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Phthalate esters are high production volume chemicals used to impart flexibility to polyvinyl chloride

products as well as other applications. In the male laboratory rat, the period of sexual differentiation in

utero is particularly sensitive to certain phthalate esters, which induce a suite of reproductive

malformations, including epididymal and gubernacular agenesis. The fetal rat testes are a main target

for phthalate esters as evidenced by a reduction in testosterone production and insulin-like hormone 3

(insl3) expression, a peptide hormone critical for testis descent. Histopathology of fetal and postnatal

testes reveals that in utero exposure to phthalate esters disrupts Leydig and Sertoli cell maturation

leading to a reduction in germ cells in the malformed seminiferous tubules in adulthood as well as an

increased incidence of multinucleated germ cells. There are some strain-specific differences in the

target organs in the male reproductive tract in rats affected by phthalate esters. Mixtures of phthalate

esters with one another and with other anti-androgenic compounds exhibit cumulative, largely dose-

additive effects on male reproductive tract development when administered during sexual differentia-

tion in utero. Since phthalate ester metabolites are detected in maternal and fetal body fluids, and

androgen-signaling and insl3 are highly conserved among mammals, phthalates may potentially affect

human reproductive development.

Published by Elsevier Inc.
1. Introduction

Phthalate esters are high production volume chemicals used to
impart flexibility to polyvinyl chloride plastics as well as many
other applications. Phthalate esters are found in many commonly
used products, including children’s toys, health and beauty
supplies (e.g. cosmetics and perfumes), medical equipment
(e.g. dialysis tubing and intravenous bags), and the enteric coating
of some pharmaceuticals. Phthalate esters readily migrate from
such products, and their metabolites have been detected in
several human bodily fluids, including maternal urine during
pregnancy (Swan et al., 2005), breastmilk (Mortensen et al., 2005)
and amniotic fluid (Latini et al., 2003; Silva et al., 2004b). Male
laboratory rats exposed in utero to certain phthalate esters display
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malformations and alterations of reproductive tissues indicative
of a suppression of fetal testicular testosterone and insulin-like 3
hormone (insl3) production (Foster, 2006; Gray et al., 2000;
Wilson et al., 2004) and multinucleated germ cells (Ferrara et al.,
2006; Foster, 2006; Parks et al., 2000; Scott et al., 2007).
Environmental chemicals, such as the phthalate esters, have been
suggested as potential causal agents of human testicular dysgen-
esis syndrome (TDS), which bears striking similarity to the
reproductive malformations, decreased sperm abundance, and
histopathological changes in rat testes following in utero exposure
to certain phthalate esters (Skakkebaek et al., 2001; Virtanen
et al., 2005). The potential for human developmental effects and
the detection of phthalate ester metabolites in both the maternal
and fetal compartments in humans have prompted the scientific
community, health advocacy groups and legislators to call for the
evaluation of mixtures of phthalates to better understand the
health risks of human exposure to multiple sources of these
chemicals (DiGangi et al., 2002; Howdeshell et al., 2007, 2008;
Purvis and Gibson, 2005; Rider et al., 2008). In particular, the
United States Environmental Protection Agency (US EPA) has
funded a National Academy of Sciences panel to evaluate this
issue and make recommendations to the US EPA on how to
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conduct cumulative risk assessments on mixture of phthalates;
a report from this panel is scheduled to be published in late
2009 (http://www8.nationalacademies.org/cp/projectview.aspx?
key=48860).

The effects of phthalate esters on reproductive parameters of
the pubertal male have been studied in many mammalian species
(i.e. rat, mouse, guinea pig and ferret) and have demonstrated the
increased sensitivity of the immature versus the adult male;
however, these studies will not be covered in this manuscript. The
current review will focus on the effects of in utero exposure to
phthalate esters on male rat reproductive tract development and
function when administered during the period of sexual differ-
entiation. We will review what is understood about the cellular
and molecular mode of action behind phthalate action during
reproductive tract development from studies on the well-
characterized phthalate esters di(n)butyl phthalate (DBP, CAS RN
84-74-2) and diethylhexyl phthalate (DEHP, CAS RN 117-81-7),
including evidence of strain differences in target organ respon-
siveness to DEHP. In particular, phthalate esters are known to
induce gubernacular malformations due to suppression of insl3
production in the fetal rat testes. Although the effects of phthalate
esters are most often studied in the male rat, we review evidence
that female rat reproductive development is also affected by these
chemicals. As humans are exposed to multiple phthalate esters on
a daily basis, we summarize our research on the cumulative
effects of binary and complex mixtures of phthalates with each
other and/or with other androgen-disruptive chemicals on male
reproductive development. Finally, we discuss how laboratory
animal research regarding the effects of phthalate esters on
reproductive development furthers our understanding of the
potential health risks of such chemicals on the developing human.
2. Phthalate ester structure and activity

Phthalate esters are composed of paired ester groups on a
benzene ring (Fig. 1). The ester linkages are hydrolyzed by
esterases in the intestine and the resulting monoester metabolites
are easily absorbed (Kluwe, 1982; Rock et al., 1986; Skibsted and
Di-(2-Ethylhexyl) Phthalate (DEHP)
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Fig. 1. Chemical structure of diethylhexyl phthalate (A) and di(n)butyl phthalate (B).
Hansen, 1990). The monoester metabolites are generally assumed
to be the bioactive component of the phthalate ester reproductive
toxicants (Gray and Beamand, 1984; Sjoberg et al., 1986). The
structure and position of the paired ester groups determines the
reproductive toxicity of the phthalate ester. Using pubertal
Sprague–Dawley (SD) rats, Foster et al. (1980, 1981) reported that
phthalate esters possessing ester groups with 4–6 carbons, and in
the ortho position, induced testicular atrophy and decreased
testicular zinc content following 4-day oral administration of the
chemicals. Conversely, phthalates with ester groups of shorter or
longer than 4–6 carbons, or in the para position, were not active.
The same structure–activity relationship was also observed for
suppression of fetal testicular testosterone production following
in utero exposure during sexual differentiation (Howdeshell et al.,
2008; Wilson et al., 2004).

Phthalate esters exert permanent reproductive tract alterations
when administered during sexual differentiation in utero. Stan-
dard developmental toxicity studies evaluate the ability of a
chemical to induce embryo or fetal death, alterations in body
weights, and changes in size and appearance of the external and
visceral organs, and skeletal system. Because the standard
development toxicity studies involve dosing the dam on gestation
day (GD) 6–15 and collecting the fetuses on GD 15, the
developmental reproductive toxicity of the phthalates was
initially overlooked. It has since been established that the
administration of phthalate esters to the rat dam during a limited
period of sexual differentiation cause reproductive malformations,
and associated adverse effects on epididymides and testes of male
offspring (GD 16–19, Long Evans (LE) strain (Gray et al., 1999);
GD 16–18, SD strain (Carruthers and Foster, 2005) and Wistar strain
(Ema et al., 1998)). This is the critical window of vulnerability for
androgen receptor (AR) antagonists as well (vinclozolin, LE strain
(Wolf et al., 2000) and Wistar strain (Welsh et al., 2008); and
flutamide, SD strain (Foster and Harris, 2005)). Phthalate exposure
during these periods results in adverse effects on the male rat
reproductive tract that are indicative of a suppression of the
androgen pathway, thus we classify the phthalates as
anti-androgenic chemicals (Gray et al., 2006b). Although many
anti-androgenic compounds antagonize the AR, phthalate esters
do not bind the human AR in vitro at physiological concentrations
(Parks et al., 2000); the absence of AR binding has been observed
with DEHP and the DEHP metabolite monoethylhexyl phthalate
(MEHP; Parks et al., 2000) as well as DBP and the DBP metabolite
monobutyl phthalate (MBP) (Foster et al., 2001). While some
phthalates have occasionally been reported to bind the estrogen
receptor in vitro (Jobling et al., 1995), phthalate esters do not
appear to exert estrogenic effects in vivo in rats, such as
accelerated vaginal opening or induction of constant estrus
(Grande et al., 2007; Gray et al., 1999; Mylchreest et al., 1998,
2000). Furthermore, DBP failed to induce estrogen-dependent
uterotropic response or lordosis behavior in adult ovariectomized
SD rats (Gray et al., 1999).
3. Mechanisms of phthalate action

In utero exposure of male SD rat offspring to high doses of
DEHP, DBP, benzyl butyl phthalate (BBP) and diisononyl phthalate
(DINP) induces a suite of reproductive tract malformations in
adulthood, including agenesis of the epididymis, hypospadias,
testicular malformations (including cryptorchid testes) and
abnormal penile development (Foster, 2006; Gray et al., 2006b).
Similar effects are seen in Wistar rats exposed in utero to
comparable doses of DBP or DEHP, although there are lesser
effects on the epididymis and a higher incidence of cryptorchid-
ism in this strain (Fisher et al., 2003; Mahood et al., 2005; Wilson
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et al., 2007). In addition, developmental exposure to high doses
of DEHP and BBP decreased testicular and epididymal sperm
counts in adult SD rats (Gray et al., 2006b). The effects of in utero
exposure to phthalate esters observable in multiple rat strains
early in postnatal life are decreased anogenital distance (AGD) on
postnatal day 2 (PND2) and areolar/nipple retention in juveniles
(PND14) (Gray et al., 2000). In normal development, androgens
secreted by the fetal testes (1) act to lengthen the AGD in males
relative to females and (2) cause regression of nipple anlagen in
males. The magnitude of the decreases in AGD and increases in
nipple retention seen in male rats following prenatal phthalate
ester exposure were predictive of reproductive tract malforma-
tions in adulthood (Barlow et al., 2004; Hotchkiss et al., 2004).

The main target of prenatally administered phthalate esters
appears to be the fetal testes. A high dose of DEHP (750 mg/kg/
day) on GD14bPND3 suppressed the normal increase of testicular
testosterone synthesis, which led to a reduction in testicular and
whole-body level of testosterone in fetal SD rats (Parks et al.,
2000). Short-term exposure to DEHP, DBP or BBP (1 g/kg/day on
GD 14–18) also significantly suppresses fetal testicular testoste-
rone synthesis and insl3 mRNA levels on GD 18 (Wilson et al.,
2004). Histopathological examination of testes from DEHP-
exposed male SD rat neonates revealed multiple areas of apparent
Leydig cell hyperplasia (Parks et al., 2000). The Leydig cells in the
areas of hyperplasia were smaller in size with less cytoplasm
relative to controls and were grouped in large aggregates versus
smaller clusters of cells in the control testes (Parks et al., 2000).
Prenatal DEHP exposure also induced multinucleated gonocytes
in the seminiferous tubules of male rats on GD 20 and PND3
(Parks et al., 2000). Foster and colleagues (2006) have reported
similar fetal endocrine and histopathological changes in male
offspring of SD rat dams treated with DBP (100–500 mg/kg/day)
from GD 12 to 21. Interstitial cell hyperplasia has been reported in
adult male offspring of SD rat dams treated with DBP (Mylchreest
et al., 1999, 2000), and seminiferous tubule degeneration and
atrophy have been reported for BBP (Tyl et al., 2004). The
phthalate syndrome, which is induced by DBP, DEHP, BBP and
other reproductive toxicant phthalates, includes a variety of gross
testicular lesions (such as fluid-filled testes, hypoplastic testes
and, in some cases, agenesis of the testis). These lesions arise from
direct effects of phthalates on the testis as well as indirect effects
due to nondescent of the testes (due to lack of a gubernacular
cord; described below).

Sharpe and colleagues have further studied phthalate ester-
induced testes histopathology using Wistar male rats exposed in
utero (GD 13.5–21.5) to 500 mg/kg/day DBP (Fisher et al., 2003;
Mahood et al., 2005). They suggest that the apparent Leydig cell
hyperplasia observed in the fetal testes following DBP exposure is
not due to increased cell proliferation, but rather a shift in the
distribution of Leydig cells from numerous, small-sized clusters in
control males to less abundant, medium- to large-sized clusters in
DBP-treated male rats (Mahood et al., 2005). This hypothesis is
corroborated by another laboratory (Lin et al., 2008), which
reported that DEHP treatment (10, 100 or 750 mg/kg/day via the
dam on GD 2–20) induced similar changes in Leydig cell aggregate
distribution in GD 21 fetal LE rats. The abnormal clustering of
Leydig cells in the testes of the DBP-exposed males appears to be
due to abnormal cell migration, which also trapped Sertoli cells,
and peritubular myoid cells among the Leydig cell aggregates
(Fisher et al., 2003; Mahood et al., 2005, 2006). Shortly after birth,
malformed seminiferous tubules formed around the Leydig cell
aggregates and entrapped Sertoli cells. Germ cells were present in
the malformed tubules in early puberty; however, the germ cells
were absent by adulthood leaving Sertoli cell only-tubules
(Mahood et al., 2005). In utero DBP exposure led to a delay in
normal germ cell development (Ferrara et al., 2006) and reduced
the abundance of Sertoli cells relative to controls (Scott et al.,
2007). Germ cell number was significantly reduced in the testes of
DBP males through PND25, but returned to normal numbers in
adulthood (PND90). In addition, DBP treatment (500 mg/kg/day
from GD 19.5 to 20.5) increased the incidence of multinucleated
gonocytes in male rat fetuses similar to the induction seen with
long-term treatment (GD 13.5–20.5); however, the short-term
treatment during late gestation did not affect postnatal germ cell
number. Ferrara et al. (2006) suggested that the phthalate-
induced multinucleated gonocytes may be caused by disrupted
interactions of the gonocytes and Sertoli cells (Kleymenova et al.,
2005), a mechanism separate from DBP effects on early gonocyte
development. In addition, two recent studies in mice and rats
(Gaido et al., 2007; Scott et al., 2007) suggest that phthalates may
induce multinucleated gonocytes via a mechanism separate from
inhibition of testosterone synthesis.

Microarray and PCR analysis of gene expression in fetal rat
testes following in utero exposure to phthalate esters have
identified a number of potential mechanisms for phthalate action
during sexual differentiation. The commonalities between the
gene expression studies are the phthalate ester-induced altera-
tions to cholesterol transport (e.g. steroidogenic acute regulatory
gene, StAR), the steroidogenesis pathway (e.g. P450scc, cyp17a),
and insl3 expression (Lehmann et al., 2004; Shultz et al., 2001).
Prenatal phthalate esters exposure reduced testicular expression
of genes involved in cell to cell interactions (e.g. gap-junction
protein connexin 43, fibroblast growth factor and c-KIT (Barlow
et al., 2003; Liu et al., 2005)), which further supports the
hypothesis that phthalate exposure reduces Sertoli-germ cell
connection thus leading to Sertoli cell only tubules in adulthood
(Ferrara et al., 2006). Phthalate exposure inhibited testicular
expression of alpha inhibin in the fetal SD rat (Liu et al., 2005);
alpha inhibin is necessary for Sertoli cell development and
oxidative stress pathway genes. However, another study reported
that DBP-induced reduction of alpha inhibin expression and
several other steroidogenic factor 1 (SF-1) related genes was
restricted to the Leydig cells, while expression in the Sertoli cells
was not affected by treatment on GD17.5 and GD 19.5 (500 mg/kg/day
DBP administered to the Wistar rat dam on GD 12.5–19.5)
(Plummer et al., 2007). Exposure to DEHP during gestation was
also reported to increase mRNA expression of leukemia inhibitory
factor (LIF) in fetal LE rat testes; there is some evidence that LIF
may play a role in altering normal Leydig cell aggregate formation
(Lin et al., 2008). Thus, phthalates may be acting on genes
responsible for Leydig and Sertoli Cell development and cell to cell
communication, but also indirectly and/or directly on genes
involved in cholesterol transport and hormone production.
4. Gubernacular cord development and phthalates

Gubernacular cord underdevelopment and agenesis are repro-
ductive malformations that are induced by prenatal phthalate
ester exposure, and can result in cryptorchid (undescended)
testes. Cryptorchidism has been reported by our laboratory and
others with high dose exposure to predicted reproductive toxicant
phthalate esters: DEHP (Gray et al., 1999, 2000), DBP (Fisher et al.,
2003; Gray et al., 1999, 2000; McKinnell et al., 2005; Mylchreest
et al., 1998, 1999) and di-isohepyl phthalate (DiHP; in SD rats
(McKee et al., 2006)). While many laboratories evaluate the
position of the testes, very few laboratories have directly
measured the presence/absence or length of the gubernacular
cord. We observed that male rats exposed to high doses of
phthalates in utero had a significant increase in the incidence of
underdeveloped (elongated), or absent gubernacular cords versus
control males; interestingly, not all phthalate-treated males with
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impaired gubernacular cord development had cryptorchid testes
(Howdeshell et al., 2007).

Insulin like hormone 3 (insl3) is a peptide hormone produced
by the Leydig cells of the testes, which is responsible for normal
gubernacular cord development. Specifically, insl3 induces the
gubernacular cord to differentiate and mature, thus facilitating
the first phase of testes descent from the kidney area to the
inguinal region during fetal life (Figs. 2A and C) (Ivell and
Bathgate, 2002; Zimmermann et al., 1999). Mice without a
functional insl3 gene display cryptorchid testes and normal
androgen levels (Fig. 2D; Zimmermann et al., 1999). Androgen
also plays a role in testis descent by acting to regress the
cranial suspensory ligament during the first phase of testis
descent (Figs. 2A, C). In the untreated (control) female rodent
fetus, the gubernacular cord involutes in the absence of insl3
and the cranial suspensory ligament develops in the absence of
testosterone to maintain the position of the ovaries near the
kidneys (Fig. 2B).
k k
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Fig. 2. Transabdominal descent of the testes during rat sexual differentiation is

affected differently by phthalate esters than by androgen-receptor (AR) antago-

nists. (A) In the undifferentiated fetus, the gonad is positioned near the kidney

(k; in both males and females) and is attached to the abdominal wall by the cranial

suspensory ligament (CSL) mesentary and the gubernacular cord (GC). (B) In the

control (or untreated) female fetus, the CSL further matures due to the lack of

androgen, and the GC regresses due to the lack of insulin-like hormone 3 (insl3),

thus maintaining the location of the ovaries near the kidneys. (C) In the control (or

untreated) male fetus, androgen causes regression of the CSL and insl3 induces

maturation of the GC, thus pulling the fetal testes into the inguinal region.

(D) Anti-androgens can disrupt normal transabdominal testicular descent (D–E).

(D) The inhibition of fetal testicular insl3 expression/production by phthalate

esters can lead to underdevelopment or agenesis of the GC. (E) High doses of

AR antagonists can result in the inappropriate placement of gubernacular cords in

the abdominal wall (e.g. vinclozolin (Gray et al., 1994)) and/or persistence of the

CSL (e.g. flutamide; van der Schoot and Emmen, 1996); however, fetal

gubernacular cord development is not altered by exposure to AR antagonists.
Our laboratory was the first to identify that phthalate esters
administered during sexual differentiation inhibit the expression
of insl3 in the rat fetal testes (Fig. 2D) (Wilson et al., 2004). Fetal
testicular insl3 expression on GD 18 was significantly suppressed
by phthalate esters DBP, DEHP or BBP (750 mg/kg/day from
GD 14–18), while AR antagonists and/or inhibitors of fetal
testicular testosterone production (vinclozolin, prochloraz and
linuron) did not influence insl3 mRNA levels (Wilson et al., 2004).
MBP provided in the diet to pregnant SD rats significantly
decreased fetal testicular insl3 expression and increased the
incidence of undescended testes on GD 19 as well as PND60 SD
male offspring versus controls (Shono et al., 2005). Fetal testicular
insl3 mRNA is inhibited in a dose-dependent fashion by DBP or
DEHP (Lehmann et al., 2004; Wilson et al., 2006). In addition,
prenatal exposure to DBP reduced insl3 protein levels in the testes
of GD 19 and adult Wistar rats relative to controls (McKinnell et
al., 2005). Androgens are essential for the final stage of testicular
descent from the inguinal region to the scrotal sac, which is not
complete until postnatal week 3 in the rat (Ivell and Hartung,
2003). Exposure to AR antagonists can also lead to cryptorchid
testes; however, this effect is not due to agenesis of the
gubernacular cord. In contrast, morphologically normal guberna-
cular cords are often inappropriately attached to the abdominal
wall in AR antagonist-treated male rats (Fig. 2E).
5. Strain differences in response to phthalates

A review of the literature reporting in utero effects of DBP
indicates that male SD rat offspring display a different postnatal
reproductive phenotype than Wistar male rat offspring (Fisher
et al., 2003; reviewed in Wilson et al., 2007). When DEHP is
administered to the rat dam at 750 mg/kg/day from GD 14 to 18,
we observed dramatic differences in the occurrence of epididymal
agenesis (SD, 67% versus Wistar, 8%) and gubernacular lesions
(SD, 0% versus Wistar, 64%) among the male offspring of the two
strains (Wilson et al., 2007). Control SD males had lower fetal
testicular levels of testosterone production and higher insl3 mRNA
expression than control Wistar males; however, treatment with
DEHP lowered testosterone production and increased insl3 mRNA
levels to similar levels in both strains. Effects seen in SD and
Wistar rats with DBP are consistent with the strain-specific effects
of DEHP. In Wistar rats, DBP treatment at 500 mg/kg/day during
GD 13–21 induced cryptorchidism in 100% of the male offspring,
but epididymal agenesis was absent or occurred in only 12% of
the males (Fisher et al., 2003; Mahood et al., 2005). In SD male
offspring, DBP at 500 mg/kg/day on GD 12–21 induced cryptorch-
idism in less than 7% of the male offspring, while epididymal
agenesis was observed in 82% of the male offspring (Mylchreest
et al., 2000).
6. Effects in females

Although less studied, phthalate esters also act as reproductive
toxicants on the developing female rat. A combination of in utero
and lactational exposure to DBP (250 and 500 mg/kg/day) caused
reduced fecundity and induced a low incidence of uterine
malformations (partial agenesis of the uterus or absence of
implants in one horn) in female rats, while their male siblings
exhibited a low incidence of hypospadias, undescended testes
and lowered epididymal sperm counts (Gray et al., 1999). A low
frequency of delayed vaginal opening and partial to complete
agenesis of the uterus have also been reported for DBP at 500 and
750 mg/kg/day (Mylchreest et al., 1998). Thus, reproductive tract
malformations are occurring in both males and females at about
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the same phthalate ester doses; however, they occur less
frequently in the female at these dosage levels. Although not a
reproductive malformation, the number of tertiary atretic follicles
was significantly increased in the ovaries of Wistar rats was
observed following in utero and lactational exposure to 405 mg
DEHP/kg/day (via oral dosing of the dam) relative to controls
(Grande et al., 2007).

Gestational phthalate exposure is also known to induce fetal
mortality. Female LE rats orally dosed with DBP (250–1000 mg/kg/day
from weaning through pregnancy/lactation) cycled and mated
normally (with untreated males); however, several females
exposed to 500 mg DBP/kg/day aborted their litters around mid-
pregnancy, and treatment with 1000 mg/kg/day DBP resulted in
complete infertility (Gray et al., 2006a). Increased postimplanta-
tion embryo loss has also been reported in Wistar rats treated
with DBP (750–1500 mg/kg/day from GD 0 to 8)(Ema et al., 2000)
as well as in SD dams treated with BBP, di-isobutyl phthalate
(DiBP) or dipentyl phthalate (DPP) at comparable high doses from
GD 8 to 18 (DPP causes significant fetal mortality as low as
300 mg/kg/day; Howdeshell et al., 2008). These effects may
be due to direct effects of phthalate esters on fetal develop-
ment and/or maternal endocrinology. Female LE rats treated with
DBP (500 and 1000 mg/kg/day from weaning through pregnancy/
lactation through several pregnancies) had significantly decreased
litter size associated with reduced progesterone serum levels and
ovarian progesterone production on GD 13 (Gray et al., 2006a).
Interestingly, a reduction in serum levels of progesterone and
estradiol was observed in prepubertal female SD rats orally dosed
with 500 mg DEHP/kg/day for 10 days (Svechnikova et al., 2007).
In a non-human primate, chronic DEHP exposure (500 and
2500 mg/kg/day) from weaning to adulthood led to increased
ovarian weights in juvenile common marmoset females
(Tomonari et al., 2006). The enlarged ovaries had large corpus
luteum, which is a common characteristic of older common
marmoset females and is suggestive of accelerated aging with
DEHP treatment (Tomonari et al., 2006). Further research is
needed to understand the mechanism by which phthalate esters
induce fetal mortality.
7. Phthalate ester and anti-androgenic mixtures

Risk assessments have typically been conducted on an
individual chemical basis. However in 1996, the US Congress
passed the Food Quality Protection Act (FQPA), which mandates
that the US EPA evaluate the cumulative risk of exposure to
chemicals that share a common mechanism of toxicity (Congress,
1996). The FQPA legislation was originally written for the
evaluation of the food use pesticides; however, our laboratory’s
focus has evolved more broadly to address the cumulative risk of
environmental chemicals impacting testosterone availability. We
have investigated the cumulative effects of prenatal exposure to
binary mixtures of phthalates as well as mixtures of phthalates
and anti-androgenic agricultural chemicals for their effects on the
male rat reproductive system using a 5-day exposure during the
period of sexual differentiation (GD 14–18).

In one study, we hypothesized that the two phthalates DBP and
DEHP, which act via a common mechanism of action but have
different active metabolites (MBP and MEHP, respectively), would
act in a cumulative fashion to induce reproductive malformations,
suppress fetal testosterone production and inhibit the expression
of insl3 and genes involved in steroidogenesis (Howdeshell et al.,
2007). Pregnant SD rat dams were gavaged on GD 14–18 with
vehicle control, 500 mg/kg DBP, 500 mg/kg DEHP, or a combina-
tion of DBP and DEHP (500 mg/kg each chemical; DBP+DEHP). The
DBP+DEHP mixture was predicted to induce epididymal agenesis
in 50% of the males, while the individual doses were predicted to
have minimal or no effect on male rat offspring (Howdeshell et al.,
2007). The observed DBP+DEHP effects were subsequently
compared to responses predicted from models of dose addition
(appropriate for chemicals acting via the same mechanism of
action) and response addition (describing the independent action
of chemicals acting via different mechanisms of action) modeled
responses (Rider and LeBlanc, 2005) that used dose–response data
from preliminary studies of the individual chemicals. As hypothe-
sized, the DBP+DEHP mixture acted in a cumulative, largely dose-
additive fashion to induce malformations and organ weight
reductions in androgen-dependent (including hypospadias and
epididymal agenesis) and insl3-dependent reproductive tissues
(i.e. gubernacular cord agenesis) in prenatally exposed adult
males (see subset of data—Fig. 3A; Howdeshell et al., 2007).
Androgen-sensitive developmental endpoints of decreased neo-
natal AGD and increased areolar retention at PND13 were also
dose-additively affected in the DBP+DEHP males. Fetal testicular
testosterone production as well as insl3 and cyp11a gene
expression were cumulatively decreased in GD 18 male fetuses
exposed to DBP+DEHP compared to DBP or DEHP alone, which
provides further evidence that phthalate ester alterations in the
fetal endocrine environment lead to reproductive tract malforma-
tions in adulthood.

In another binary mixture study, we administered BBP
(500 mg/kg/day) and the herbicide linuron (50 mg/kg/day; an
AR antagonist and testosterone synthesis inhibitor) individually
and in combination from GD 14 to 18 (Hotchkiss et al., 2004). As
predicted for the BBP plus Linuron mixture, AGD at PND2 was
decreased and areolae/nipple retention at PND13 was increased in
a cumulative fashion relative to controls, and these two endpoints
remained similarly affected in adulthood. Prenatal exposure to the
BBP plus Linuron mixture resulted in nearly 60% incidence of
hypospadias, while such malformations were nearly absent with
the individual chemical treatments (Fig. 3B). The incidence of
internal malformations and organ weight reductions of the
androgen-dependent reproductive tissues also demonstrated
cumulative effects for the mixture dose (see subset of data—

Fig. 3B; Hotchkiss et al., 2004). As expected, the BBP plus Linuron
treatment did not induce gubernacular agenesis as only the
phthalates produce this malformation via inhibition of insl3
mRNA. Similar to the DBP+DEHP data, the alterations in develop-
mental and adult androgen-responsive tissues were associated
with a cumulative decrease in fetal testicular testosterone
production and testosterone levels as well as a decrease in
testicular progesterone production. We also observed cumulative
effects on external and internal reproductive tract malformations
with binary combinations of two phthalate esters with a
common metabolite (DBP and BBP, 500 mg/kg/day each chemical
individually or in combination) as well as a mixture of DBP
(500 mg/kg/day) and procymidone (50 mg/kg/day), a pesticide
with AR-antagonist activity when administered during in utero
sexual differentiation (Figs. 3C–D; Gray et al., 2006b; L. E. Gray Jr.,
unpublished observation; A. K. Hotchkiss, J. Furr and L. E. Gray Jr.,
manuscript in preparation).

Based on the dose-additive effects on postnatal endpoints in
the binary phthalate studies, we hypothesized that phthalate
esters administered during the period of sexual differentiation
would work together to suppress fetal testosterone production in
a dose-additive fashion (Howdeshell et al., 2008). In the first
series of experiments, we determined the sigmoidal dose–
response curve of six individual phthalates (BBP, DBP, DEHP,
DEP, DiBP and DPP) on GD 18 testicular testosterone production
following exposure to SD rat dams on GD 8–18. As predicted by
their structure–activity relationship, BBP, DBP, DEHP and DiBP
were equipotent, DPP was approximately three times more
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Fig. 3. Androgen-dependent reproductive malformations of androgen and insl3-dependent tissues induced by binary combinations of phthalate esters and food-use

pesticide, AR-antagonists administered orally in corn oil to Sprague–Dawley rat dams on gestation day 14–18. Mixtures studies included (A) dibutyl phthalate (DBP;

500 mg/kg/day individual dose) and diethylhexyl phthalate (DEHP; 500 mg/kg/day individual dose) (Howdeshell et al., 2007), (B) BBP and linuron (50 mg/kg/day)(Hotchkiss

et al., 2004), (C) benzylbutyl phthalate (BBP; 500 mg/kg/day individual dose) and DBP (500 mg/kg/day) (Gray et al., 2006b; A. K. Hotchkiss, J. Furr, and L. E. Gray Jr.,

manuscript in preparation), and (D) procymidone (50 mg/kg/day) and DBP (500 mg/kg/day)(Gray et al., 2006b; A. K. Hotchkiss, J. Furr and L. E. Gray Jr., manuscript in

preparation). The dose level of each of the individual chemicals was one-half of the effective dose needed to induce reproductive malformations in 50% of the males (1/2 of

the ED50). The combination dose was predicted to be the ED50 dose if the two individual chemical doses together acted in a cumulative, dose-additive fashion.
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potent, while DEP had no effect on fetal testosterone production.
In the second experiment, SD dams were dosed at 100%, 80%, 60%,
40%, 20%, 10%, 5% or 0% of a mixture of BBP, DBP, DEHP, DiBP
(300 mg/kg/day per chemical) and 100 mg DPP/kg/day; the
individual chemical doses in the mixture were selected such that
each phthalate would contribute equally to the reduction in
testosterone. As hypothesized, fetal testosterone production was
inhibited in a dose-additive manner. In addition, several of the
individual phthalates and the mixture induced fetal mortality in a
manner predicted by dose addition. These data demonstrate that
individual phthalates with a similar mechanism of action can
elicit dose-additive effects on fetal testosterone production
and fetal mortality when administered as a mixture (Howdeshell
et al., 2008).

We recently published a complex mixture study assessing the
joint action of seven antiandrogenic chemicals that target male
reproductive tract development. The mixture consisted of three
phthalates (BBP, DBP and DEHP), vinclozolin, procymidone,
prochloraz and linuron (Gray et al., 2006b). Collectively, the
selected compounds exhibit two distinct mechanisms of action for
impairing androgen-dependent development: (1) inhibition of
testosterone synthesis and (2) AR antagonism. Our hypothesis was
that chemicals that target androgen signaling via different
mechanisms of action act in a dose-additive manner to disrupt
male rat reproductive tract development. Our hypothesis was
contrary to the more commonly held hypothesis that multiple
chemicals of differing mechanisms of action would be best fit by
integrated or response-addition models (Teuschler et al., 2004).
The integrated addition model estimates the dose-additive
responses among chemicals with a similar mechanism, then
combines the mechanism-based groups using a response-addition
model; for example, the responses to phthalates or the
AR-antagonists would be calculated separately using a dose-
addition model, then the responses to the two groups would be
combined using a response-addition model. Pregnant SD rat dams
were gavaged on GD 14–18 with a dose range of the complex
mixture containing each anti-androgenic chemical at 1/7th of its
potency for inducing reproductive tract malformations (BBP, DBP
and DEHP at 150 mg/kg/day, vinclozolin 15 mg/kg/day, pro-
cymidone 15 mg/kg/day, prochloraz 35 mg/kg/day and linuron
20 mg/kg/day). Prenatal exposure to the seven chemical mixture
elicited dose-dependent cumulative effects to decrease AGD in
male rat offspring, retain nipples, induce reproductive malforma-
tions and suppress androgen-dependent organ weights, all of
which were predicted by the dose-addition model (Gray et al.,
2006b).

The results of the binary studies, the five phthalate mixture
study, and the seven chemical antiandrogen mixture study
support our hypothesis that chemicals that target androgen
signaling can act together to induce dose-additive adverse effects
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on male reproductive tract development, even if their individual
mechanisms of action are different. As demonstrated in the fetal
component of the binary studies, fetal testicular testosterone
action is cumulatively impacted regardless of whether the
mixture is comprised of two phthalate esters (testosterone
synthesis inhibitors) or a phthalate ester (testosterone synthesis
inhibitor) and an AR-antagonist (blocking the ability of testoste-
rone to bind to its receptor). The decreased testosterone activity in
the fetus, regardless of the mechanism of action of the individual
chemicals, results in the induction of alterations in androgen-
dependent tissues. If these results hold true for lower dosage
levels of these endocrine-disruptive chemicals, then these find-
ings would have important implications for risk assessments; this
would indicate that phthalates and other anti-androgenic chemi-
cals present below their no observed adverse effect levels
(NOAELs) for inducing reproductive malformations can contribute
to the overall developmental reproductive toxicity effects of
chemical mixtures.
8. Relevance of animal studies to humans

As phthalates inhibit testosterone production and insl3
expression in rat studies, it is important to note that the
androgen-signaling and insl3 pathways are highly conserved in
mammals, including humans (Baker, 2004; Ivell et al., 2005).
Disruption of these pathways by genetic mutation or drugs can
produce common adverse effects in humans and rodents (Hughes,
2001; Ivell and Bathgate, 2002; Scott et al., 2007). In utero
exposure to phthalate esters during sexual differentiation is
reported to disrupt androgen-signaling and/or androgen-
dependent reproductive development in wide range of mammals.
In Dutch-belted rabbits exposed in utero via the doe to DBP
(400 mg/kg/day), phthalate treatment decreased the weights of
the testes and accessory sex glands, reduced the sperm concen-
tration and ejaculate volume, and doubled the number of
abnormal sperm relative to controls (Higuchi et al., 2003).
Treatment with DBP-exposed rabbits increased frequency of
testicular germ cell loss; cryptorchidism and hypospadia were
observed in one of 17 male rabbits exposed in utero to DBP
(Higuchi et al., 2003). Serum testosterone levels in neonatal
common marmosets were decreased 5 h after a single dose of
DBP or MBP (500 mg/kg/day)(Hallmark et al., 2007); these data
suggest that the developing primate, and thus possibly humans,
may respond to phthalate exposure similarly to the rat.

Multinucleated gonocytes have been observed in fetal mouse
testes following oral DBP exposure to the dam (C57B16 mouse strain;
Gaido et al., 2007). The DBP-induction of multinucleated gonocytes
in mice was observed in the absence of DBP effects on testicular
testosterone levels (in C56B1/6J and C3H/HeJ mouse strains). These
results lead the authors to hypothesize that the phthalates may affect
gonocytes via a pathway separate from effects on androgen
production and that the mouse model may be less sensitive to the
anti-androgenic effects of phthalates (Gaido et al., 2007).

Phthalate esters also have been shown to cause reproductive
tract malformations in lower vertebrates. Exposure to DBP
affected the reproductive development of African clawed frogs,
when exposed via their aquaria water as tadpoles during sexual
maturation to DBP at 0.1–10 ppm (Lee and Veeramachaneni,
2005). As adults, the DBP-treated male frogs had reduced absolute
testes-kidney weight, reduced seminiferous tubule diameter,
reduced germ cell nests per tubule and impaired spermatogenesis
(Lee and Veeramachaneni, 2005). In addition, the percent of
Sertoli cell-only seminiferous tubules were increased in DBP-
treated male frogs relative to controls (Lee and Veeramachaneni,
2005).
9. Phthalate exposures in humans

Phthalate ester metabolites have been detected in humans of
all ages and some humans are exposed to high doses. The
potential for human exposure during fetal development is
evidenced by detection of phthalates in urine of women of
reproductive age (Blount et al., 2000; Silva et al., 2004a), and in
maternal urine and amniotic fluid (Silva et al., 2004b). In a study
of 54 pregnant women, the DBP monoester metabolite MBP was
detected in 93% of the urine samples (Silva et al., 2004b). While
the majority of the corresponding amniotic fluid samples had low
median levels of monoester metabolites, 2% of the samples had
levels of MBP within five-fold of the levels detected in rat
amniotic fluid from SD dams administered of DBP at doses near
the respective low adverse effect levels (Calafat et al., 2006;
Mylchreest et al., 2002). In one case, the ingestion of pharmaceu-
ticals coated with DBP led to high levels (16,868 ng/ml) of MBP in
human urine, indicating the potential for oral high dose exposure
in humans (Hauser et al., 2004); this level was 100� greater than
the 95th percentile of the men in the 1999–2000 National Health
and Nutrition Examination Survey.

Some neonates are also exposed to high levels of phthalates.
Infants maintained in neonatal intensive care units are a
subpopulation at greatest risk to the effects of direct exposure
to phthalates. A positive association has been reported between
exposure to phthalate-containing medical equipment (e.g. medi-
cal tubing, intravenous bags) and urinary MEHP levels in neonates
maintained within an intensive care unit for a minimum of three
days (Green et al., 2005). In addition to MEHP, urine samples from
these infants also had detectable levels of the oxidative metabo-
lites of DEHP as well as the monoester metabolites of DBP and BBP
(Weuve et al., 2006), which indicated that these infants were
exposed to multiple phthalates; these three phthalates are known
reproductive toxicants in rats.

Finally, researchers working in cooperation with the German
Federal Environmental Agency evaluated the phthalate metabolite
load of urine samples of 239 healthy children aged 2 to 14 years
old in Germany (reviewed in Wittasek and Angerer, 2008).
Approximately one-fifth of children exceeded a cumulative
Tolerable Daily Intake (TDI) for DBP and DEHP, based on the
metabolites of DBP and DEHP (Wittasek and Angerer, 2008). These
studies emphasize the need for more research on the human
health risks to mixtures of phthalates.
10. TDS in humans and phthalates: A hypothesis

TDS is a syndrome in human males that is characterized
by cryptorchidism, hypospadias, decreased sperm counts and
testicular cancer (Fisher et al., 2003; Virtanen et al., 2005);
the etiology of this syndrome is unknown, but endocrine-
disruptive chemicals (such as phthalates esters) have been
suggested as one of many potential causal agents (Sharpe
and Skakkebaek, 2008). Phthalate exposure during sexual differ-
entiation in male rats induces many of the same effects
(cryptorchidism, hypospadias and decreased sperm counts) as
seen in men with TDS, except testicular cancer. Although prenatal
phthalate exposure does not induce testis cancer (i.e. seminonas)
in rats, developmental exposure to phthalates can induce the
expression of some genes that are markers of carcinoma in situ
(CIS) of the testis in humans. A recent study of testis histopatho-
logy in adult Wistar rats developmentally exposed to DBP
observed delayed expression of the transcription factor Oct-4 in
the gonocytes; Oct-4 is a transcription factor that is used as a
marker for carcinoma in situ cells in TDS males (Ferrara et al.,
2006; Fisher et al., 2003).
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Finally, Swan et al. (2005) reported a negative association
between pregnant mothers’ urinary phthalate levels and the
anogenital distance index (AGD/bw) of their infant boys. In rats
and other mammals (including humans), the lengthening of the
AGD in males is dependent on androgen and in utero phthalate
exposure is known to significantly decrease AGD in rats (Foster,
2006; Gray et al., 2006b). The Swan et al. (2005) study suggests
that, similar to effects in male rat offspring, exposure to phthalate
esters in the womb can impact human androgen-dependent male
reproductive development (Swan, 2008).
11. Conclusion

In summary, exposure of the fetal rat testis to reproductive
toxicant phthalates during the period of sexual differentiation
alters the testicular paracrine and/or autocrine growth factors or
hormones involved in Leydig cell migration and maturation. As a
result, the fetal Leydig cells of male rats prenatally exposed to
phthalate esters produce less testosterone and insl3, which are
required for differentiation of the male phenotype from an
indifferent reproductive tract. Lower hormone levels in utero
induce postnatal reproductive malformations in the phthalate-
exposed male rats, such as epididymal agenesis, cryptorchidism
and hypospadias. Phthalates can also induce reproductive
malformations in the female offspring, and increase fetal
mortality when administered in high doses or for a long duration.

Continued research efforts are needed to assess the cumulative
risk of chemical mixtures on human reproductive health. Our
research in laboratory rats has demonstrated that mixtures of
phthalate esters with one another, and with other anti-androgenic
chemicals, can alter reproductive development and hormone
production in a largely dose-additive fashion. Finally, as
testosterone and insl3 expression are critical for the proper
differentiation of the male reproductive tract in all mammals,
disruption of these signaling pathways by antiandrogenic chemi-
cals or mixtures of these chemicals could lead to adverse
reproductive effects in humans.
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