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The increasing incidence of reproductive anomalies, described as testicular dysgenesis syndrome,
is thought to be related to the exposure of the population to chemicals in the environment.
Bisphenol A (BPA) and di(2-ethylhexyl)phthalate (DEHP), which have hormonal and antihormonal
activity, have attracted public attention due to their presence in consumer products. The present
study investigated the effects of BPA and DEHP on reproductive development. Timed-pregnant
female rats were exposed to BPA and DEHP by gavage from gestational days 12 to 21. Results
showed that prenatal exposures to test chemicals exerted variable effects on steroidogenic factor
1 and GATA binding protein 4 protein expression and increased (P � .05) sex-determining region
Y-box 9 and antimüllerian hormone protein in the infantile rat testis compared with levels in the
control unexposed animals. Pituitary LH� and FSH� subunit protein expression was increased (P �

.05) in BPA- and DEHP-exposed prepubertal male rats but were decreased (P � .05) in adult animals
relative to control. Exposure to both BPA and DEHP in utero inhibited (P � .05) global DNA
hydroxymethylation in the adult testis in association with altered DNA methyltransferase protein
expression. Together the present data suggest that altered developmental programming in the
testes associated with chemical exposures are related to the disruption of sexual differentiation
events and DNA methylation patterns. The chemical-induced effects impact the development of
steroidogenic capacity in the adult testis. (Endocrinology 156: 4672–4683, 2015)

Environmental chemicals that exert hormonal effects
and interfere with the endocrine axis are described as

endocrine-disrupting chemicals (EDCs) (1). EDCs are
thought to act primarily through nuclear hormone recep-
tors, including estrogen receptors (ESRs), androgen recep-
tors (ARs), progesterone receptors, and thyroid hormone
receptors. However, recent studies indicated that EDCs
may also act through nonnuclear steroid hormone recep-
tors (eg, membrane ESRs) and nonsteroidal receptors (eg,
neurotransmitter and orphan receptors) (1). Several EDCs
used in industrial and manufacturing activities are found

in the environment, including bisphenol A (BPA), poly-
chlorinated biphenyls, pesticides, phthalates, polybromi-
nated diphenyl ethers, and heavy chemicals, eg, cadmium
chloride.

BPA is widely used in the manufacture of polycarbon-
ate plastics (eg, water bottles, baby bottles) and epoxy
resins to line the inside of metallic food cans and as a
nonpolymer additive to other plastics (2, 3). Mean urinary
levels of BPA in the adult US population was estimated at
approximately 2.5 ng/mL (4). Similarly, phthalate esters
have attracted considerable attention due to their high
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production volume and use in a variety of polyvinyl chlo-
ride-based consumer products. As a constituent of infant
toys, building and food packaging products, and biomed-
ical devices, di(2-ethylhexyl)phthalate (DEHP) is the most
abundant phthalate in the environment (5), with daily ex-
posure levels estimated at approximately 30 mg/kg body
weight (bw) (6). Although epidemiological data are
scanty, there is considerable public concern that prenatal
exposure of the developing male to EDCs may have ad-
verse effects on the masculinization process (7, 8). For
example, greater phthalate concentrations were measured
in cryptorchid than in noncryptorchid babies (9), whereas
serum phthalate concentrations were positively correlated
with the incidence of cryptorchidism and shortened ano-
genital distance in male infants (10, 11).

Once gonadal sex has been determined, sexual differ-
entiation in the male is regulated largely by the antimül-
lerian hormone (AMH) and androgens produced by the
fetal testis (7). The AMH is a glycoprotein secreted by
Sertoli cells that induces the regression of Mullerian ducts
during development (12). AMH is considered to be a
marker for prepubertal Sertoli cell development because
its expression decreases as Sertoli cells mature. Androgens
are produced by fetal Leydig cells to support reproductive
tract development (13, 14). The primary male sex path-
way is initiated by the sex-determining region Y (SRY)
gene, which stimulates AMH secretion by Sertoli cells (15,
16). Downstream of the SRY gene, many transcription
factors, including sex-determining region Y-box 9 (Sox9),
steroidogenic factor 1 (SF1) and GATA binding protein 4
(GATA-4), regulate sexual differentiation by their action
on AMH (17). Interestingly, we observed previously that
BPA regulated expression of the AMH peptide in prepu-
bertal Sertoli cells (18). SF1 also acts as the major tran-
scriptional regulator of insulin-like factor 3 (Insl3) and
steroidogenic enzymes that control androgen produc-
tion in Leydig cells (19, 20). In addition, we have dem-
onstrated that perinatal exposures of male rats to BPA
and DEHP stimulated proliferative activity in testicular
Leydig cells early in development and affected androgen
secretion in the adult testis (21, 22). Other reports
showed that developmental exposures of male rats to
BPA and DEHP disrupted the blood-testis barrier and
caused testicular germ cell depletion (23, 24). However,
the molecular basis for chemical-induced disruption of
testicular development is not fully understood.

We hereby propose that the adult testis effects related
to developmental chemical exposures result from hor-
monal and antihormonal activity that interfere with the
sexual differentiation process. For example, the biological
actions of BPA are thought to be due to its estrogenic
properties (25), whereas DEHP is considered to be a clas-

sical antiandrogen (26). This classification is possibly mis-
leading because we and others have shown that BPA has
the capacity to block AR-mediated transcriptional activity
(27), whereas exposure to DEHP induced aromatase ac-
tivity and increased estrogen biosynthesis in the testis (22,
28). Accordingly, the present study used a comparative
approach to study aspects of hormonal and genetic activ-
ity of BPA and DEHP that regulate the endocrine axis and
affect development of steroid hormone secretion capacity
in the testis. We analyzed gene expression in the infantile
and adult testis, gonadotropin subunit (lutropin subunit-�
[LH�] and follitropin subunit-� [FSH�]) expression in the
pituitary glands of prepubertal and adult male rats and
measured steroid hormone secretion in the adult testis. In
addition, we explored the possibility that chemical expo-
sure effects occurring early in development induced epi-
genetic changes (29, 30) by the analysis of global DNA
methylation patterns in the adult testis and the expression
of DNA methyltransferases (Dnmts) in Western blots.

Materials and Methods

All experimental and euthanasia procedures were performed in
accordance with a protocol approved by the Auburn University
Institutional Animal Care and Use Committee and the recom-
mendations of the panel on Euthanasia of the American Veter-
inary Medical Association. Time-bred, pregnant Long-Evans
dams at gestational day 6 were obtained from Harlan-Teklad
and were allowed to acclimatize for 5–6 days at the College of
Veterinary Medicine Division of the 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 12-hour
light, 12-hour dark cycle with ambient temperature of 68°F-74°F
and were provided feed and water ad libitum. It has been sug-
gested that the prolonged use of polycarbonate cages may result
in the leaching of BPA and other chemicals into the environment
(29). Therefore, rats were housed in polypropylene cages with
glass water bottles. Assignment of rats to groups was done by
body weight randomization to ensure equal weight distribution.

Animal studies
The gestational day (GD) 12–21 time period is considered the

critical time for male sexual differentiation in the rat under con-
trol of several transcription factors (30). To mitigate the poten-
tial confounding effects of physical handling associated with the
activation of the hypothalamus-adrenal axis (31), we used two
groups of control rats: control animals that did not receive the oil
vehicle and a separate group that was gavaged only with the oil
vehicle without BPA and DEHP. We also considered that altered
cellular function occurring at low-dose exposures are more apt
to result from receptor-ligand interactions than exposures oc-
curring at high doses that cause cellular damage and overt tox-
icity. Therefore, a biologically based response model of low dose
exposure paradigms was adopted. BPA was administered at 2.5
or 25 and DEHP at 5 or 50 �g/kg bw by oral gavage in the oil
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vehicle from GD 12 to parturition on GD 21. Altogether, timed-
pregnant Long-Evans female rats (Harlan-Teklad) were grouped
into six groups. Pregnant animals were weighed every other day,
and the average body weight for each group was used to calculate
chemical doses to administer. This experiment was performed on
two separate occasions (n � 8–11 dams/group for combined
experiments). After all dams carried pregnancy to full term, litter
size, pup weight, and sex ratios were assessed on the day of birth,
which was designated postnatal day (PND) 1. Male offspring
were consequently and randomly obtained from every dam in
each group and analyzed at 10, 21, 35, and 90 days postpartum
(Figure 1). As required, testes were collected at the time the an-
imals were killed, dissected free of the epididymis, and, with
pituitary glands, stored at �80°C until the samples were ho-
mogenized and prepared for Western blotting analysis. To detect
chemical-induced changes in hormone concentrations (ie, T,
17�-estradiol [E2], and AMH), trunk blood was collected at the
time the animals were killed to obtain serum. Testicular tissue
and purified Leydig cell fractions were processed to measure
steroid hormone secretion ex vivo. In addition, testis tissue was
processed to obtain genomic DNA for the assessment of global
DNA methylation patterns.

Hormone measurements
Serum was separated from trunk blood collected from male

rats at the time the animals were killed on PND 10, 21, 35, and

90. Testicular explants and aliquots of
Leydig cells (0.1–0.2 � 106) were incu-
bated in microcentrifuge tubes. The cul-
turemediumconsistedofDMEM/F12buff-
ered with 14 mm NaHCO3 and 15 mm
HEPES and contained 0.1% BSA and 0.5
mg/mL bovine lipoprotein. Incubation
was conducted with a maximally stimu-
lating dose of ovine LH (100 ng/mL) for
3 hours at 34°C. Steroid hormone con-
centrations (T, E2) were assayed in ali-
quots of spent media and serum samples
using a tritium-based RIA with an inter-
assay variation of 7%–8% (18). Hor-
mone production was normalized to
nanograms per testicular mass (milli-
grams) and 106 Leydig cells. The T to E2
ratios were calculated for each time
point.

Isolation of Leydig cells
Leydig cells were isolated from the

testis of 90-day-old Long-Evans male
rats after they were killed by CO2 as-
phyxiation using our standard proce-
dures (18, 21, 22). Briefly, testes were
collected and digested in dissociation
buffer containing 0.25 mg/mL collage-
nase, 46 �g/mL dispase, and 6 �g/mL de-
oxyribonuclease for 1 hour in a shaking
water bath at 34°C. Cellular suspension
was subjected to centrifugation accord-
ing to a procedure described previously
(32). After centrifugation using a 55%
continuous Percoll gradient, Leydig cells
were isolated at the bottom of the tubes

at a density equivalent to 1.070 or greater according to our stan-
dard procedure. The purity of Leydig cell fractions was assessed
by histochemical staining for 3�-hydroxysteroid dehydrogenase
using 0.4 mM etiocholan-3�-ol-17-one enzyme substrate (cata-
log number E-5251, lot number 11K4058; Sigma) (33). Cell
numbers were estimated with a hemocytometer. Steroid hor-
mone secretion by Leydig cells were assessed ex vivo by a RIA.

Gene expression analysis using SDS-PAGE and
Western blot analyses

Expression of SF1, GATA-4, Sox9, AMH, Insl3, aromatase,
AR, LH�, FS�, Dnmt3a and Dnmt3b protein in the serum, pi-
tuitary gland, and testis as appropriate at different ages was
investigated by Western blot analysis. Tissues were homogenized
in T-PER lysis buffer (Pierce Chemical Co) freshly supplemented
with a protease inhibitor cocktail (catalog number 78410; Pierce
Biotechnology, Inc). Tubes were centrifuged at 3000 rpm for 14
minutes at 4°C to remove cellular debris. Protein concentrations
were determined using the Bio-Rad protein assay (Bio-Rad Lab-
oratories) with BSA as standard. Aliquots (50 �L) of whole-cell
lysate were dissolved in an equal volume of Laemmli buffer con-
taining 5% �-mercaptoethanol and were boiled for 5 minutes at
95°C. To analyze serum AMH, serum protein concentrations
were determined by the standard Bio-Rad assay. The serum sam-

Figure 1. Schematic representation of the experimental protocol. A, Time-bred Long-Evans
dams (8–11 female rats/group from two separate and independent experiments) served as
control or were administered BPA or DEHP by gavage from GD 12 to GD 21, ie, six treatment
groups. B, Cohorts of male rats from control and BPA- or DEHP-treated groups were chosen
randomly from each litter and killed at 10, 21, 35, and 90 days of age to obtain serum, testes,
and pituitary glands that were processed as described in Materials and Methods. Data are
presented in Table 2 and Figures 2–6.
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ples were diluted in Laemmli buffer and then heated at 65°C for
10–20 minutes. All samples were resolved on varying percent-
ages of Tris-HCl acrylamide gels by SDS-PAGE. Proteins were
transferred to nitrocellulose membranes (catalog number
1620147; Bio-Rad Laboratories), which were subsequently in-
cubated with blocking buffer (5% whole milk in 0.1% Tween 20
PBS) for 1 hour at room temperature to reduce nonspecific bind-
ing by antibodies. Membranes were then incubated in blocking
buffer containing appropriate primary antibodies overnight at
4°C. Parameters of primary antibodies used in the present study
are provided in Table 1. On the next day, blots were washed three
times in 0.1% Tween 20 PBS to remove unbound antibody be-
fore 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 number E2400;
Denville Scientific) for 1 minute before exposure to X-ray films
(catalog number E-3012; Denville Scientific). The presence of the
proteins of interest was visualized by developing the film and
were then scanned using an Epson 4180 Perfection scanner (Ep-
son-America). The relative protein amounts in the identified im-
munoblots were measured as an OD of the bands on the exposed
autoradiographic films using Doc-lt LS software (Ultra-Violet
Products Ltd). Proteins were normalized to �-actin (ACTB).

Global DNA methylation analysis
Regarding assays designed to assess the potential for BPA and

DEHP to induce epigenetic changes, we used the whole testis to
preserve testis histoarchitecture that approximates the in situ
paracrine relationship between testicular cells. Genomic DNA
was extracted from testis of adult male rats at 90 days of age
using the ZR Genomic DNA-Tissue MiniPrep kit in accordance
with the protocol of the manufacturer (Zymo Research Corp).
An selected reaction monitoring-based mass spectrometry assay
was used to quantify 5-hydroxymethyl-2�-deoxycytidine (5hmc)
and 5-methyl-2�-deoxycytidine (5mc). The assay was designed to
measure 5HmdC (5-hydroxymethyl-2�-deoxycytidine) concen-
trations and 5mdC (5-methyl-2�-deoxycitidine) concentrations
as a percentage of 2�-deoxyguanosine (dG) (eg, [5hmc]/[dG] and
[5mc]/[dG]). The calibrated ranges for the analytes were 0%–
2.5% for 5hmc and 0%–25% for 5mc using a fixed 40 pmol
amount of dG as an internal standard. The samples had a mea-
sured range of 5hmc as low as 0.033% and as high as 0.057%.
The samples had a measured range of 5mc between 4.081% and
4.834%. Replicates for the unknown samples were run in trip-
licate followed by a blank to eliminate carryover into the next
unknown run (Supplemental Figure 1). All the procedures were
carried out by Zymo Research Epigenetic Services (Zymo Re-
search Corp).

Table 1. Antibody Table

Target Antigen Sequence

Name of

Antibody Manufacturer, Catalog Number

Monoclonal or

Polyclonal

Dilution

Used

SF1 Belongs to the nuclear hormone receptor family.

NR5 subfamily; contains one nuclear receptor

DNA-binding domain

Anti-SF1 antibody

(EPR11695 [B])

Abcam, Ab168380

MW (SF1) 52 kDa

Rabbit monoclonal

IgG

0.0010

GATA-4 Genetic locus: GATA4 (human) mapping to

8p23.1; Gata4 (mouse) mapping to 14 D1

GATA-4 (C-20) Santa Cruz Biotechnologies, Sc-1237

MW (GATA-4) 45 kDa

Goat polyclonal

IgG

0.0020

AMH Genetic locus: AMH (human) mapping to

19p13.3; AMH (mouse) mapping to 10C1

MIS (C-20) Santa Cruz Biotechnologies, Sc-6886

MW (AMH) 70/74 kDa

Goat polyclonal

IgG

0.0020

Sox9 Synthetic peptide from human Sox9 Anti-Sox9 Millipore, AB5535

MW (Sox9) 65 kDa

Rabbit polyclonal

IgG

0.0002

ESR1 Belongs to the nuclear hormone receptor family;

NR3 subfamily; contains one nuclear receptor

DNA-binding domain

Anti-ESR-� (33)

antibody-ChIP

grade

Abcam, Ab2746

MW (ESR�) 68 kDa

Mouse monoclonal

IgG

0.0001

ESR2 Belongs to the nuclear hormone receptor family;

NR3 subfamily; contains one nuclear receptor

DNA-binding domain

Anti-ESR-�

antibody

(9.88)

Abcam, Ab16813

MW (ESR�) 59 kDa

Mouse monoclonal

IgG

0.0001

AR Belongs to the nuclear hormone receptor family.

NR3 subfamily; contains one nuclear receptor

DNA-binding domain

Anti-AR antibody

(EP670Y)

Abcam, Ab52615

MW (AR) 99 kDa

Rabbit monoclonal IgG 0.0010

LH� Genetic locus: LHB (human) mapping to

19q13.33; Lhb (mouse) mapping to 7B4

Lutropin-� (R-16) Santa Cruz Biotechnologies, Sc-7824

MW (LH�) 22 kDa

Goat polyclonal antibody

IgG

0.0010

FSH � Genetic locus: FSHB (human) mapping to

11q14.1; Fshb (mouse) mapping to 2E3

FSH� (C-19) Santa Cruz Biotechnologies, Sc-7797

MW (FSH�) 24 kDa

Goat polyclonal

IgG

0.0005

CYP 19 Genetic locus: CYP19A1 (human) mapping to

15q21.2; Cup19a1 (mouse) mapping to

9A5.3

CYP 19 (H-300) Santa Cruz Biotechnologies,

Sc-30086

MW (CYP 19) 50 kDa

Rabbit polyclonal

IgG

0.0010

Dnmt3a Genetic locus: Dnmt3a (human) mapping to

2p23.3; Dnmt3a (mouse) mapping to 12A1.1

Dnmt3a (C-12) Santa Cruz Biotechnologies,

Sc-365769

MW ( Dnmt3a) 100–130 kDa

Mouse monoclonal

IgG

0.0002

Dnmt3b Belongs to C5-methyltransferase family; contains

one ADD domain, one GATA-type zinc

finger, 1PWWP domain

Anti-Dnmt3b

antibody

(EPR3523)

Abcam, Ab 79822

MW (AR) 96 kDa

Rabbit monoclonal IgG 0.0010

INSL3 Genetic locus: Insl3 (mouse) mapping to 8 B3.3 INSL3 Santa Cruz Biotechnologies,

Sc-134587

MW ( Dnmt3a) 100–130 kDa

Rabbit polyclonal

antibody IgG

0.0010

Actin Epitope mapping at the C� terminus of actin of

human origin

ACTIN (I-19) Santa Cruz Biotechnologies, Sc-1616

MW (actin) 43 kDa

Goat polyclonal

IgG

0.0005

Abbreviations: CYP 19 � aromatase; ESR1 � estrogen receptor 1; ESR2 � estrogen receptor 2; MW, molecular weight.
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Statistical analysis
Measurements were obtained from the two separate and in-

dependent experiments. Data are presented as the mean � SD.
Data describing pregnancy outcome and reproductive parame-
ters up to PND 5 were based on the litter as a unit of measure-
ment, whereas the parameters obtained thereafter were collected
from randomly selected male rats within each treatment group.
Data were analyzed either by an Student’s unpaired t test for two
groups or one-way ANOVA followed by the Dunnett’s test for
multiple groups comparison when there were more than two
groups (Graph Pad Inc). Differences of P � .05 were considered
to be significant.

Results

General observations after prenatal exposure of
male rats to BPA and DEHP

We assessed whether the process of handling pregnant
dams for gavage affected our end points of interest in the
male offspring. Serum T with testicular T and E2 concen-
trations were similar (P � .05) in the two groups of control
animals. However, serum E2 concentrations were de-
creased in control animals that were gavaged with the oil
vehicle compared with the control animals that did not
receive the oil vehicle (P � .05) (Supplemental Figure 2).
Exposure of timed-pregnant dams to BPA and DEHP did
not affect pregnancy outcome, eg, litter size and pup sex
ratios (data not shown). Body weights of male rats mea-
sured at PND 1, 5, 10, 21, 35, and 90 were similar in
treatment groups but were increased in the greater DEHP

dosage group at 90 days of age compared with control
animals (P � .05). On the other hand, paired testes weights
were decreased (P � .05) in the greater BPA dosage group
at 35 days of age but, otherwise, were similar in all other
groups (Table 2).

Exposure to BPA and DEHP in utero affected gene
expression in the infantile male rat testis

To identify chemical exposure effects on transcrip-
tional regulation of the sexual differentiation process, we
analyzed gene expression in the infantile testis. As de-
scribed in Figure 2, expression of SF1 protein was de-
creased (P � .05) only in the testis of 10-day-old male rats
exposed to the smaller but not greater BPA dose (Figure
2A) and was unaffected by DEHP at both doses (Figure
2B). GATA-4 protein was increased (P � .05) by exposure
to the greater BPA dose (Figure 2C), whereas the two
DEHP doses caused opposite effects whereby the smaller
dose increased (P � .05), but the greater dose caused a
decrease compared with the control (P � .05) (Figure 2D).
There were dose-dependent increases (P � .05) in the ex-
pression of Sox9 and AMH protein after exposure to BPA
and DEHP compared with the levels in unexposed control
animals, but the smaller BPA dose did not affect AMH
protein expression (Figure 2, E–H). A Western blot anal-
ysis of testicular Insl3 protein did not show significant
treatment effects in BPA- and DEHP-exposed male rats
versus control at 35 days of age (data not shown).

Table 2. Body and Testis Weights With Serum Steroid Hormone Measurements in Male Rats Exposed to BPA and
DEHP in the Prenatal Perioda

Parameters
Control
0

Dose of BPA, kg/bw � d Dose of DEHP, kg/bw � d

2.5 �g 25 �g 5 �g 50 �g

Body weights, g, PND 1 (n � 6.97 � 0.36 6.78 � 0.37 6.72 � 0.21 6.42 � 0.41 6.76 � 0.36
Body weights, g, PND 5 13.49 � 1.78 11.90 � 0.42 11.13 � 0.91a 12.24 � 0.73 12.71 � 0.64
Body weights, g, PND 10 24.78 � 0.95 23.21 � 0.65 22.85 � 0.72 22.46 � 0.83 23.09 � 0.88
Body weights, g, PND 21 47.05 � 7.80 44.51 � 3.65 41.25 � 3.68 44.68 � 2.42 44.28 � 1.48
Paired testis weights, g, PND 21 0.22 � 0.02 0.21 � 0.03 0.19 � 0.02 0.22 � 0.01 0.21 � 0.01
Serum T, PND 21 1.24 � 0.20 1.13 � 0.11 1.33 � 0.14 1.26 � 0.11 1.44 � 0.08
Serum E2, PND 21 0.20 � 0.02 0.19 � 0.01 0.19 � 0.01 0.18 � 0.01 0.20 � 0.01
Serum T to E2 ratio, PND 21 6.38 � 1.14 5.84 � 0.54 7.11 � 0.79 7.20 � 1.01 7.28 � 0.56
Body weights, g, PND 35 112.45 � 11.60 109.52 � 10.40 104.63 � 7.06 115.83 � 9.50 113.85 � 5.07
Paired testis weights, g, PND 35 1.162 � 0.07 1.06 � 0.05 0.94 � 0.14a 1.07 � 0.09 0.91 � 0.16
Serum T, PND 35 1.27 � 0.14 1.41 � 0.50 0.47 � 0.08a 0.57 � 0.23a 0.58 � 0.17a

Serum E2, PND 35 0.14 � 0.01 0.15 � 0.01 0.13 � 0.01 0.14 � 0.01 0.12 � 0.01
Serum T to E2 ratio, PND 35 9.17 � 1.82 6.28 � 1.46 3.65 � 0.84a 4.37 � 2.33 4.25 � 1.32
Body weights, g, PND 90 425.72 � 15.9 450.75 � 16.80 465.46 � 9.74 451.3 � 23.8 477.98 � 11.57a

Paired testis weights, g, PND 90 3.54 � 0.08 3.00 � 0.74 3.47 � 0.08 3.54 � 0.11 3.67 � 0.09
Serum T, PND 90 3.35 � 0.52 5.82 � 1.59 4.03 � 0.63 5.29 � 0.78 6.17 � 1.39
Serum E2, PND 90 0.22 � 0.01 0.20 � 0.02 0.23 � 0.01 0.25 � 0.01 0.29 � 0.01a

Serum T to E2 ratio, PND 90 16.04 � 2.64 27.28 � 6.19 18.29 � 3.08 21.38 � 3.21 23.16 � 5.68

Cohorts of male offspring were randomly selected and measured and/or processed at PND 1, 5, 10, 21, 35, and 90.
a Pregnant dams were gavaged with oil vehicle, BPA, and DEHP from GD 12 to GD 21.
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Prenatal exposure to BPA and DEHP altered
gonadotropin subunit protein expression in
pituitary glands of prepubertal and adult male
rats

We evaluated the chemical exposure effects on gonad-
otropin subunit expression during development. In pre-
pubertal male rats (PND 35), pituitary LH�-subunit pro-
tein expression was increased (P � .05) after exposure to
both BPA doses, but this effect was associated only with
the greater DEHP dose (Figure 3, A and B). On the other
hand, BPA exposure did not affect the expression of the
FSH�-subunit protein (P � .05), but the greater DEHP
dose increased FSH� protein in 35-day-old male rats (Fig-
ure 3, C and D). In sexually mature animals, ie, at 90 days
of age, the expression of LH� and FSH� protein was de-
creased (P � .05) in all animals exposed to the greater BPA
and DEHP doses compared with the control (Figure 3,
E–H).

Gestational exposure to BPA and DEHP affected
AMH, aromatase, and AR protein expression in
adult male rats

The possibility that chemical exposures occurring in
utero caused permanent effects that persisted into adult-
hood was investigated in a subset of end points. A Western
blot analysis demonstrated that serum AMH protein was
increased (P � .05) in the adult male rats after prenatal
exposures to BPA and DEHP compared with the control
(Figure 4, A and B). The increase in serum AMH protein
was associated with increased (P � .05) aromatase and AR
protein expression in the testis of adult animals (Figure 4,
C–F).

Prenatal exposure to BPA and DEHP affected
serum hormone concentrations and differentiation
of steroidogenic capacity in the testis of male rats

To determine whether chemical exposure effects im-
pacting the sexual differentiation process affected endo-
crine function of the testis later in life, we measured steroid
hormone secretion in the adult testis. Serum T concentra-
tions were decreased (P � .05) in the greater BPA as well
as both DEHP dosage groups at 35 days but were similar
in all groups at 21 and 90 days of age (P � .05) compared
with the control. Serum E2 concentrations were increased
(P � .05) in the greater DEHP dosage group at 90 days and
were similar in other treatment and control groups at all
ages. Serum T to E2 ratios were decreased (P � .05) in the
greater BPA dosage group at 35 days compared with the
control but were otherwise similar in other treatment
groups (Table 2). Testicular T production, measured ex
vivo, was not affected by exposure to BPA but was greater
(P � .05) in the DEHP-treated male rats at 90 days of age

Figure 2. Male rats were exposed to BPA and DEHP by maternal
gavage from GD 12 to GD 21. Testicular tissue was obtained from
infantile male rats at 10 days of age (n � 6/group) to analyze SF1 (A
and B), GATA-4 (C and D), Sox 9 (E and F), and AMH (G and H).
Protein levels were measured using Western blotting procedures and
the appropriate primary and secondary antibodies. Assays per sample
were repeated at least four times and protein levels were normalized
to ACTB. *, P � .05 vs control.
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compared with the control (Figure 5, A and B). In contrast,
testicular E2 production was increased (P � .05) by ex-
posure to both BPA doses, but this effect was caused only

Figure 3. Male rats were exposed to BPA and DEHP by maternal gavage
from GD 12 to GD 21. Gonadotropin subunit protein was analyzed in
pituitary glands in prepubertal male rats at 35 days of age (n � 6 animals/
group): LH� (A and B) and FSH� (C and D); and in 90-day-old male rats (n �
6 animals/group): LH� (E and F) and FSH� (G and H). Protein measurements
were done by Western blotting procedures using antisera specific to rat LH�
and FSH� and the appropriate secondary antibodies. Assays per sample were
repeated at least four times and protein levels were normalized to ACTB.
*, P � .05 vs control.

Figure 4. Male rats were exposed to BPA and DEHP by maternal gavage
from GD 12 to GD 21. Adult male rats at 90 days of age were processed to
obtain serum (n � 10 animals per group) to measure AMH protein (A and B)
and testicular tissue (n � 6 animals per group) to analyze aromatase (Cyp19)
(C and D) and AR protein (E and F). Protein analysis was achieved by Western
blotting procedures using antisera to rat AMH, aromatase, and the AR. Assays
per sample were repeated at least four times and protein levels were
normalized to ACTB. *, P � .05 vs control.
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by the smaller DEHP dose (Figure 5, C and D). Leydig cell
T production was unaffected in adult male rats exposed to
the smaller BPA and DEHP doses, but exposure to the
greater BPA dose decreased (P � .05) Leydig cell T pro-
duction, and the greater DEHP dose caused the opposite
effect (Figure 5, E and F). On the other hand, Leydig cell
E2 production was not affected by exposure to BPA but
was increased by both DEHP doses compared with the
control (P � .05) (Figure 5, G and H).

Prenatal exposure to BPA and DEHP affected
global DNA methylation patterns associated with
altered Dnmt expression

We performed assays to determine whether chemical
exposures occurring during development-induced epige-
netic changes by the assessment of global DNA methyl-
ation patterns in the adult testis. An analysis of genomic
DNA showed that prenatal exposures to BPA and DEHP
caused a decrease (P � .05) in 5hmc, but not 5mc, levels
in testis of adult male rats at 90 days of age compared with
the control (Figure 6, A, B, E, and F). Although testicular
Dnmt3a protein expression was unchanged (P � .05) (Fig-
ure 6, C and G), Dnmt3b protein was greater (P � .05) in
the testis of the adult male rats exposed to the greater BPA

and DEHP doses than in the control group (Figure 6, D
and H).

Discussion

Developmental exposures toBPAandDEHPaffected gene ex-
pression in the developing and adult testes and altered go-
nadotropin subunit expression in the pituitary glands from
prepubertal and adult male rats. The observed chemical ex-
posure effects were associated with changes in serum steroid
hormone concentrations and testicular androgen and estro-
gensecretion in theadult.Thedataalsoshowedthatprenatal
exposures to BPA and DEHP affected global DNA methyl-
ation patterns and Dnmt protein expression in the testis of
adult male rats.

Specifically, prenatal exposures to BPA and DEHP af-
fected SF1, GATA-4, Sox9, and AMH protein expression
in testis of infantile rats, although there were differences in
BPA and DEHP effects. For example, the smaller, but not
the greater, BPA dose caused a decrease, whereas DEHP
had no effect on SF1 protein expression. On the other
hand, the greater BPA dose caused an increase but DEHP
caused the opposite effect on GATA-4 protein expression.

Figure 5. Male rats were exposed to BPA and DEHP by maternal gavage from GD 12 to GD 21. Testicular explants (A–D, n � 6 animals/group)
and primary Leydig cell cultures (pooled from five to six animals per group; E–H) were obtained from adult male rats at 90 days of age. Tissues
were incubated in DMEM/F-12 culture media for 3 hours to measure T and E2 concentrations in spent media by a RIA. *, P � .05 vs control.
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Interestingly, both test chemicals exerted similar effects on
Sox9 and AMH expression. In this regard, Sox9-induced
AMH overexpression has been described in patients suf-
fering from the Sertoli cell-only syndrome (34–36). Thus,
the presence of greater AMH protein levels in the serum
and testis of BPA- and DEHP-exposed adult rats is possi-
bly due to a failure of Sertoli cell maturation (36). This
interpretation is supported by recent reports indicating
that Sertoli cell-secreted AMH is a target for endocrine
disruptors with estrogenic activity (35). BPA- and DEHP-
induced increases in aromatase protein and E2 biosynthe-
sis imply that both chemicals likely regulate the expression
of the Amh gene, which possesses estrogen response ele-
ments in its promoter region (37). Although BPA and
DEHP both caused an increase in the AR protein, signal
transduction by the AR was not evaluated in the present
study. Nevertheless, this is interesting because previous
studies demonstrated that exposures to BPA and DEHP
inhibited AR-mediated signaling (27, 36) and caused an-

drogen insensitivity (38). Together, these observations im-
ply that BPA and DEHP may cause their affects by mod-
ulation of both androgen- and estrogen-mediated activity.

An expression analysis of gonadotropin subunit pro-
tein in pituitary glands showed that prenatal exposures to
BPA and DEHP increased LH� and FSH� protein in pre-
pubertal male rats, but levels were decreased in the sexu-
ally mature animals. The negative feedback effects of sex
steroids are mediated by interactions between AR and ESR
response elements and other transcription factors that reg-
ulate FSH� and LH� expression (39). Previous studies
indicated that serum AMH concentrations were decreased
in prepubertal FSH-deficient mice (40), whereas AMH
transcriptionally activated FSH� and LH� gene promot-
ers in gonadotrope L�T2 cells and in adult rat pituitary
glands expressing AMH receptor 2 receptors (41). In this
regard, we found that serum AMH protein was increased
in association with decreased pituitary LH� and FSH�

protein in adult rats. Therefore, the impairment of Sertoli

Figure 6. Male rats were exposed to BPA and DEHP by maternal gavage from GD 12 to GD 21. The testes from adult male rats at 90 days of age
(n � 3) were processed to obtain genomic DNA and measure 5mc and 5hmc concentrations by liquid chromatography electrospray ionization
tandem mass spectrometry with single-reaction monitoring (panels A, B, E, and F). Testicular tissue (n � 6) was analyzed for Dnmt3a and Dnmt3b
protein expression using Western blotting procedures and antisera specific to rat Dnmt3a and Dnmt3b (panels C, D, G, and H). *, P � .05 vs
control.

4680 Abdel-Maksoud et al Chemical Exposures Affect Sexual Differentiation Endocrinology, December 2015, 156(12):4672–4683

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/156/12/4672/2423004 by guest on 24 April 2024



cell development, reflected in part by increased AMH pro-
tein, is likely related to the chemical-induced disruption of
gonadotropin action in the testis. The relationship be-
tween AMH and pituitary gonadotropins warrants fur-
ther investigation, but it is possible that AMH is a target
for toxicant-induced activity.

The impact of chemical exposure effects on Leydig cell
androgen secretion on serum hormone concentrations is
confounded by the capacity of chemical compounds to
stimulate proliferative activity and affect Leydig cell num-
bers (18, 42). In this manner, changes in Leydig cell T
secretion may not reflect in serum concentrations as seen
in the present study. Similarly, testicular E2 was increased
by BPA and DEHP, but Leydig cell E2 production was
increased only in DEHP-exposed animals. We interpret
these findings to mean that elevated serum E2 concentra-
tions in the DEHP-exposed male rats was due to increased
E2 secretion by Leydig cells, whereas increased testicular
E2 secretion in the BPA-exposed group was due in part to
contribution from other testicular cells, eg, Sertoli and
germ cells (21). The increase in E2 production was asso-

ciated with the induction of testicular aromatase expres-
sion by both chemicals, suggesting that BPA and DEHP
altered E2 metabolism. Although the development of ste-
roidogenic capacity in the testis was affected by exposure
to BPA and DEHP, the expression of the Insl3 protein, a
marker for Leydig cell differentiation, was unchanged
when measured in 35-day-old male rats. However, BPA
treatment increased Insl3 mRNA expression in the human
but not rodent fetal testis (43), whereas BPA concentra-
tions were negatively correlated with cord blood Insl3
concentrations in boys (44). The fetal testis was not ana-
lyzed for Insl3 expression in the present study, but there is
evidence showing that EDCs may regulate factors other
than Insl3 that affect development of steroid hormone secre-
tion capacity. For example, AMH, which was affected by
BPA and DEHP in the present study, has the capacity to
regulate steroidogenic enzyme capacity in the testis (45, 46).

Developmental exposures to EDCs may affect DNA
methylation patterns that later manifest as reproductive
anomalies (47). For example, exposure of male rats to the
antiandrogenic chemical vinclozolin induced epigenetic

changes and caused testicular effects
that were apparent in subsequent
generations (48). We assessed global
changes in DNA methylation in the
testis of adult male rats using a se-
lected reaction monitoring-based
mass spectrometry assay (49). BPA
and DEHP caused a decrease in
5hmc concentrations in association
with altered expression of the
Dnmt3b enzyme protein. Because
DNA methylation is involved in gene
regulation during development (50)
and Dnmt3a and Dnmt3b are
known to be catalytically active in
vivo (51, 52), our findings suggest a
dynamic regulation of DNA methyl-
ation and hydroxymethylation by
low-dose exposures to BPA and
DEHP that may impact gene regula-
tion during reproductive develop-
ment. However, genome-wide DNA
sequence analysis using separated
testicular cells to specify BPA and
DEHP effects and identify areas of
the genome associated with hypo-
and/or hypermethylation events are
warranted to extend the present
findings.

In conclusion, the present data
suggest that chemical exposures oc-

Figure 7. Chemical exposure effects on reproductive development were assessed by gene
expression analysis, steroid hormone secretion, and global methylation patterns in serum,
pituitary glands, and/or testis of male rats exposed to BPA and DEHP in the prenatal period.
Altered steroid hormone secretion capacity in the adult testes occasioned by exposure to
chemical agents possibly result from the disruption of the sexual differentiation process.
Abbreviations are as defined in Materials and Methods.
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curring in the fetal period are related to altered sexual
differentiation events that impact gonadotropin subunit
expression in pituitary glands and AMH and steroid hor-
mone secretion in the testis (Figure 7). Furthermore, re-
sults indicated that low-dose chemical exposures that oc-
cur during development may affect global DNA
methylation patterns (53). Together the data provide in-
formation relevant to the molecular mechanisms by which
environmental chemicals disrupt male sexual differentia-
tion. Data also implied that changes in steroid hormone
secretion in the adult testes associated with varying expo-
sure paradigms (21–23, 26, 54) are possibly related to
chemical-induced effects exerted during development.
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