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A B S T R A C T

Endocrine-disrupting compounds (EDCs) are found in the environment due to their use in industrial and man-
ufacturing activities. Exposure of the population to bisphenol A (BPA) and di (2-ethylhexyl) phthalate (DEHP) is
significant because they are present in many consumer products. EDCs target the reproductive tract because they
express high levels of steroid hormone receptors, which act as transcriptional factors to regulate reproductive
development. In the present study, timed-pregnant Long-Evans female rats (n= 8–10) were administered BPA
and DEHP by oral gavage at 2.5 or 25 μg/kg body weight and 5 or 50 μg/kg body weight, respectively. Exposures
to chemicals were limited to the period between gestational days 12 and 21 followed by assessment of testicular
development in male offspring in the postnatal period. Leydig cells and Sertoli cells are the two major somatic
cells present in the testis. The 17β-hydroxysteroid dehydrogenase (17β-HSD) steroidogenic enzyme is a marker
for Leydig cell maturation, whereas transferrin is a marker for Sertoli cell differentiation. At day 10 post-partum,
testes were obtained from cohorts of control and chemical-exposed male rats and processed to measure 17β-HSD
and transferrin expression levels in western blots. Compared to control, 17βHSD enzyme protein was increased
in BPA-treated rats but levels were decreased in animals exposed to DEHP (P < 0.05). Transferrin protein was
decreased in male rats exposed to both BPA and DEHP compared to control animals (P < 0.05). To assess
qualitative cellular changes within the spermatogenic epithelium, testes were obtained from separate cohorts of
male rats at 35 days of age and processed for histopathological analysis. Results showed that prenatal exposures
of male rats to BPA and DEHP caused disruption of the spermatogenic epithelium evident as disorganization and
atrophy of seminiferous tubules as well as desquamation of germ cells into the tubular lumen. Together, results
from the present study support the view that developmental exposures to environmentally relevant levels of BPA
and DEHP are associated with disruptions of testicular cell development, which have implications for endocrine
and exocrine functions of testis.

1. Introduction

Endocrine disrupting chemicals (EDCs) are present in the environ-
ment due to use in the manufacturing and agricultural sectors. There is
evidence showing that environmental contaminants have the capacity
to interfere with the normal functions of the endocrine and re-
productive systems [1]. For example, prenatal exposure of male rats to
estrogenic compounds altered the developmental trajectory of the re-
productive tract and resulted in infertility or malignancy [2,3].

Bisphenol A (BPA) is an industrial chemical present in the en-
vironment, which is commonly used as a plasticizer to produce poly-
carbonates required for the manufacture of several consumer products,

including baby bottles, lining of canned foods, and as a constituent of
dental sealants [4–6]. BPA is frequently detected in canned food
(4–23 μg/can), canned beverages (7–58 μg/g) and saliva (90–913 μg/
saliva sample one hour following application of dental sealants) [7],
and is known to be hormonally active, acting as an estrogen receptor
agonist or androgen receptor antagonist in-vivo [8]. Exposure of male
rats to BPA was found to decrease epididymal and testicular sperm
counts, and was linked to DNA damage and apoptosis of germ cells
[9–12]. BPA was also linked to disruption of the hypothalamic–pitui-
tary–gonadal axis because it decreased both serum testosterone and LH
concentrations [13]. Testicular Leydig cells are the predominant source
of male sex steroids, and BPA suppressed testicular testosterone (T)
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production by inhibition of steroidogenic enzyme activities, e.g.,
CYP11A1, 3β-hydroxysteroid dehydrogenase (3β-HSD), cytochrome
P450 17α-hydroxylase (CYP17A1), and 17β-HSD [14,15]. Because an-
drogen is a requirement for spermatogenesis, it is not surprising that
exposure of pre-pubertal male rats to BPA at varying exposure levels
disrupted testicular morphology and function [7] and spermatogenesis
in the adult rat [16]. Similar to BPA, di (2-ethylhexyl) phthalate (DEHP)
is a commonly used plasticizer [17]. DEHP and its most predominant
metabolite, mono (ethylhexyl phthalate) (MEHP), have been shown to
increase reactive oxygen species (ROS) production in testis and/or
impair germ cell development in male rats exposed at all stages of
development [18–23]. In a recent report, Sekaran and Jadadeesan [24]
observed that prenatal exposure of rats to di(2-ethylhexyl) phthalate
affected Leydig cell steroidogenesis. These reports align with our own
recently published work on BPA and DEHP effects on steroid hormone
secretion by the testes [25].

Disruptions of testicular development associated with chemical ex-
posures are possibly related to interference with the process of sexual
differentiation [25–27]. Moreover, other studies have suggested that
EDCs may disrupt the blood-testis barrier and cause testicular germ cell
derangements [28,29]. Interestingly, most reports in the literature
point to chemical-induced changes in hormonal activity and/or mole-
cular changes in testicular cells. Thus, effects of chemical toxicants on
sperm production and fertility in rodent models remain unclear. The
present report describes the results of our assessment of qualitative
changes in the spermatogenic epithelium in testes from BPA- and
DEHP-exposed prepubertal male rats.

2. Materials and methods

All experimental and euthanasia procedures were performed in ac-
cordance with a protocol approved by Auburn University Institutional
Animal Care and Use Committee in compliance with recommendations
of the American Veterinary Medical Association. Time-bred pregnant
Long-Evans, female rats at GD 6 were obtained from Harlan-Heklad
(Indianapolis, IN) and were allowed to acclimatize for 5–6 days at the
College of Veterinary Medicine, Division of Laboratory Animal Health
Housing Facility. Pregnant and nursing dams were housed one per cage,
whereas weanling rats were kept in groups of two to four, depending on
age and size. Animals were kept on a 12L: 12D cycle, with an ambient
temperature of 20 °C–23 °C, and were provided food and water ad li-
bitum. It has been suggested that the prolonged use of polycarbonate
cages may result in the leaching of BPA into the environment [30].
Therefore, rats were housed in polypropylene cages with glass water
bottles. Assignment of rat groups was done by body weight randomi-
zation to ensure equal weight distribution.

2.1. Animals

The period of GD 12-21 is considered the critical time for male
sexual differentiation in the rat [31]. Timed-pregnant Long-Evans fe-
male rats were used in this study and constituted into five groups
(n=10–11): control, low dose BPA, high dose BPA, low dose DEHP,
and high dose DEHP. BPA and DEHP were dissolved in virgin olive oil.
Doses were administered by gavage as follows: BPA at 2.5 and 25 μg/kg
body weight (bw) and DEHP at 5 and 50 μg/kg bw from gestational day
12 to parturition on day 21 as previously reported [25]. Pregnant an-
imals were weighed every other day and the average body weight for
each group was used to calculate chemical dosages. Male offspring were
randomly obtained from every dam in each group and analyzed at 10
and 35 days of age (n=4–8). Testes obtained at 10 days post-partum
were processed for western blot analysis, whereas tissues obtained at 35
days of age were subjected to immuno-histochemical and histopatho-
logical analysis.

2.2. SDS-PAGE and Western Blot Analyses to measure testicular 17β-HSD
and transferrin protein expression

Testicular tissues from cohorts of 10-day old male rats were
homogenized in T-PER lysis buffer (Pierce Chemical Co., Dallas, TX)
with freshly added protease inhibitor cocktail (catalog no. 78410;
Pierce Biotechnology, Inc.). Tubes were centrifuged at 3000 rpm for
14min at 4 °C to remove cellular debris. Protein concentration was
measured by Bio-Rad protein assay (Bio-Rad, Hercules, CA) with BSA as
the standard. Aliquots (50 μl) of whole-cell lysate were dissolved in an
equal volume of Laemmli buffer containing 5% β-mercaptoethanol and
were boiled for 5min at 95 °C. Reduced protein lysates were resolved
on varying percentages of Tris-HCl acrylamide gels for SDS-PAGE.
Proteins were transferred to nitrocellulose membranes (Catalog no.
1620147; Bio-Rad), which were subsequently incubated with blocking
buffer (5% whole milk in 0.1% Tween-20 PBS) for 1 h at room tem-
perature to reduce nonspecific binding by antibodies. Membranes were
then incubated with appropriate primary antibodies, namely transferrin
(mouse monoclonal sc-373785; Santa Cruz Biotechnology, Dallas, TX)
and 17β HSD (mouse monoclonal sc-376719, Santa Cruz
Biotechnology) in blocking buffer overnight at 4 °C. The following day,
blots were washed three times in 0.1% Tween-20 PBS (TPBS) to remove
unbound antibodies before incubation with the appropriate horseradish
peroxidase-conjugated secondary antibody. Afterward, membranes
were washed four times with 0.1% Tween 20-PBS and incubated with a
chemiluminescent developing reagent (Catalog no. E2400; Denville
Scientific, Metuchen, NJ) for 1min before exposure to x-ray films
(Catalog no. E-3012; Denville Scientific). The presence of the appro-
priate proteins was visualized by developing the film, followed by
scanning using an Epson 4180 Perfection scanner (Epson-America,
Atlanta, GA). Relative protein amounts in identified immunoblots were
measured as the optical density of the bands on exposed autoradio-
graphic films using Doc-lt LS software (Ultra-Violet Products Ltd.,
Cambridge, UK). Proteins levels were normalized to β-actin (ACTB).

2.3. Immunohistochemical staining for testicular androgen receptor

Testes were obtained after whole body perfusion of 35-day old male
rats with 4% paraformaldehyde (Catalog no. 19200, lot no. 090820;
Electron Microscopy Sciences, Hatfield, PA) and stored until embedded
in paraffin. Testes from four animals per group were analyzed in this
procedure. Sections, 5 μm in thickness, were analyzed by im-
munohistochemistry for androgen receptor (AR) detection (1:2000)
(Santa Cruz Biotechnology, sc-816). Following deparaffinization and
hydration, endogenous peroxidase was blocked with 0.9% H2O2.
Background blocking was performed with normal goat serum. The
tissue sections were then incubated with primary antibody overnight at
4 °C or one hour at room temperature in PBS. Sections were incubated
with the secondary antibody, biotinylated goat-anti-mouse (1:2000)
(Vector Laboratories, Burlingame, CA, USA). An ABC staining kit was
used as the detection system. Peroxidase activity was revealed in 0.03%
3, 3 diaminobenzidine tetradihydrochloride (DAB; Sigma, St. Louis,
MO) under a light microscope (Leitz Dialux). Images were taken using a
Canon digital camera (Canon PowerShot A95). The negative control
slides were processed like others except that PBS was used in place of
the primary antiserum. Signal intensity for AR protein was analyzed
using Image J (NIH).

2.4. Evaluation of cellular changes in the spermatogenic epithelium

Testes were obtained after whole-body perfusion of 35-day old male
rats with 4% paraformaldehyde (catalog no. 19200, lot no. 090820;
Electron Microscopy Sciences). Small pieces were taken from the caudal
extremity of the testes and fixed in 10% neutral buffered formalin. After
proper fixation, the specimens were dehydrated in graded ethanol,
cleared in xylene, embedded in paraplast, and sectioned at 3–5 μm
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thickness. Sections were stained using the Hematoxylin and Eosin (H &
E) staining method [32] to demonstrate histological structure of testes
in both control and BPA- and DEHP-treated animals. The stained sec-
tions were analyzed using a Leitz Dialux 20 microscope. Images were
taken using a Canon digital camera (Canon PowerShot A95). Slides
were then evaluated for cellular changes in the spermatogenic epithe-
lium.

3. Results

3.1. Effect of BPA and DEHP on and 17β-HSD and transferrin protein
expression

The 17 β HSD is one of five enzymes that are involved in the con-
version of the cholesterol substrate to testosterone in Leydig cells [33].
We observed that exposure to BPA increased 17β-HSD protein (Fig. 1A)
compared to control (P < 0.05). In contrast, the levels of 17β-HSD

protein showed a dose dependent decrease after exposure to DEHP
compared to control (P < 0.05; Fig. 1B). Our analysis of western blots
of the testis for the transferrin protein, a marker for Sertoli cell differ-
entiation [34], showed that exposure to both BPA and DEHP caused a
dose-dependent decrease in the levels of this protein compared to
control (Fig. 1C and D).

3.2. Immunohistochemical analysis the of testicular androgen receptor
protein

As shown in Fig. 2, our immunohistochemical analysis of AR protein
expression levels in testis of BPA- and DEHP-treated animals showed
that AR protein was increased in interstitial Leydig cells and in Sertoli
cells compared to control.

Fig. 1. Male rats were exposed to bisphenol A (BPA) and di-2-ethylhexyl phthalate (DEHP) by maternal gavage from GD 12 to GD 21. Testicular tissues were obtained
from neonatal male rats at 10 days of age (n= 6) to analyze 17β-HSD (A and B) and transferrin (C and D). Protein levels were measured using Western blotting
procedures and antiserum specific for the 17β-HSD enzyme and transferrin with the appropriate secondary antibodies. Assays were repeated at least four times and
protein levels were normalized to ACTB.
*, P< .05 vs control.
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3.3. Evaluation of cellular changes in the spermatogenic epithelium

Testes from control animals showed normal seminiferous tubules
and spermatogenesis (Fig. 3A, D, and G). However, testes of male rats
exposed to the greater BPA dose (25 μg/kg bw) exhibited varying

lesions in the spermatogenic epithelium, including atrophy and dis-
organization of seminiferous tubules (Fig. 3B, E, and H). Similarly,
exposure to the greater dose of DEHP (50 μg/kg bw) caused cellular
changes in the spermatogenic epithelium (Fig. 3C, F, and I). Also, ex-
posure to DEHP caused a diffuse interstitial cell hyperplasia (Fig. 3F).

Fig. 2. Immunohistochemical staining for androgen receptor protein in testes of prepubertal rats exposed to bisphenol A (BPA) and di-2-ethylhexyl phthalate (DEHP).
Control (A), BPA-treated (25 μg/kg bw) (B), and DEHP-treated (50 μg/kg bw) (C). Interstitial Leydig cells are marked by narrow arrows; Sertoli cells are marked by
thick arrows.

Fig. 3. Histological appearance of the spermatogenic epithelium from prepubertal control male rats not exposed to any chemicals and animals exposed to bisphenol A
(BPA) and di (2-ethylhexyl) phthalate (DEHP). In control animals, seminiferous tubules (St) showed clear lumen with interstitial tissue located between tubules (star)
(A) and containing Leydig cells (Lc) (D). A higher magnification of spermatogenic epithelium showed normal arrangement of spermatogonia (Sg), primary sper-
matocytes (Ps), and round spermatids (arrow heads) (G). In spermatogenic epithelium from BPA-treated male rats, atrophy of the seminiferous tubules was apparent
(B). Loss of germ cells and sloughing of cells into the tubular lumen (arrow head) were apparent in seminiferous tubules (St) (E) and elongated spermatids were
generally absent in most tubules (H). The spermatogenic epithelium in DEHP-treated male rats showed several tubules with focal areas of germ cell loss (C),
interstitial cell hyperplasia (Star) between seminiferous tubules (F) and sloughing of germ cells into the tubular lumen (arrows) (I). Hematoxylin & Eosin staining.
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4. Discussion

Spermatogenesis requires the integrated actions of different cell
types within the testis. Sertoli cells play a critical role in maintaining
spermatogenesis by producing many regulatory glycoproteins im-
portant for Sertoli-germ cell interactions, such as transferrin [35]. The
present results showed that prenatal exposures of male rats to BPA and
DEHP decreased transferrin protein expression. The finding of de-
creased transferrin protein, which is associated with formation of in-
tercellular junctions in testis, may be linked in part to germ cell dis-
turbances. Indeed, previous studies, including Salian and colleagues
[36] and Yi et al. [37] demonstrated that exposures to BPA and DEHP
affected Sertoli cell junctional proteins. The biosynthesis of T from
cholesterol is a process that is supported by several enzymes, including
17β-HSD, which catalyzes conversion of androstenedione to T [38].
Present results indicate that 17β-HSD protein was increased by BPA but
was decreased by DEHP; these patterns were in contrast to patterns of
steroidogenic capacity seen in the adult testis as reported previously.
For example, increased 17β-HSD protein in BPA-treated rats was asso-
ciated with decreased Leydig cell T secretion while decreased 17β-HSD
protein in DEHP-treated animals was associated with increased T se-
cretion by Leydig cells [25,39]. Thus, it is likely that chemical exposure
effects on testicular steroidogenesis are related to dosage. Nevertheless,
the present results bolster our previous report that steroidogenic en-
zymes are targeted by EDCs.

Our previous findings of increased testicular AR protein expression
measured by western blotting [25] is in tandem with results of our
immunostaining analysis in this report of increased AR protein in both
Sertoli cells and Leydig cells in testes from BPA-treated and to a greater
degree in DEHP-treated animals. The implications for the increased AR
protein levels for Sertoli cell support of germ cell development was not
the direct focus of the present study, but meiotic divisions of sperma-
tocytes are androgen-mediated. Germ cell derangements seen in BPA-
and DEHP-treated testes support the view that Sertoli cell ARs have a
supporting role in germ cell development. Indeed, lack of the AR during
embryonic development or early in the postnatal period caused a delay
in Sertoli cell maturation and spermatogenesis [40]. Although androgen
was found to inhibit steroidogenesis in adult Leydig cells and stimu-
lated adult Sertoli cell function required to support spermatogenesis
[41], AR-mediated functions in prepubertal 35-day old rats, as in this
study, may not follow a similar pattern as in adult sexually mature
animals. For example, autocrine androgen action is a requirement for
Leydig cell maturation while also protecting against late-onset Leydig
cell apoptosis [42]. Because androgen and LH act in concert to stimu-
late development of Leydig cell progenitors, greater AR protein ex-
pression in BPA- and DEHP-treated animals implies some disruption of
AR function and/or signaling in testicular cells. Our interpretation of
these data is supported by other studies which demonstrated that ex-
posures to BPA and DEHP inhibited AR-mediated signaling [27, 36] and
caused androgen insensitivity [38].

Analysis of cellular changes in testis demonstrated that prenatal
exposures to BPA and DEHP caused disruptions of the spermatogenic
epithelium in prepubertal male rats. Interestingly, the patterns of cel-
lular disruptions were similar in BPA and DEHP-treated animals evident
as seminiferous tubular atrophy and the presence of degenerating germ
cells in the tubular lumen which have been consistently reported for
testicular toxicants [41,42]. Spermatogenesis is a complex process, and
there is general agreement that Sertoli cells provide developing germ
cells with structural and metabolic support [43]. The primary male sex
pathway is initiated by the sex-determining region Y (SRY) gene, which
supports AMH secretion by Sertoli cells [44,45]. In addition, several
other transcription factors, including sex-determining region Y-box 9
(Sox9), GATA binding protein 4 (GATA-4) and steroidogenic factor 1
(SF1) are involved in control of sexual differentiation and AMH secre-
tion; these factors were dysregulated by developmental exposures to
both BPA and DEHP [25,46,47]. It is conceivable that derangements of

Sertoli and germ cell development resulting from developmental che-
mical exposures begin in the fetal period and affect sexual differentia-
tion of the male gonad which than affect Sertoli cells and germ cell
development [48–50].

In summary, the present results demonstrated that BPA and DEHP
have the capacity to disrupt germ cell development and sperm pro-
duction. Further studies are warranted to determine that the range of
hormonal and cellular changes in the male gonad occasioned by ex-
posures to environmentally relevant levels of BPA and DEHP impaired
sexual behavior and/or affect fertility.
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