress



proteins (e.g., HSP70 and MAPK protein phosphoryla-
tion) that can inhibit trophoblast differentiation and in-
vasion, thereby impairing further placental function.

Arguments from Animal Observations for the Role of
EDCs in Human Sex Development

Hypospadias, whether associated with micropenis or
not, has been reported in many wild species whose habitat
is contaminated by pesticides [Hayes et al., 2002]. The ef-
fects of prenatal xenoestrogens on the development of the
reproductive tract in male animals have been studied by
several groups. The first generations of rats exposed dur-
ing intrauterine life to synthetic estrogens (at concentra-
tions similar to those measured during the first trimester
in humans) developed hypospadias [Gray and Kelce,
1996]. Hypospadias was also described in rodents after
maternal treatment with vinclozolin (a fungicide-type
pesticide), showing a dose-effect response [Gray et al.,
2001]. Similar results have been obtained following pre-
natal exposure to PCBs (polychlorinated biphenyls),
phthalates, and dioxin [Baskin et al., 2001; Gray et al.,
2001; Fisher et al., 2003]. The extrapolation of these ani-
mal studies to humans has nevertheless been questioned.
Animal studies use concentrations of substances higher
than those found in the environment [Sharpe and Skak-
kebaek, 2008]. In addition, the intrinsic estrogenic or an-
tiandrogenic effects of these substances are lower than
those of diethylstilbestrol (DES), which is often used as an
experimental model. However, a synergistic effect of the
combination of several substances has been demonstrat-
ed even at low doses [Ivell and Hartung, 2003].

Is There an Increased Incidence of Hypospadias and
Micropenis that Could Point toward EDCs and TDS?

The prevalence of hypospadias is relatively high, al-
though it varies widely depending on country and ethnic-
ity. The mean prevalence per 10,000 live births ranges as
follows: Europe 19.9 (range: 1-464), North America 34.2
(6-129.8), South America 5.2 (2.8-110), Asia 0.6-69, Af-
rica 5.9 (1.9-110), and Australia 17.1-34.8 [Springer et
al., 2016]. We reported a particularly high prevalence in
the south of France (97/10,000) [Gaspari et al.,2011a] and
Brazil (55/10,000) [Gaspari et al., 2012].

Over the past 10 years, questions about the increasing
incidence of hypospadias have been raised repeatedly, rais-
ing the suspicion of an exogenous and environmental

cause. However, the conclusions of epidemiological studies
are not unequivocal. The oldest studies suggested an in-
crease in hypospadias rates, and 11 studies published be-
tween 1975 and 1997 came to this conclusion for the years
between 1964 and 1995 [Paulozzi, 1999]. The first publica-
tions in the 1960s and 1970s were based on a small number
of countries mainly in North America and Europe. In 1997,
Paulozzi et al. used data from the Birth Defects Monitoring
Program (BDMP) and reported that the incidence of hy-
pospadias in the USA doubled between 1970 and 1993. The
data collection methods in this study were questioned as
the sample was not representative of the US population and
was in fact ill defined [Edmonds et al., 1981]. These initial
reports of an increase in the number of hypospadias cases
have various explanations: influence of an external envi-
ronmental factor, variation in the definition of the hypo-
spadias in the included cases, improved screening for mal-
formations with increasingly better trained doctors, and
the increased demand for complete correction. Newer
studies show contrasting results. A retrospective study car-
ried out in New York State showed that the rate of hypo-
spadias decreased from 1983 to 2005 with a prevalence
dropping from 36.34/10,000 births in 1983 to 35/10,000
births for the period 1992-2005 [Fisch et al., 2009]. In Cal-
ifornia, the rate of hypospadias seemed stable from 1984 to
1997 [Carmichael et al., 2003]. In Washington State, the
prevalence in 2002 (5 cases per 1,000 births) appeared to be
similar to that in 1987 [Porter et al., 2005]. In Europe, the
prevalence of hypospadias also appeared to be stable. A
European study carried out in 20 regions and based on Eu-
ropean registers from 1980 to 1999 showed no significant
increase in its prevalence [Dolk et al., 2004]. A larger study
drawing on 29 national registers and including 4 million
births per year throughout the world confirmed this stabil-
ity in most cases but showed an increase in the rate of hy-
pospadias in 2 registers (Scandinavia and Japan), particu-
larly from 1970 to 1980 [Paulozzi et al., 1997]. An exhaus-
tive collection of cases and precise anatomical definition
data are particularly important: they refine the results to
the point of revealing differences in trends between studies,
as in Japan [EUROCAT, 2003]. Taking into account the
range of phenotypes, the prevalence seems to have in-
creased in certain geographic areas, including North Amer-
ica (e.g., in Arkansas, the prevalence rose from 67/10,000
births in 1998 to 81/10,000 births in 2007) [Canon et al.,
2012]. A striking element that points toward TDS is the
positive correlation between hypospadias and testicular
cancer and between hypospadias and undescended testis.
These correlations emerge more clearly in high-quality
registers [Serrano et al., 2013].



Epidemiological studies of micropenis have reported
wide differences in prevalence: from 0.015% of the US
population [Nelson et al., 2005] and 0.062% of the Egyp-
tian population [Mazen et al., 2010] to 0.35% in southern
France [Gaspari et al., 2011a] and 0.66% in northeastern
Brazil [Gaspari et al., 2012]. To our knowledge, no epide-
miological study has reported the evolution of micrope-
nis prevalence over decades, and specific data on micro-
penis remain sparse for several reasons. Notably, micro-
penis, which is defined as penile length less than 2-2.5SD,
i.e., 25-30 mm in most parts of the world, may have been
underdiagnosed for years. Measurement of the stretched
penis is standardized, but it is not highly reproducible. It
may be isolated or associated with other defects, such as
hypospadias and undescended testis.

EDCs and Hypospadias

Maternal Diet

The effects of a maternal vegetarian diet on the occur-
rence of hypospadias remain under debate as this diet has
been reported to increase the risk of hypospadias as much
as 5-fold [North and Golding, 2000; Akre et al., 2008] and
yet sometimes has no effect [Brouwers et al., 2010]. Two
hypotheses have been suggested. First, the effects may be
related to the mother’s consumption of phytoestrogens (a
vegetarian diet is high in isoflavones contained in soy
food), which then affects the developing fetus. Yet, a 2004
study based on a questionnaire about the mother’s intake
of phytoestrogens [Pierik et al., 2004] did not seem to
confirm this hypothesis. Other works have even shown a
contrary effect and pointed to the antioxidative role of
these substances [Michikawa et al., 2019]. The other hy-
pothesis is linked to fish consumption because of the ac-
cumulation of toxic products in this type of food [Gior-
dano et al,, 2008]. Again, the contradictory data prevent
definitive conclusions from being drawn [Akre et al.,
2008]. The consumption of organic foods has shown no
protective effect in some studies [Christensen et al., 2013].
In contrast, a Norwegian study on more than 35,000
women showed that those who consumed organic food
during pregnancy were less likely to give birth to a hy-
pospdiac boy (OR 0.42), but this was based on 21 cases
only.

Pesticides and Hypospadias

Pesticides are the very prototype of EDCs and in this
sense have been widely studied in the context of hypospa-
dias occurrence [Raghavan et al., 2018]. Maternal expo-

sure has been the major focus, and maternal involvement
in agricultural activities that include insecticide use in-
creased the risk of hypospadias in 2 studies [Sun et al.,
2009; Dugas et al., 2010]. These data nevertheless remain
debatable, because studies on the domestic use of pesti-
cides provide contrasting results [Dugas et al., 2010; Nas-
sar etal., 2010; Gaspari et al., 2012]. Direct measurements
of EDCs in mothers also provide divergent results. A high
concentration  of  dichlorodiphenyltrichloroethane
(DDT) and its metabolite dichlorodiphenyldichloroeth-
ane (DDE) or chlordane derivatives (trans-nonachlor
and oxychlordane) in maternal plasma during pregnancy
has not been associated with an increased risk of hypo-
spadias [Longnecker et al., 2002; Flores-Luevano et al.,
2003]. Nevertheless, a large study found an increased risk
of hypospadias among women with a higher serum DDE
concentration during the 14th week of gestation [Rignell-
Hydbom et al., 2012]. Moreover, we reported a relatively
high prevalence of hypospadias (55/10,000) among new-
borns in northeastern Brazil, whose mothers reported
daily domestic use of pesticides before and during preg-
nancy, especially DDT, to control insect proliferation
[Gaspari et al., 2012].

The pesticide atrazine, found in public drinking water,
also raises concerns. One study showed an increasing risk
of hypospadias, with an OR ranging from 1.11 to 1.52 de-
pending on the level of exposure, and a stronger correla-
tion with severe phenotypes [Agopian et al., 2013]. This
was not confirmed by another series based on the Na-
tional Birth Defects Prevention Study using data from
groundwater contaminant models from the US geologi-
cal survey to assess contamination in public water sup-
plies and in private wells after geocoding [Winston et al.,
2016]. Other contaminants may be found in water, called
disinfection byproducts (DBPs), including trihalometh-
anes (THMs) and haloacetic acids (HAA). Two case-con-
trol studies, based on national data on the THM concen-
tration in water, did not confirm this hypothesis [Luben
et al., 2008; Iszatt et al., 2011]. Tetrachlorethylene is an-
other water contaminant, particularly in Massachusetts
and Rhode Island. Between 1968 and 1995 [Aschengrau
etal., 2018], mothers with high exposure to this substance
during the first trimester of pregnancy had an increased
risk of hypospadias, although the confidence interval was
wide (OR 2.1; 95% CI, 0.5-8.3).

Meconium is another possible matrix as it may be a
good marker of chronic exposure [Esteban and Castano,
2009]. In this study, the authors focused on the pesticides
used in the study area. They found an association between
hypospadias and the presence of phenylurea herbicide



isoproturon and phenoxyherbicide 2-methyl-4-chloro-
phenoxyacetic acid (MCPA) in meconium, with a high
but wide OR range [Haraux et al., 2018]. MCPA acts as
an EDC [Benassou, 2016] and is one of the pesticides
identified as a risk factor in previous studies [Carmichael
etal., 2013].

Paternal exposure should also be considered. Some au-
thors found no link between the father’s pesticide expo-
sure and the occurrence of hypospadias in the child
[Brouwers et al., 2007, 2010; Nassar et al., 2010], whereas
others showed evidence of the role of such exposure
[Kristensen et al., 1997; Kalfa et al., 2015]. In our nested
case-control study, the self-reported occupational expo-
sure to pesticides by both parents was a statistically sig-
nificant risk factor for male genital malformations (OR
4.41;95% CI, 1.21-16.00) [Gaspari et al., 2012]. We were
unable to separate the mothers’ occupational exposure
from that of the fathers because, in both the cases and
controls, the 2 parents worked together as farmers, wine-
and rice-growers, tree and fruit farmers, or gardeners. In
addition, these family units reported also living in the
countryside, which added potential environmental con-
tamination by pesticides to the occupational EDC expo-
sure.

Phtalates, Bisphenol A, and Hypospadias

Phtalates have been particularly explored since the
2010s and have shown an effect on the testis in animal
models [Czubacka et al., 2020]. Phtalates pose a method-
ological challenge for researchers as their half-lives are
short and they are ubiquitous. It is thus difficult to pre-
cisely assess the level of exposure to phtalates during the
windows of masculinization since most studies focus on
measurement in urine, which may be highly variable even
in a single individual. One case-control study used amni-
otic fluid samples from the second trimester [Jensen et al.,
2015] to measure the concentrations of diethylhex-
ylphthalate (DEHP) and diisononylphthalate (DINP)
metabolites. Only the DINP metabolites tended to be as-
sociated with hypospadias, but this did not reach signifi-
cance. Advanced maternal age and the presence of other
developmental abnormalities may be confounding fac-
tors [Raghavan et al,, 2018]. Other studies mainly used
urine samples at birth and did not correctly study expo-
sure during fetal life [Watkins et al., 2014]. One study
found an association between hypospadias and a high lev-
el of DEHP [Choi et al., 2012]. This finding was not re-
produced when DEHP was measured in maternal urine
[Chevrier et al., 2012; Choi et al., 2012]. Sathyanarayana
et al. [2017] studied the association between urine DHP

in early pregnancy, serum free testosterone, E1 and E2,
and newborn development outcome. They found a posi-
tive relationship between DEHP metabolites and E1 and
E2 levels and a negative relationship with free testoster-
one, with no correlation with anogenital distance, al-
though higher testosterone levels reduce the risk of a gen-
ital defect. Some authors have used placenta to measure
phtalate exposure [Fernandez et al., 2016a] using liquid
chromatography-tandem mass spectrometry. They found
an association between exposure to BPA and male de-
fects. Overall, a review on phthalates and obstetrical out-
come confirmed the possible effect on the anogenital dis-
tance but provided contradictory results regarding hypo-
spadias, as they depended on the phenotype included in
the series and the quality of controls [Marie et al., 2015].
A recent systematic review focused on 6 phthalates, in-
cluding DEHP, DINP, and dibutylphthalates (DBP)
[Radke et al., 2018]. There was robust evidence of an as-
sociation between DHEP and DBP exposure and male re-
productive outcome, mainly based on anogenital dis-
tance, testosterone level, and semen quality. Regarding
hypospadias specifically, the results were inconsistent,
and the evidence was considered slight or indeterminate.

Other Endocrine-Disrupting Chemicals

Another EDC that may induce hypospadias is poly-
chlorinated biphenyl (PCB). A case-control study of al-
most 800 children found no correlation between serum
levels of 11 PCBs and genital defects [McGlynn et al.,
2009] nor did a smaller study [Dolk et al., 1998]. This
negative result was further confirmed by US [Carmichael
et al., 2010] and Swedish [Rignell-Hydbom et al., 2012]
series, even in association with other EDCs, like HCB [Ri-
gnell-Hydbom et al., 2012] and flame retardants [Carmi-
chael et al., 2010].

Several other substances have been explored. A recent
systematic review of 26 eligible studies evaluated the ef-
fects of PFAS on the male human reproductive tract [Pe-
tersen et al., 2020]. The 2 main studies on this topic
[Vesterholm Jensen et al., 2014; Toft et al., 2016] found
no positive association with hypospadias. Flame retar-
dants, including polybrominated diphenyl ethers (PB-
DEs), have also been suspected. These are strong EDCs,
and humans are exposed to them via inhalation of house-
hold or workplace dust. Mothers of hypospadias children
were found to have been exposed to significantly higher
levels of PBDEs than controls, according to a study that
directly measured 8 PBDEs in maternal hair by gas chro-
matography-mass spectroscopy [Poon et al., 2018]. The
less brominated PBDE congeners exhibit a higher body



burden in mothers of boys with hypospadias [Lee and He,
2010; Koren et al., 2019]. Glycol ethers, a family of oxy-
genated solvents, were examined in a case-control study
using spot maternal urine samples. Hypospadias was as-
sociated with the higher tertile of one of its metabolites
(methoxyacetic acid), but the sample size of the popula-
tion remained limited [Warembourg et al., 2018]. Ben-
zene derivatives are also reported to be found in higher
concentrations in the mothers of hypospadiac children
[Giordano et al., 2010].

Hypospadias and Proximity of Contamination

Hazards

The geographic proximity to contamination zones as
a potential risk factor for hypospadias has been widely
studied. Waste areas are suspected areas of risk [Dolk et
al., 1998], especially since the PCB levels in maternal se-
rum of children with hypospadias are higher, although
not significantly so. An increased concentration of hexa-
chlorobenzene (HCB) may be associated [Giordano etal.,
2010], although this has not been confirmed by other
studies [Rignell-Hydbom et al., 2012]. The prevalence of
hypospadias also appears to be higher in areas of intensive
agriculture with pesticide use [Morera et al., 2006]. A
French longitudinal study explored the effects of soil con-
tamination with a 1-km resolution and domestic use of
pesticides. Domestic pesticide use for fleas and ticks was
associated with hypospadias but not with crop acreage
[Cognez et al.,, 2019]. We found that industrial plants, in-
cinerators, and waste areas were more frequently present
within a 3-km radius of the homes of hypospadiac chil-
dren than of controls, but the agricultural area did not
reach significance [Kalfa et al., 2015]. An increase in the
number of hypospadias cases was reported in parents ex-
posed to dioxin after the Seveso accident [Mastroiacovo
et al., 1988]. Finally, seasonal variations in hypospadias
are suspected []Jin et al., 2010].

Hypospadias, Occupational Exposure, and

Cumulative Effects of Multiple Exposures

In addition to direct measurement of EDCs, question-
naires on occupational exposure help to assess the envi-
ronmental risk. In 2 studies, we found that maternal work
related to agriculture increased the risk of hypospadias
[Sun et al., 2009; Dugas et al., 2010]. Other suspected ac-
tivities include leather work [Garcia and Fletcher, 1998],
hairdressing [Ormond et al., 2009; Haraux et al., 2016],
automobile repair [Irgens et al., 2000], and jobs where
metal dust is produced [Brouwers et al., 2010]. Most stud-
ies focused on a limited number of substances, were ret-

rospective, and were sometimes based on data banks with
limited clinical details and/or a wide variability in pheno-
types and nonhomogeneous cohorts. We conducted a
multicenter prospective phenotype-specific study to ex-
plore all potential sources of exposure in patients with
strictly isolated hypospadias, after first excluding the
most frequent genetic defects [Kalfa et al., 2015]. We
found that fetal exposure to EDCs was a significant risk
factor for hypospadias in our series (OR 3.8). The types
of substance having an impact on the phenotype were
heterogeneous, but detergents, pesticides, and cosmetics
accounted for 75% of the cases, with a possible cumulative
effect of various substances. Maternal exposure was the
most significant, especially among cleaners, hairdressers,
beauticians, and laboratory workers. The fathers’ occupa-
tional exposure during the periconceptional period was
also significant, mainly for agricultural workers, labora-
tory technicians, mechanics, and painters. The effects of
a mixture of EDCs, as described in animal models with
disruption of AR translocation and activation [McComb
etal., 2019], may be more harmful than a single high-dose
exposure, recapitulating the cocktail effects of EDCs.

Hypospadias and Atmospheric Pollution and

Conditions

More recently, atmospheric pollution and conditions
have been suspected of participating in the occurrence of
hypospadias. There is a growing number of reports on the
association between air pollution and congenital anoma-
lies. Salavati et al. [2018] conducted a case-control study
on about 7,500 subjects through the EUROCAT register
and identified an association between air pollutants (ni-
trogen dioxide: NO,, and PM10 and PM2.5) and genital
defects, mainly hypospadias. Another study in Taiwan
based on 200 hypospadiac boys and 2,000 random con-
trols showed that PM2.5 exposure during the first trimes-
ter and exposure to ozone (O3) during the first month of
pregnancy were associated with a higher incidence of hy-
pospadias [Huang et al., 2020]. Limitations included reg-
ister-based phenotypes, limited data regarding familial
history and occupational exposure, and possible moves
during gestation. A systematic review based on 9 studies
suggested a modest association between prenatal expo-
sure to PM2.5 in the month before pregnancy or the first
trimester and the risk of hypospadias in offspring. The
pooled RR was 1.17 (95% CI, 1.00-1.36) [Lin et al., 2021].
Heavy metal hazardous air pollutants (HMHAP) are also
potential EDCs and hypospadias inducers. Based on
8,900 cases of hypospadias obtained from the Texas Birth
Defects Registry, a case-control study found an associa-



tion between HMHAP exposure and hypospadias. Cad-
mium, mercury, nickel, arsenic, and chromium showed
associations with different schemes of risk association de-
pending on the substance [White et al., 2019]. Altitude
may play a role in the distribution of some congenital de-
fects [Lopez-Camelo and Orioli, 1996; Poletta et al., 2007].
One study analyzed the spatiotemporal repartition of hy-
pospadias clusters in South America and found thatliving
above 2,000 m has a protective effect [Fernandez et al.,
2016b]. Whereas hypobaric hypoxia is associated with the
development of congenital anomalies, other factors such
as diet, reduced exposure to EDCs, or the low genetic sus-
ceptibility of some ethnic groups may explain the results.
Higher ambient temperature has also been studied [Kilinc
etal., 2016].

Meta-Analyses and Systematic Reviews

Systematic reviews and meta-analyses provide less
clear results. Bonde et al. [2016] took into account the
studies of 28 populations and reported an overall OR
closeto 1(1.13,95% CI,0.86-1.50). The results were glob-
ally the same, both for all substances together and spe-
cific substances, but the OR was slightly elevated for one
compound: p,p’-DDE. Data on specific exposures and
hypospadias only were limited. Overall, this meta-analy-
sis showed a small increased risk of male reproductive
disorder after prenatal exposure to EDCs. Another criti-
cal review [Foster et al., 2017], covering 2003-2014, re-
ported a strong association between congenital defects
and parental occupation, but direct measures of the sub-
stances were lacking to confirm the hypothesis. A system-
atic review in Brazil, which has heavy pesticide use, was
only able to find a few studies on the effects of these sub-
stances on children’s health, and the study designs often
prevented conclusions from being drawn on reproduc-
tive defects [Froes Asmus et al., 2016].

EDCs and Micropenis

Several studies on the relationship between hypospa-
dias and EDCs have included micropenis but reported
results on genital defects as a single entity. However, the
literature specifically addressing micropenis or stratify-
ing the results according to specific phenotypes is less
abundant than for hypospadias.

A 16-months nested case-controlled study we con-
ducted in a large population in southern France evi-
denced a 0.35% prevalence of micropenis [Gaspari et al.,
2011a], which is about 23-times the rate shown by an ep-

idemiological study conducted between 1997 and 2000 in
the USA [Nelson et al., 2005] and more than 5-times the
prevalence reported by Mazen et al. [2010]. We observed
that the self-reported occupational pesticide exposure of
both parents was a significant risk factor for male genital
malformations (OR 4.41; 95% CI, 1.21-16.00). We also
conducted a 24-months study in an intensive pesticide-
use area in northeastern Brazil and reported severe mi-
cropenis (-4 SD) in 0.66% of the population, which is in-
terestingly almost twice the rate we found in southern
France [Gasparietal., 2012]. Poor living conditions (fave-
las), resulting in widespread and frequent use of residen-
tial DTT and maternal occupational exposure to EDCs,
were identified as the major risk factors. All newborns
with micropenis had normal plasma testosterone and no
AR mutation, and only 2 A49T polymorphisms of 5aR
were identified [Gaspari et al., 2012]. Another study in
southern Spain focused on intensive agriculture with
high pesticide use and identified an increased risk of mi-
cropenis in this area. The association was less strong than
for hypospadias and the CI of the OR was large [Garcia et
al., 2017]. In an Egyptian population, mean penile length
showed a linear relationship with free testosterone and
was lower in neonates exposed to EDCs [El Kholy et al.,
2013]. A Japanese study evaluated the polymorphism of
aryl hydrocarbon receptor repressor (AHRR) involved in
the dioxin signaling pathway as a risk factor for micrope-
nis [Soneda et al., 2005]. Dioxin is known to exert delete-
rious effects on the male reproductive system [Poland
and Knutson, 1982] and AHRR induces a negative feed-
back loop in the dioxin-related signal transduction path-
way. Based on a series of 73 boys with micropenis, the
authors identified an at-risk genotype. None of the cited
studies included the direct measurement of EDCs in the
patients or controlled for confounding factors. Since en-
vironmental pollutants are known for their estrogenic ac-
tivity, we detected their presence by measuring the estro-
genic bioactivity in males with defective genital develop-
ment including micropenis, using an ultrasensitive cell
bioassay with transfected cells for the human ER [Paris et
al., 2006; Gaspari et al., 2011b].

Transgenerational Effects of EDCs

The medical scandal of diethylstilbestrol (DES)
strengthened the concepts of EDCs and the fetal basis for
adult disease [Newbold, 2004]. More recently, authors
have reported that the adverse effects of DES are trans-
mitted to subsequent generations in animal models



[Walker and Kurth, 1995; Newbold et al., 1998, 2000,
2006; Skinner, 2007]. DES is a synthetic nonsteroidal es-
trogen that was first produced for hormonal therapy in
1938 and then prescribed to pregnant women to prevent
potential miscarriages and premature delivery by acting
asan estrogen analog [ITARC Working Group on the Eval-
uation of Carcinogenic Risks to Humans, 2012]. Unfor-
tunately, it was found to be not only ineffective but also
harmful. Although the molecular basis for DES action is
not fully understood, it seems to involve ERs other than
ERa, such as the estrogen-related receptors (ERRs) [Gres-
chik et al., 2004] or the orphan nuclear receptor NROb-2
[Volle et al., 2009]. Moreover, DES also presents antian-
drogenic activity by competing with natural androgens
for the ligand-binding domain of the AR [McKinnell et
al., 2001].

DES illustrates the effects of EDCs on genital develop-
ment [Newbold, 2004]. Klip et al. [2002] reported an in-
creased risk of hypospadias in the sons of DES daughters
from a cohort of women diagnosed with fertility prob-
lems. Brouwers et al., [2010] found that pregnant women
who were DES daughters were at risk of giving birth to
hypospadiac boys, as did other authors [Pons et al., 2005].
In contrast, another study found no increased risk of pe-
nile defect with a 1.7 OR (95% CI, 0.4-6.8) for the risk of
hypospadias. A cohort study conducted in collaboration
with a French association of DES-treated women found
an increased risk of hypospadias in both fetuses exposed
to DES and their descendance. The prevalence of hypo-
spadias was low in boys unexposed to DES in utero,
whereas it was high in the in utero-exposed boys (3.57%,
p = 0.02). In the following generation, the prevalence of
hypospadias in boys born to DES daughters was high
when compared with boys born to unexposed parents
(8.2%, n = 8/97 vs. n = 0/360; p < 0.001). Changes in epi-
genetic background and alteration of DNA methylation
are highly suspected [Walker and Kurth, 1995; Guerrero-
Bosagna et al., 2012]. The association between hypospa-
dias in grandsons and uterine abnormalities in their
mothers also suggests the role of placental insufficiency
for the transgenerational effect of DES. Over the past 10
years, we have analyzed almost 2,000 DNAs from under-
virilized XY children or adults with normal/high plasma
testosterone concentration, as part of a national collab-
orative program on the molecular genetics of XY DSD.
We recently reported that 11 of these DN As were extract-
ed from the sons of women who had been exposed in
utero to DES, supporting the hypothesis that DES also
harms the third generation [Gaspari et al., 2021a]. Indeed,
we also recently presented an 8-year-old girl with cervical

CCAC, whose grandmother had received DES therapy
during pregnancy with the patient’s mother [Gaspari et
al., 2021b]. Although no direct causal link was demon-
strated, this case raises for the first time the hypothesis of
multigenerational effects of DES in girls and strongly sug-
gests the need to follow the granddaughters of DES-treat-
ed women.

Differential Effects of EDCs on Genital Development

It is noteworthy that similar substances can induce
hypospadias, micropenis, or combined phenotypes.
Temporal windows of sensitivity, tissue-specific action,
or particular downstream targets of the androgen signal-
ing pathway may explain this differential effect. Zhenget
al. [2015], using flutamide and tamoxifen administra-
tion, showed that an early action may induce ambiguous
genitalia, disruption during the narrow window of ure-
thral development is associated with hypospadias, and a
later effect of EDCs at the time of penile growth results
in micropenis. In addition to showing that the stage of
disruption of androgen signaling determines the class of
penile defect, the authors demonstrated that the inten-
sity of disruption affects genital development in a dose-
dependent manner and that an estrogen-responsive
phase of penile development regulates apoptosis and
proliferation.

Conclusion

Disorders of penile development that include hypo-
spadias and micropenis are among the most frequent
male birth defects worldwide. Although many questions
about the increased incidence of hypospadias remain un-
resolved, the impact of fetal exposure to EDCs in the de-
velopment of male penile disorders is now indisputable.
This review summarizes the growing body of epidemio-
logical, clinical, and experimental studies that clearly
show evidence of the impact of EDC exposure on penile
development. Moreover, large epidemiological studies
and studies on animals exposed in utero to DES and oth-
er EDCs have provide data that point toward the epigen-
etic effects of utero exposure to EDCs that may be passed
on to future generations. Although these epigenetic
mechanisms have not been fully elucidated in humans,
the precautionary principle should be applied in order to
protect these future generations.
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