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relationships, that the 10 mg/kg DEHP dosage was associ-
ated with the greatest number of gene expression changes. 
Different from this, 14 genes were altered in adult AVPV, 
MPN and ARC and most of alterations were found in the 
50 mg/kg DEHP group. Also, 50 mg/kg DEHP reduced ERα 
expression in the ARC, but no alterations were observed 
in CYP19 expression. These results indicated that prenatal 
DEHP exposure may perturb hypothalamic gene program-
ming and the influences are permanent. The effects showed 
dependence on developmental stages and nuclei region.
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Introduction

Phthalate esters are a group of industrial chemicals that are 
primarily used as plasticizers of polyvinyl chloride. Among 
the varieties of phthalate esters, di-(2-ethylhexyl) phthalate 
(DEHP) represents about 50% of plasticizers used world-
wide (ECPI 2010). DEHP can be found in building materi-
als, flooring, toys, food packaging, personal care products 
and medical devices, and DEHP exposure is continuous and 
widespread for the general population (Guo and Kannan 
2011; Schecter et al. 2013; Silva et al. 2004).

As a well-known endocrine-disrupting chemical (EDC) 
with anti-androgenic effects, DEHP and its metabolites are 
associated not only with reproductive dysfunction in adult 
male mammals, but also with the development of male off-
spring and the subsequent manifestation of long-term effects 
in rats and humans (Foster 2006; Specht et al. 2014; Swan 
2008). In animal studies, DEHP exposure in utero shortened 
anogenital distance (AGD), induced undescended testicles, 
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reduced testis and seminal vesicle weight, and decreased 
serum testosterone (T) concentrations and semen qual-
ity (Christiansen et al. 2010; Gray et al. 2000; Pocar et al. 
2012). In humans, maternal DEHP metabolite levels in urine 
were associated with a decreased ratio of T to estradiol (E2) 
in cord blood of male neonates, shortened AGD in male 
infants, and decreased semen volume in adults (Araki et al. 
2014; Axelsson et al. 2015; Suzuki et al. 2012; Swan et al. 
2005).

Although much is known about phthalate actions on the 
male reproductive tract, the control of reproductive func-
tion is dependent upon normal development of the hypo-
thalamus and pituitary cells that, together with the gonad, 
constitutes the reproductive axis (Gore et al. 2011; Lom-
niczi et al. 2013; Mayer et al. 2009). Increasing evidence 
indicates that central neuroendocrine systems are the tar-
gets of EDC and may be perturbed by EDC exposures dur-
ing critical development stages in utero (Gore 2001; Gore 
et al. 2011). There is also limited evidence on a handful 
of genes showing that prenatal phthalate exposures affect 
the hypothalamus. Lee et al. reported that dibutyl phthalate 
(DBP) and diisononyl phthalate (DINP) exposure during 
prenatal period increased granulin and p130 mRNA levels 
in the hypothalamus of male rat offspring (Lee et al. 2006). 
In a study by Takagi et al., the expression of progesterone 
receptor in the hypothalamus of female offspring rats was 
down-regulated by perinatal exposure to 20,000 ppm DINP 
(Takagi et al. 2005). When Carbone et al. treated rat dams 
with DEHP from pregnancy onset to postnatal day 15 in 
the pups, they observed increased aspartate content and the 
decreased gamma aminobutyric acid content in the hypo-
thalamus of male offspring (Carbone et al. 2012). Human 
studies have not assessed neuroendocrine function, but the 
literature shows that higher phthalate metabolite concentra-
tions in urine samples of pregnant women were associated 
with abnormal neurodevelopment of their children attesting 
to their central nervous system actions (Engel et al. 2009; 
Kim et al. 2011; Kobrosly et al. 2014).

The goal of the current study was to determine the effects 
on expression of neuroendocrine genes in the rats those pre-
natally exposure to DEHP from gestational day 14–19, a 
critical period of hypothalamic cell migration and targeting, 
during which sex differences in gonadal hormones organ-
ize hypothalamic nuclei (Maggi et al. 2014; Markakis and 
Swanson 1997). We focused on the immediate outcomes 
at birth and the long-term influences in adult rats. In adult 
offspring, experiments were conducted on three hormone-
sensitive regions, the anteroventral periventricular nucleus 
(AVPV), the medial preoptic nucleus (MPN) and the arcuate 
nucleus (ARC) (Clarkson and Herbison 2009; Gore 2008; 
Wu and Gore 2010). These regions are the key targets of 
EDC and all involve in reproductive regulation (Clarkson 
and Herbison 2009; Wu and Gore 2010).

Materials and methods

Animals and treatments

All animal procedures were operated according to the Guide 
for the Care and Use of Laboratory Animals published by 
the Ministry of Health of People’s Republic of China. The 
protocol was approved by the Animal Ethical and Welfare 
Committee of Tianjin Medical University (TMUaMEC 
2013008). Sprague–Dawley rats (8 weeks’ old) used for 
breeding were purchased from HFK BIOSCIENCE CO., 
LTD (Beijing, China). All animals were housed (2–3 per 
cage) under photoperiod cycle (12 h light: 12 h dark, lights 
on 7:00 a.m.) at room temperature (22 ± 2 °C). Standard 
diet (Rat and Mouse Maintenance Diet 1022, HFK BIO-
SCIENCE CO., LTD) was used in this study and filtered tap 
water was available ad libitum.

Rats were handled daily to minimize stress and were 
allowed to acclimate for 1 week prior to mating. Dams were 
mated with sexually experienced male rats in a random rota-
tion to avoid paternal bias. The day that a vaginal plug was 
identified was termed gestation day (G0); 32 pregnant rats 
were randomly assigned to four groups (n = 8 per group) 
and treated with corn oil (vehicle control), 2, 10 or 50 mg/kg 
DEHP (Alfa Aesar) by gavage from G14 to G19. The DEHP 
was prepared fresh daily throughout the treatment period. 
The dosing volume was 10 ml/kg day and was adjusted 
based on individual maternal weight changes. All dams were 
housed and treated individually until the day of delivery. 
Postnatal day 1 (PND 1) was determined by the birth of at 
least one pup, when the numbers of live offspring, referred to 
as the F1 generation, were counted and sex ratio was deter-
mined. After delivery, each litter was standardized to eight 
pups (four males and four females). From PND21, the pups 
were weaned and were housed four same-sex littermates per 
cage. Body weights and anogenital distance (AGD) were 
weekly recorded from birth till the day for euthanizing. AGD 
was the distance from the caudal base of the genital tubercle 
to the anterior aspect of the anus. AGD was measured using 
a digital caliper and was recorded blind to exposure group 
by the same technician. The ratio of AGD to the cube root of 
body weight (AGD index) was calculated to evaluate AGD 
(Dickerson et al. 2011).

Tissue collection

On PND1, one male neonatal rat per litter was randomly 
chosen to be humanely euthanized by decapitation during 
lights on between 9:00 a.m. and 11:00 a.m. The sex of each 
male pup was confirmed by examining the testes from the 
carcasses. Brains were quickly removed and the hypothal-
ami were dissected with the help of a stereomicroscope. The 
dissection was made ventral to the thalamus, posterior to 
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the optic chiasm, anterior to the mammillary bodies, and 
demarcated laterally by the optic tracts. All the hypothalamic 
samples were snap-frozen in liquid nitrogen and stored at 
−80 °C until RNA extraction. On PND70, one male rat per 
litter was randomly chosen to be euthanized by decapita-
tion between 9:00 a.m. and 11:00 a.m. Brains were removed 
quickly and were cut into 1 mm slices with stainless steel 
brain matrices on the ice. Based on The Rat Brain in Stere-
otaxic Coordinates (Paxinos 2006), bilateral micropunches 
(1.25 mm diameter) were taken from the AVPV, MPN and 
ARC and stored at −80 °C until RNA extraction. Reproduc-
tive organs were removed and the wet weight was quickly 
measured using an analytical balance. The ratio of organ wet 
weight to body weight (organ coefficient) was calculated to 
evaluate organ development.

A second set of male adult rats were perfused for immu-
nohistochemistry experiments. Rats were deeply anes-
thetized with 300 μl/100 g 10% chloral hydrate and were 
checked for lack of reflexes. Through the transcardial path-
way, rats were perfused by flushing with 0.9% normal saline 
(NS) for 1 min followed by 4% paraformaldehyde (PFA) 
(Alfa Aesar) containing 0.1 M phosphate buffer (PB) and 
0.9% NS for 10 min. After perfusion, brains were removed 
and post-fixed in 4% PFA at 4 °C for 24 h, cryoprotected in 
20% sucrose in 0.1 M PB at 4 °C for 24 h, and then stored in 
cryoprotection buffer with 30% sucrose and 30% glycol in 
0.1 M PB at −20 °C. After fixation, each brain was blocked 
at the optic chiasm and mammillary bodies into three parts 
using the brain matrix. Coronal brain sections (40 μm thick-
nesses) containing hypothalamus were cut using a vibrating 
blade microtome (Leica VT 1000S) and stored in cryopro-
tection buffer at −20 °C for subsequent immunohistochem-
istry procedure.

RNA extraction and quantitative RT‑qPCR

An established double detergent lysis buffer system was used 
for total RNA extraction from frozen tissues (Jakubowski 
et  al. 1991; Walker et  al. 2009). Briefly, samples were 
homogenized on ice in lysis buffer using a 22-gauge nee-
dle and 1 cc syringe. Cytoplasmic RNA was treated with 
proteinase K and extracted with phenol chloroform, pre-
cipitated in isopropanol, and washed in ethanol. The resus-
pended RNA was treated with TURBO DNA-free™ kit 
(Ambion) following the manufacturer’s protocol to remove 
contaminating genomic DNA. All RNA samples were run 
on a Thermo Scientific NanoDrop 2000 to assess purity and 
concentration.

Hypothalami of neonatal rats and micropunches taken 
from AVPV, MPN and ARC of adult rats were used for 
quantitative real-time PCR. In each group, six RNA sam-
ples were randomly selected from different litters for qPCR 
profiling. Cytoplasmic RNA (150 ng) was converted to 

cDNA using a High Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems) according to the manufacturer’s 
protocol. We designed a customized neuroendocrinology 
 TaqMan® Array Card (Applied Biosystems) to include 46 
genes selected for known neuroendocrine functions plus two 
housekeeping genes (glyceraldehyde-3-phosphate dehydro-
genase, Gapdh and 18s); this platform was used to compare 
relative hypothalamic gene expression by qPCR as published 
(Dickerson et al. 2011; Walker et al. 2014; Yin et al. 2015a). 
Although this array utilizes qPCR methodology, we previ-
ously validated it against gene-by-gene qPCR and showed 
excellent correspondence of results (Walker et al. 2009). 
Taqman Universal PCR Master Mix (Applied Biosystems) 
was used and all procedures were carried out according to 
the manufacturer’s protocol. Real-time PCR was run on an 
ABI 7900 real-time PCR machine and the parameters were 
set as the following: 50 °C for 2 min, 95 °C for 10 min, 40 
cycles of 95 °C for 15 s and 60 °C for 1 min. Relative expres-
sion of each gene was determined using the comparative Ct 
method (Schmittgen and Livak 2008).

Immunohistochemistry and confocal microscopy

Immunohistochemistry was performed in eight adult rats 
of each treatment group for ERα in the AVPV, MPN and 
ARC and for CYP19 in the AVPV and MPN. Two sections 
per nuclei were chosen from each animal. The section was 
approximately bregma 0.0 and 0.04 for AVPV, bregma −0.6 
and −0.64 for MPN, and bregma −2.52 and −2.56 for ARC. 
First, the sections were washed in PBS (PH 7.4), followed 
by incubation for 1 h in 10% normal goat serum, 0.05% 
Triton-X and 3% BSA in PBS. Next, sections were incu-
bated with rabbit anti-ERα (1:500, Merck Millipore) and 
rabbit anti-CYP19 (1:100, Santa Cruz) for 48 h at 4 °C in 
10% normal goat serum and 0.05% Triton-X. Fluorescein-
conjugated goat anti-rabbit (1:400, ZSGB-BIO, China) was 
used as second antibodies in 10% normal goat serum for 
2 h. By omitting primary antibodies in control samples, the 
specificity was verified and no staining was observed.

Confocal laser scanning microscope was used to compare 
the density of ERα and CYP19. From the surface of each 
section, a stack of ten images (in a 9 μm thickness with 
an interval of 1 μm) was captured using a confocal micro-
scope (OLYMPUS FV1000) with 40× magnification. The 
laser parameters were kept constant to avoid saturation of 
immunofluorescence. Using NIH Image J 1.46r software, 
the images were processed and analyzed for immunoreactive 
areas. The regions of interest (ROI) were chosen using three 
circles (40 μm in diameter) along the border in the AVPV 
and four circles (37.5 μm in diameter) in the ARC. Immuno-
fluorescent signals of ERα were quantified using the optical 
dissecting method (Kermath et al. 2014). Two images were 
used and the objects that were observable in the first section 
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but not in the adjacent sections were counted. Five pairs of 
images from each animal were processed and analyzed. The 
ERα puncta were quantified as particles from the reference 
section and the adjacent section. A projected image from the 
paired images was created using the Z Project function. The 
density of ERα puncta was estimated as [(# particles in ref-
erence section − # particles in project image)/volume]. The 
areas of ROI and the distance between two sections were 
used to calculate the volume (Yin et al. 2015b). Immuno-
fluorescent signals of CYP19 were quantified by measuring 
the optical density. Dark pixels representing CYP19 immu-
nostaining in the ROI were quantified as integrated optical 
density (IOD). Densities of CYP19 expression in ROI were 
calculated as mean IOD/area.

Data analysis

SPSS (version 19.0) was used to analyze development data, 
TLDA gene expression data, and immunohistochemistry 
data. The outliers were detected by a Grubbs test and were 
eliminated from data analysis. Normality and homogeneity 
of variance for each dataset was tested. Repeated-measure 
ANOVA was used to evaluate significant differences between 
DEHP treatment groups for body weights and AGD index of 
adult rats. For other datasets those met the criteria, compari-
sons were made by one-way ANOVA followed by Tukey post 
hoc analysis with P < 0.05 considered statistically signifi-
cant. In some cases, the data were transformed (natural log or 
square root) and reanalyzed. If the transformed data did not 
meet the criteria of statistical analysis by one-way ANOVA, 
they were analyzed using the nonparametric Kruskal–Wal-
lis test followed by Mann–Whitney analysis between each 
group. For gene expression, all samples were normalized to 
Gapdh expression before statistical analysis. For each gene 
expression and protein IOD, data were calibrated to the mean 
level in vehicle control to analyze fold change.

Results

Phthalate exposure effects on pregnancy and birth 
outcomes

Body weight gain of the dams was checked from G14 to G19 
and the day before delivery and no significant differences 

were observed among control and DEHP treatment groups 
(Table 1). Sex ratios of male to female offspring showed no 
significant difference among DEHP exposure groups and 
control group. The developmental data of neonatal male 
rats were measured on PND1 (Table 2). Birth weights of 
male rats were significantly lower in the 10 and 50 mg/kg 
DEHP treatment groups (P < 0.05). AGD of male rats were 
increased only in the 2 mg/kg DEHP group (P < 0.05).

Phthalate exposure effects on somatic and reproductive 
development

As shown in Fig. 1a, the significantly main effect of DEHP 
treatment on postnatal body weight gain was observed in 
male rats. Post hoc analysis showed that males treated with 
10 mg/kg (P < 0.05) and 50 mg/kg DEHP (P < 0.05) were 
lighter than control animals before postnatal 8 weeks. No 
effects of prenatal DEHP treatment on postnatal AGD 
index were observed before weaned (Fig. 1b). Moreover, 
prenatal DEHP treatment also resulted in the effects on 
organ development. In 2 mg/kg DEHP group, the organ 
coefficient of prostate in male rats was higher than that 
in control group (Table 3, P < 0.05). Except prostate, no 
alterations were observed in the organ coefficients of tes-
ticle, epididymis, seminal vesicle, preputial glands and 
levator ani (Table 3).

Neuroendocrine gene expression in hypothalamus 
on PND1

According to the function, 46 target genes were classified 
into five groups. The classification was as follows: steroid-
hormone-signaling genes, neurotransmission genes, neuro-
peptide-signaling genes, circadian-related genes and growth-
related genes (Online Resource). In neonatal male rats, the 

Table 1  Body weight data of 
dams (mean ± SD)

DEHP (mg/kg day) n Weight gain G14–19 (g) Weight before delivery (g)

0 (vehicle) 8 49.53 ± 19.21 392.36 ± 39.43
2 8 53.00 ± 17.05 405.64 ± 54.23
10 8 47.50 ± 14.22 364.46 ± 62.82
50 8 41.21 ± 14.25 370.53 ± 53.32

Table 2  Birth data of male rats on PND1 (mean ± SD)

*P < 0.05 vs. vehicle

DEHP (mg/kg day) n Birth weight (g) AGD (mm)

0 (vehicle) 8 6.74 ± 1.27 4.48 ± 0.55
2 8 6.85 ± 1.13 4.80 ± 0.68*
10 8 6.05 ± 0.97* 4.34 ± 0.66
50 8 6.29 ± 1.22* 4.32 ± 0.61
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genes were analyzed in the whole hypothalamus, and 11 
genes in four groups were down-regulated (Table 4). Respec-
tively, prenatal DEHP exposure down-regulated two genes 
involved in steroid hormone signaling (Esr2, Cyp19a1), one 
gene involved in neurotransmitter signaling (Grin2a), three 
genes involved in neuropeptide signaling (Avpr1a, Kiss1r, 

Tac3r), and five genes involved in regulation of biological 
rhythm (Arntl, Clock, Dbp, Mtnr1a, Per2). Results also 
show non-monotonic dose–response relationships in the 11 
affected genes. Overall, the 10 mg/kg DEHP dosage was 
associated with the greatest number of genes expression 
changes in males.

Fig. 1  Postnatal body weights and AGD index in four treatment groups. a Body weights; b AGD index. Data shown are mean ± SE. *P < 0.05 
vs. vehicle

Table 3  Organ coefficient in male rats (%, n = 8, mean ± SD)

*P < 0.05 vs. vehicle

DEHP (mg/kg day) Testicle Epididymis Seminal vesicle Preputial glands Prostate Levator ani

0 (vehicle) 1.24 ± 0.11 0.37 ± 0.07 0.33 ± 0.08 0.07 ± 0.02 0.10 ± 0.04 0.32 ± 0.04
2 1.31 ± 0.09 0.39 ± 0.05 0.41 ± 0.07 0.06 ± 0.02 0.16 ± 0.04* 0.36 ± 0.06
10 1.24 ± 0.08 0.38 ± 0.04 0.34 ± 0.09 0.06 ± 0.01 0.12 ± 0.02 0.36 ± 0.07
50 1.27 ± 0.13 0.38 ± 0.07 0.33 ± 0.08 0.07 ± 0.01 0.11 ± 0.02 0.33 ± 0.06

Table 4  Relative expressions 
of altered genes in the 
hypothalamus of neonatal male 
rats (mean ± SE) (n)

*P < 0.05 vs. vehicle

Gene DEHP (mg/kg day) F/H P

0 (vehicle) 2 10 50

Esr2 1.00 ± 0.14 (6) 0.56 ± 0.11* (6) 0.44 ± 0.09* (6) 0.76 ± 0.09 (5) 4.987 0.010
Cyp19a1 1.00 ± 0.27 (6) 0.48 ± 0.07 (5) 0.28 ± 0.03* (5) 0.65 ± 0.12 (6) 8.513 0.037
Grin2a 1.00 ± 0.18 (6) 0.64 ± 0.08 (5) 0.48 ± 0.03* (5) 0.96 ± 0.22 (6) 8.550 0.036
Avpr1a 1.00 ± 0.35 (6) 0.88 ± 0.22 (6) 0.21 ± 0.02* (5) 0.70 ± 0.17 (6) 11.402 0.010
Kiss1r 1.00 ± 0.08 (6) 0.76 ± 0.08 (6) 0.45 ± 0.06* (5) 1.11 ± 0.35 (6) 10.428 0.015
Tac3r 1.00 ± 0.21 (6) 0.52 ± 0.12 (5) 0.14 ± 0.04* (5) 0.69 ± 0.07 (6) 12.202 0.007
Arntl 1.00 ± 0.13 (6) 0.80 ± 0.10 (6) 0.28 ± 0.06* (5) 0.70 ± 0.07* (6) 8.633 0.001
Clock 1.00 ± 0.14 (6) 0.62 ± 0.04* (5) 0.55 ± 0.13* (5) 0.79 ± 0.09 (6) 3.252 0.046
Dbp 1.00 ± 0.16 (6) 0.55 ± 0.07* (5) 0.55 ± 0.12* (5) 0.76 ± 0.10 (6) 3.252 0.046
Mtnr1a 1.00 ± 0.20 (6) 0.68 ± 0.11 (6) 0.33 ± 0.08* (6) 0.50 ± 0.11* (5) 4.683 0.013
Per2 1.00 ± 0.19 (6) 0.68 ± 0.10 (6) 0.41 ± 0.12* (6) 0.77 ± 0.09 (5) 3.523 0.035
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Neuroendocrine gene expression in the AVPV, MPN 
and ARC on PND70

In the hypothalamus of adult male rats, 46 target genes 
were respectively analyzed in the AVPV, MPN and ARC. 
In detail, prenatal DEHP exposure altered two genes in the 
AVPV (Crhr1, Drd2), three genes in the MPN (Avp, Hcrtr2, 
Tac3r), and nine genes in the ARC (Avp, Esr1, Esr2, Ghrh, 
Kiss1, Npy, Pomc, Tac2, Trh) (Table 5). Most of the affected 
genes were involved with steroid hormone signaling, neu-
ropeptide signaling and growth. The 50 mg/kg DEHP treat-
ment showed significant effects on gene expression in the 
MPN and ARC, which was clearly different from the results 
in neonatal hypothalamus. In addition, we also observed the 
enhanced expression of some genes in the AVPV, MPN and 
ARC.

Expression of ERα, CYP19 in the AVPV, MPN 
and ARC

In the AVPV, MPN and ARC of male offspring, ERα immu-
nofluorescence was detected. The significantly fewer ERα 
expressions in the 50 mg/kg DEHP group than those of con-
trol rats were observed in the ARC (Fig. 2), but no altera-
tions of ERα expression were found in the AVPV and MPN. 
Confocal microscopic images of ERα in the ARC are shown 
in Fig. 3. For CYP19, the immunofluorescence was detected 
in the AVPV and MPN of male rats and no significant dif-
ferences of CYP19 density were observed in the AVPV and 
MPN. 

Discussion

Human and animal studies have shown that the developmen-
tal toxicity of DEHP and its metabolite mono(2-ethylhexyl) 
phthalate (MEHP) is due to their capability of crossing 
the placental barrier (Axelsson et al. 2015; Do et al. 2012; 
EURAR 2008). This is highly relevant to the developing 
fetal hypothalamus, which is sensitive to both natural hor-
mones and EDCs, and undergoes substantial organizational 
change during the period of sexual differentiation, setting 
the stage for sex-typical neuroendocrine functions that are 
manifested later in life (Gore et al. 2006; Kay et al. 2013). 
Our study reinforces this literature by showing that pre-
natal DEHP exposure has specific effects on development 

Table 5  Relative expressions of altered genes in three hypothalamic nuclei regions of adult male rats (mean ± SE) (n)

*P < 0.05 vs. vehicle

Nuclei region Gene DEHP (mg/kg day) F/H P

0 (vehicle) 2 10 50

AVPV Crhr1 1.00 ± 0.09 (6) 1.48 ± 0.14* (6) 0.95 ± 0.07 (6) 1.18 ± 0.13 (6) 4.562 0.014
Drd2 1.00 ± 0.08 (5) 2.03 ± 0.29* (5) 1.16 ± 0.21 (6) 1.48 ± 0.24 (6) 3.950 0.025

MPN Avp 1.00 ± 0.20 (6) 0.56 ± 0.12 (5) 0.25 ± 0.03* (6) 0.28 ± 0.08* (6) 6.836 0.003
Hcrtr2 1.00 ± 0.15 (6) 1.24 ± 0.12 (6) 0.92 ± 0.05 (5) 1.72 ± 0.26* (6) 4.124 0.021
Tac3r 1.00 ± 0.19 (6) 0.75 ± 0.14 (5) 0.41 ± 0.01* (5) 0.61 ± 0.07 (6) 9.775 0.021

ARC Avp 1.00 ± 0.26 (5) 5.61 ± 3.89 (5) 1.63 ± 0.53 (6) 13.47 ± 5.56* (6) 8.704 0.033
Esr1 1.00 ± 0.01 (5) 0.90 ± 0.06 (6) 0.87 ± 0.11 (6) 0.55 ± 0.04* (5) 10.273 0.016
Esr2 1.00 ± 0.04 (5) 0.80 ± 0.08 (5) 1.13 ± 0.18 (6) 0.66 ± 0.05* (6) 11.128 0.011
Ghrh 1.00 ± 0.14 (6) 0.97 ± 0.27 (6) 0.79 ± 0.15 (6) 0.35 ± 0.05* (5) 8.120 0.044
Kiss1 1.00 ± 0.12 (6) 0.74 ± 0.12 (6) 0.72 ± 0.17 (6) 0.39 ± 0.03* (5) 9.018 0.029
Npy 1.00 ± 0.17 (6) 0.58 ± 0.10 (6) 0.46 ± 0.09* (6) 0.24 ± 0.03* (5) 13.217 0.004
Pomc 1.00 ± 0.07 (5) 0.52 ± 0.09* (5) 0.56 ± 0.15* (6) 0.33 ± 0.04* (5) 6.955 0.003
Tac2 1.00 ± 0.13 (6) 0.85 ± 0.14 (6) 0.71 ± 0.10 (6) 0.51 ± 0.04* (5) 9.301 0.026
Trh 1.00 ± 0.17 (5) 1.39 ± 0.28 (5) 1.86 ± 0.12* (5) 1.97 ± 0.21* (6) 4.754 0.014

Fig. 2  ERα relative density in male ARC
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and hypothalamic neuroendocrine gene expression both in 
neonatal and adult male rats. The fact that DEHP is anti-
androgenic may explain our results (Christiansen et al. 2010; 
Jarfelt et al. 2005), as male rats have much higher testoster-
one concentrations during prenatal life, blockade of which 
would be predicted to be disruptive in males.

The dosages of DEHP treatment from 2 to 50 mg/kg used 
in our study are considered relatively low. In the EU Risk 
Assessment Report of DEHP, the regulatory “no observed 
adverse effect level” (NOAEL) was 4.8 mg/kg for develop-
mental toxicity in rats (EURAR 2008). The USA Center for 
the evaluation of risk to human reproduction (CERHR) also 

Fig. 3  Confocal microscopic 
images (×10) show estrogen 
receptor α (ERα) in the ARC 
(outlined in yellow) of male 
rats exposed to control vehicle 
(a), 2 mg/kg (b), 10 mg/kg 
(c), and 50 mg/kg DEHP (d). 
Quantification and analysis 
was performed at high-power 
magnification (×40) in the 
region outlined in red (e). Scale 
bar (shown in panel a, applies 
to panels a–d) = 200 μm. Scale 
bar E = 50 μm. 3 V, third ven-
tricle (color figure online)
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published a NOAEL of DEHP on reproductive and develop-
ment toxicity of between 1 and 10 mg/kg for oral exposure 
in rats (Kavlock et al. 2006). Human exposure to DEHP 
is regulated. The European Food Safety Authority (EFSA) 
established the tolerable daily intake (TDI) value for DEHP 
at about 50 μg/kg day (EFSA 2005). In a study on dietary 
exposure to phthalates in Belgium, 99% of DEHP intake dis-
tribution for preschool children in the worst case was equal 
to 80% of the TDI (Sioen et al. 2012). In another human 
monitoring study by Wittassek et al., the median daily intake 
of DEHP was about 2.4 μg/kg day in a German population 
between 1996 and 2003 (Wittassek et al. 2007). Thus, the 
dosage used in our study was high compared with human 
exposure, but relatively low compared with other reproduc-
tive and developmental toxicity studies on DEHP. It should 
be noted that dams in our study were fed with a standard 
diet, meaning that the effect of prenatal DEHP treatment 
occurs in conjunction with dietary phytoestrogens (Kanno 
et al. 2002).

Prenatal DEHP exposure interferes with somatic 
and reproductive development

In this study we observed a significant reduction in body 
weight due to prenatal exposure to the higher dosages of 
DEHP, and the inhibiting effects lasted into adulthood. 
Studies have shown that perinatal DEHP exposure at higher 
doses (300, 600 and 900 mg/kg) or lower doses (1.25 and 
6.25 mg/kg) reduced birth weight of offspring rats (Chris-
tiansen et al. 2010; Lin et al. 2011). Our results are con-
sistent with these published studies. Evidence suggests that 
exposure to EDCs during critical developmental period may 
alter energy metabolism and body weight (Fudvoye et al. 
2014; Jin et al. 2014). Furthermore, we should note that the 
body weight of adult rats in 50 mg/kg DEHP group began 
to increase from postnatal 7 weeks. Our primary objective 
of this study was to investigate the effects of prenatal DEHP 
exposure on hypothalamic neurodevelopment, the associa-
tion between DEHP treatment and catch-up growth may be 
analyzed in further study.

To determine reproductive developmental toxicity 
of EDCs, neonatal AGD of most mammals is a sensitive 
sexually dimorphic biomarker, as it is largely determined 
by androgen exposure during critical development periods 
(Hass et al. 2007; Hotchkiss et al. 2002; USEPA 1996). 
In our study, 2 mg/kg DEHP treatment increased neona-
tal AGD. Similarly, Do et al. found that exposure to 0.5, 1, 
5, 500 and 50,000 μg/kg DEHP from gestational day 9–18 
resulted in a tendency for increased AGD of male fetuses 
(Do et al. 2012). Other studies showed that perinatal expo-
sure to 750 mg DEHP or 500 mg/kg DBP shortened AGD 
of male offspring (Moore et al. 2001; van den Driesche et al. 
2011). In this study, postnatal AGD index before weaned 

were not affected. The disturbing effects of EDCs depend on 
exposure dosage, timing and duration, and prenatal DEHP 
exposure pattern in this study may be not able to influence 
AGD development after birth. Although AGD index was not 
affected, 2 mg/kg DEHP treatment stimulated the develop-
ment of prostate in adult rats and indicated the potential 
reproductive toxicity in male offspring. Increasing evidence 
suggests that exposure to EDCs may have low-dose effects 
and non-monotonic dose–response (NMDR) relationships 
(Christiansen et al. 2010; Vandenberg et al. 2012), poten-
tially explaining the influences of DEHP on reproductive 
development in our study.

Prenatal DEHP exposure alters neuroendocrine gene 
expression in hypothalamus

The hypothalamus is a heterogeneous and dynamically regu-
lated network of dozens of different neural and glial cell 
types involved in the control of homeostasis. Because of 
the abundant expression of steroid hormone receptors, the 
hypothalamus is vulnerable to EDCs that interfere with sex 
hormone pathways (Gore 2010). Hypothalamic development 
depends on the presence of sex-appropriate timing and con-
centrations of steroid hormones during critical periods (Do 
et al. 2012; Fuchsl et al. 2013; Grande et al. 2006; Moore 
et al. 2001). However, little was known about DEHP effects 
on developing hypothalamic neuroendocrine systems. Our 
research focused on the male offspring treated by DEHP in 
utero and we identified 11 down-regulated genes in neonatal 
hypothalamus and 14 affected genes in adult AVPV, MPN 
and ARC. The results add to understanding the potential 
role of the hypothalamus in DEHP’s long-lasting deficits 
in reproductive function and endocrine regulation, and add 
to prior research on hypothalamic effects of EDCs (Li et al. 
2014; Walker et al. 2014; Wolstenholme et al. 2012).

DEHP down‑regulated neuroendocrine genes 
expression in neonatal hypothalamus

For the offspring on PND1, the hypothalamus was still in 
development (Maggi et al. 2014). The whole hypothala-
mus was used in this study to detect neuroendocrine genes 
expression. Our results suggested that the reprogramming 
effects of prenatal DEHP exposure could be identified as 
early as the day after birth. In the fetal brain of male rats, 
high levels of testosterone produced from the testes act not 
only directly upon androgen receptor, but are also aroma-
tized to estradiol (Dewing et al. 2003; Gore 2008; Wilson 
and Davies 2007). The Cyp19a1 gene encodes cytochrome 
P450 aromatase, the key enzyme for estrogen biosynthesis 
in the hypothalamus (Roselli and Resko 2001). This gene 
contains response elements of both androgens and estrogens, 
and its expression is regulated by steroid hormones (Lephart 
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1996; Tabatadze et al. 2014), and it is sexually dimorphic 
(Lauber et al. 1997; Roselli and Resko 2001). Estrogen 
activity is mediated via the estrogen receptors α and β (ERα 
and ERβ), as well as membrane ERs. In the rat hypothala-
mus, while ERα is expressed more extensively than ERβ 
during the neonatal period and is thought to play important 
roles in sexual differentiation, ERβ has been speculated to be 
important in male during late gestation and at birth (Bakker 
et al. 2006; Cao and Patisaul 2011). Our evidence of down-
regulated hypothalamic Cyp19a1 and Esr2 in male neonates 
indicates disruption of estradiol local synthesis and estrogen 
actions on its receptors. In addition, our data suggest that the 
genes related to neurotransmission, neuropeptide receptors 
and circadian regulation also are the targets of EDCs. We 
cannot draw specific conclusions regarding the degree to 
which hypothalamic functions could be altered with changes 
of these genes expression; however, our data support the 
possibility that these neuroendocrine genes could be altered 
in neonates after in utero exposure to DEHP. Moreover, most 
effects on gene expression were observed at the intermediate 
DEHP group (10 mg/kg) compared to the lower and higher 
dosages of DEHP groups (2 and 50 mg/kg, respectively). 
This type of NMDR relationship is both common and impor-
tant in EDC toxicity studies (Vandenberg et al. 2012). Other 
DEHP toxicity studies also demonstrated NMDR relation-
ships in testis Leydig cell dysfunction and in the inhibition 
of aromatase activity in the brain (Andrade et al. 2006; Ge 
et al. 2007). Our results may be helpful in guiding further 
DEHP toxicity studies especially in the animals during early 
life stage.

DEHP alters genes and protein expression 
with region‑specific effects in adult hypothalamus

The reprogramming effects of DEHP treatment on neuroen-
docrine genes in three specific nuclei regions of adult off-
spring indicated the long-lasting effects of prenatal DEHP 
exposure on hypothalamic development. The AVPV and 
the MPN are two important sexually dimorphic regions in 
hypothalamus, which also are the targets of EDCs (Bateman 
and Patisaul 2008; Wu and Gore 2010). The AVPV of rats is 
smaller in male than female, and its function in male rodents 
is related to masculine sexual behavior and reproductive reg-
ulation (Bai et al. 2011; Davis et al. 1996; Gore 2008). In our 
study, gene expressions of Crhr1 and Drd2 in male AVPV 
were both up-regulated by prenatal DEHP treatment. These 
two genes encoded corticotropin-releasing hormone receptor 
1 and dopamine 2 receptor, which both involved in the inhib-
itory actions on GnRH secretion (Jasoni et al. 2006; Liu and 
Herbison 2013; Takumi et al. 2012). This result may indicate 
the specific effects of prenatal DEHP exposure on neural 
networks in male AVPV, including aspects of the signal-
ing pathways that regulate GnRH release. As the regulative 

center of sexual behavior, the MPN contains the sexually 
dimorphic nucleus of the preoptic area referred to as SDN-
POA, which is larger in male than female rats (Gorski et al. 
1980). In this study, we found three affected genes (Avp, 
Hcrtr2 and Tac3r) in male MPN related to social behavior, 
food intake and reproduction (Bosch et al. 2010; Navarro 
et al. 2015; Scott et al. 2011), which indicated the differently 
possible impact of prenatal DEHP exposure on neuroendo-
crine regulation of MPN except for sexual behavior.

Except the AVPV and MPN, the ARC also is one of the 
targets of EDCs exposure on neurodevelopment (Gore et al. 
2015; Walker et al. 2014). The ARC is involved in estrogen 
negative feedback on GnRH release, which needs the media-
tion of kisspeptin and neurokinin B (NKB) neurons, and 
suppression of kisspeptin and NKB system is in association 
with reduced GnRH secretion (Oakley et al. 2009; Rance 
et al. 2010). Our gene expression results showed four related 
genes (Esr1, Esr2, Kiss1 and Tac2) were down-regulated. 
The decreased ERα protein expression also supported the 
inhibition effects of 50 mg/kg DEHP on estrogen action. 
It suggested that DEHP treatment may still interfere with 
GnRH release in male adult offspring via inhibiting kisspep-
tin and NKB action even the exposure occurred before their 
birth. Except for reproductive regulation, the ARC is a very 
important regulator of energy balance and appetite which is 
mainly mediated by NPY and POMC neurons (Sousa-Fer-
reira et al. 2014). The down-regulated expressions of Npy, 
Pomc and Ghrh in our study suggested that prenatal DEHP 
exposure may perturb the energy metabolism of adult rats 
by reprogramming hypothalamic neurodevelopment in utero. 
Besides, ARC Kisspeptin/Neurokinin B/Dynorphin neurons 
also take part in the action of estrogen on energy regulation 
(Mittelman-Smith et al. 2012). In general, the altered genes 
and protein in male ARC indicated a deeper insight on neu-
roendocrine development of prenatal DEHP exposure. Inter-
estingly, our results in the ARC showed the dose–response 
relationships between DEHP treatment and genes expres-
sion, which may partly explain the lower body weight in 
higher dose of DEHP group. It indicated the regional and 
functional depended effects of prenatal DEHP exposure on 
the development of male offspring.

Conclusions

Our study provides additional evidence that in utero expo-
sure to DEHP has a direct impact on male development of 
the neuroendocrine system. Specific effects on suites of neu-
roendocrine genes in the hypothalamus depend on the devel-
opmental stages. Moreover, the effects show non-monotonic 
dose–response relationships in neonatal male rats, with the 
intermediate dosage being associated with the greatest 
number of gene expression changes. On the contrary, the 
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effects on most of gene expressions pattern in adult male 
rats exhibit the linear dose–response relationships. By repro-
gramming the hypothalamus as early as the day after birth, 
the developmental trajectory of these animals is likely to 
be perturbed, with consequences for development, repro-
duction, energy metabolism, behaviors, and other functions 
controlled by the hypothalamus.
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