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Abstract
Di(2-ethylhexyl) phthalate (DEHP), a  plasticizer, is known to disrupt thyroid functions but the underlying molecular 
mechanism remains obscure. The present study was conducted testing the hypothesis that gestational exposure to DEHP 
would modify the expression of specific genes controlling biosynthesis and action of thyroid hormones in the male progeny 
at puberal age. Pregnant rats were administered with DEHP [1, 10 and 100 mg (in olive oil)/Kg b.wt./day] from embryonic 
day 9 to 21 through oral route. The pups were sacrificed on   post-natal day 60. Enzyme Immuno-Assay (EIA) revealed a 
dose-dependent decrease in serum 3,5,3’ triiodothyronine (T3) and L-thyroxine (T4) titres in DEHP-treated rats. Real-time 
RT-PCR and western blot analyses of thyroidal genes revealed decreased expression level of sodium/iodide symporter (Nis) 
and thyroid hormone receptor α (Trα), whereas the expression of thyroid stimulating hormone receptor (Tshr), thyroid 
hormone receptor β (Trβ) and pendrin (Pds) increased. While western blot detection showed decreased expression level 
of thyroperoxidase (Tpo), RTPCR data pointed out augmented expression. Western blot detection of transcriptional factors 
showed decreased expression levels of fork-headbox e1 (Foxe1) and hematopoietically expressed homeobox (Hhex), 
whereas thyroid transcription factor-1 (Ttf-1) and paired-box domain 8 (Pax8) increased. Our study demonstrates, for 
the first time, that gestational exposure to DEHP affects the expression of genes controlling thyroid hormone synthesis in 
puberal rat progeny, and the  hypothyroid state in these rats may be linked to decreased  expression of Nis, Tpo, Foxe1 and 
Hhex.   

1. Introduction
Phthalates and phthalate esters are man-made chemicals, 
mainly used to impart flexibility, pliability and elasticity to 
plastics and are, therefore, known as “plasticizers”1. These 
chemicals enter the environment via various products 
including medical tubing and blood bags, food handling 
and storage, electrical devices and toys, and also non-
PVC products such as paints, cosmetics and lacquers, 
which contain the chemical1,2. Phthalates are structurally 

non-covalently bound in products and can, therefore, 
easily leach out to contaminate a variety of household and 
industrial products3 due to their persistent presence in the 
environment, domestic animals, wildlife and humans; the 
susceptible population like pregnant women and children 
are potentially exposed to these compounds continu-
ously through oral, nasal and dermal routes4. Phthalates 
and their metabolites have been found in several biologi-
cal fluids including urine, serum, breast milk, saliva and 
amniotic fluid in humans5,6. DEHP is known to disrupt 
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endocrine functions7,8. Recent reports from our labora-
tory indicated disruption of testicular histoarchitecture 
and repression of critical genes in Leydig cells of adult rats 
with gestational exposure (ED 9-21) to different doses of 
DEHP9 and impairment of pancreatic β-cell functions10.

Disruption of thyroid gland functions by DEHP is 
known7. Long-term (13 weeks) dietary exposure of DEHP 
led to reduced thyroid follicle size and colloid density in 
male and female Sprague-Dawley rats11. On the contrary, 
short-term (3 week) exposure to DEHP caused increase in 
the number and size of lysosomes, enlargement of Golgi 
apparatus and damage to mitochondria of thyroid gland in 
rats12. Wistar rats fed DEHP along with the hypolipidemic 
drugs clofibrate and fenofibrate (50 to 1000 mg/kg/day) 
through oral route for 12 weeks exhibited shrunken col-
loid accompanied by calcium-rich inclusions13,14. Another 
study treated Wistar rats with DEHP (50-2000 mg/kg) and 
a related compound di-octyl phthalate (DOP, 2 g/kg) for 
3 days to 9 months and showed decreased colloid density 
and increased rate of thyroglobulin turnover15. Hinton et 
al., reported a non-significant time-and dose-dependent 
increase in serum T3 and a time-dependent decrease in 
T4 in male Wistar rats. Rat thyroid FRTL-5 cell line chal-
lenged with non-cytotoxic doses of DEHP (100 μM to 1 
mM) showed enhanced uptake of iodide16. Breous et al.,17 
reported that DEHP-induced increase in iodide uptake in 
rat thyroid cell line (PCC13) was the consequence of aug-
mented transcription of Nis. 

Epidemiological studies found an inverse association 
between urinary Mono-2-Ethylhexyl Phthalate (MEHP) 
concentration and free T4 and total T3 levels, but not 
with Thyroid Stimulating Hormone (TSH) after adjust-
ing for other covariates; Mono-2-Ethyl-5-Hydroxyhexyl 
Phthalate (MEHHP) concentration was positively associ-
ated with FT4, but not with TSH and T3, in a subgroup 
of 208/408 men18. Meeker and Ferguson19 conducted a 
study in 1,346 adults (age≥20 years) and 329 adolescents 
(aged 12–19 years) and reported an inverse relationship 
between urinary metabolites of DEHP and total and free 
T4, total T3 and Tg, and a positive association with TSH. 
Although the above findings indicated that DEHP and its 
metabolites can disrupt thyroid hormone homeostasis, 
the underlying molecular mechanism remains elusive. 
Thus, the existing literature suggests that phthalates are 
potent thyroid disrupting chemicals, but the informa-
tion is confined to adult animals and humans only. It is 
not known if embryonic exposure to DEHP can disrupt 
thyroid function during postnatal period. The imprinting 

effect of embryonic exposure to EDCs on various organ 
systems during postnatal life is known20. Therefore, it is 
imperative to understand the impact of embryonic expo-
sure to phthalates on thyroid function during post-natal 
life.

Based on the above literature background, it was 
hypothesized that gestational exposure to DEHP may 
modify the expression of specific genes controlling bio-
synthesis and action of thyroid hormones in the progeny 
at puberal age. The hypothesis was tested in male Wistar 
rats by detecting the expression of Tpo, Nis, Pds, and Tshr 
that control thyroid hormone synthesis. Additionally, Trα 
and Trβ, TTF-1, FOXE1, PAX 8 and HHEX that control 
the expression of Tshr, Nis, Tg, Tpo and Pds20,21 were stud-
ied in puberal rats exposed to different doses of DEHP 
during gestational period.   

2. Materials and Methods

2.1 Animals, Doses and Treatment
The experiments in Wistar rat (Rattus norvegicus) 
model was approved by the Institutional Animal Ethics 
Committee for Research on Experimental Animals (Ref. 
No: IAEC No.01/01/10). Rats were maintained in an 
air-conditioned animal house (12 h dark: 12 h light and 
temperature 25±2ºC), and provided with drinking water 
and pelleted diet (Lipton India Ltd., Mumbai, India) ad 
libitum. Female Wistar rats weighing 120 ± 10g with 
regular oestrous cyclicity, at proestrous phase were caged 
with male rats at a proportion of 2:1. Presence of sperm 
in vaginal plug/vaginal lavage on the next day morning 
confirmed successful mating, and the day was consid-
ered as Embryonic Day 1 (ED1). Each pregnant rat was 
placed in an individual cage, and received oral gavage 
of DEHP at three different doses 1, 10, 100 mg/kg b.wt./
day in olive oil; the control animals received only vehicle 
(olive oil). Dose ranges used in this study corresponded 
with normal to occupational human exposure as reported 
previously10 based on the average daily human exposure 
to phthalate, which was estimated to be between 1.7 and 
52 µg/kg b.wt./day22,23. Each group consisted of six preg-
nant dams and these rats were treated from ED9 to 21 or 
until parturition. The day of parturition was designated as 
postnatal day 1 (PND1). The litter size was culled to four 
male offspring to avoid suckling and crowding effects. At 
PND 60 rats were anaesthetized with sodium thiopental 
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(40 mg/kg b.wt, i.p.), blood was collected, sera separated 
and used for the assay of T3 and T4. The thyroid tissue 
was cleaned of adhering tissues and blood, and used for 
testing the expression pattern of thyroid functional genes 
and proteins (six animals per treatment group belonging 
to different litters were used for assays).

2.2 Histology of Thyroid Glands
Immediately after anesthetization, the thyroid glands 
were removed and fixed in 4% paraformaldehyde (PFA) 
for 48 h and processed for paraffin embedding. Sections (5 
µm thickness) obtained in a Leica microtome (Richmond 
Hill, Canada) were stained with hematoxylin and eosin 
and observed in a Nikon (Japan) microscope 80i. Network 
Internet System-imaging and capturing software (NIS) 
(Japan) was used for acquisition of images.

2.3 Hormone Assays
T3 and T4 levels in the serum were measured using a com-
mercially available EIA Kit (Syntron Bioresearch, Inc, 
Carlsbad, CA). The sensitivity of the assay was 20ng/dl 
and 0.5 µg/dl for T3 and T4, respectively. The inter- and 
intra-assay variations of T3and T4 were 4.9-6.0% and 9.3-
7.3%, and 10-8.5% and 11.9-6.1%, respectively. 

2.4 Real-Time RT- PCR
 Total RNA was extracted from thyroid tissue using TRIR 
reagent (ABgene, Surrey, UK) and quantified by measur-
ing the absorbance at 260/ 280 nm. RNA with 1.8-1.9 
ratio was pure. The integrity of the RNA was validated by 
running samples on 1% formaldehyde agarose gel. cDNA 
was synthesised from 2 µg of total RNA and oligo (dT) 
by using Omniscript® RT kit from Qiagen Inc (Valenica, 
USA) according to the manufacturer’s protocol. The lists of 
primer sequences used are given in the table 1. Real-time 
RT-PCR was carried out in a CFX96 Touch Real-Time 
PCR Detection System (Bio-Rad, Hercules, California). 

The reaction was performed using the MESA Green PCR 
Master Mix from Eurogentec (Seraing, Belgium) (which 
contains all the PCR components along with SYBR Green 
dye). The specificity of the amplification product was 
determined by melting curve analysis for each primer 
pair. The relative amount of each mRNA was normalised 
to β-actin. Data were analyzed by the comparative CT 
method and the fold change was calculated by the 2-∆∆CT 
method (Schmittgen & Livak 2008) using CFX Manager 
Version 2.1 (Bio-Rad, Hercules, California).

2.5 Western Blot Analysis
The expression levels of TSHR, TRα and β, NIS, TPO, 
PDS, TTF-1, FOXE1, PAX8 and HHEX proteins were 
detected by western blotting as described earlier24. Tissue 
protein was extracted using Radio-Immune Precipitation 
Assay (RIPA) buffer (150 mM NaCl, 50M Tris, 1 mM 
EDTA, 1% NP-40, 0.5% sodium deoxycholate and 0.1% 
SDS in 500 ml water) containing protease inhibitor cock-
tail; the homogenized samples were centrifuged at 12,000 
x g for 10 min at 4oC and the supernatant was collected 
and quantified using Folin-Ciacalteu phenol reagent, with 
crystalline Bovine Serum Albumin (BSA) as the standard. 
Total protein (75µg) was separated on 10% SDS-PAGE 
gel and electro-transferred onto a PVDF membrane 
(Millipore Biosciences Ltd., Billerica, MA, USA) at 100 
V for 50 min. After the complete transfer of proteins, 
membranes were blocked overnight in blocking buffer 
containing 10% non-fat dry milk and incubated with 
specific primary antibodies for  thyroidal  proteins  and 
transcription factors [TSHR (H-155), rabbit sc-13936; 
NIS (D-16), goat: sc-48052; TPO (MoAb47), mouse: 
sc-58432; PDS(E-20), goat: sc-16894; TTF-1 (8G7G3/1), 
mouse: sc-53136; FOXE1 (F-17), goat sc-16391); TRα 
(FL-408), rabbit: sc-772; TRβ (J52), mouse: sc-738; PAX8 
(A-15), goat: sc-16279; HHEX (H-180), rabbit: sc-366054] 
were from Santa Cruz Biotechnology (California, USA) 
and β-actin (Sigma-Aldrich, St. Louis, USA) (H300-

Table 1. List of primers used in this study
Gene names 5’-Oligonucleotide 3’-Oligonucleotide GeneBank accession  numbers
Tshr TCTCATTGCCTCCGTAGACC AACTCGCTGGCAAAAACAGT NM_012888.1
Tpo GCATGCCTACCTTTCTACCG GGAAGGAGGTCAAGCCATTC NM_019353.2
Nis GAGCAGACCATGGGGGTGCTC AAGGAAGACACTGCCACCCTGA U60282.1
Trα      AAGACGAGCAGTGTGTCGTG GGTGGGATGGAGGTTCTTCTG M18028
Trβ      GCTAGCCAAGAGGAAGCTGAT TCTTGATGAGCTCCCATTCC J03933.1
Pds AAGTGAATGTCCCGAAGGTG CATCGTCTTGAAGCAAGCA NM_019214
18S CGCTTCCTTACCTGGTTGAT GAGCGACCAAAGGAACCATA NM_001013237.2
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aminoacids 76-375 of actin, humans; sc-10731) for 4 hr in 
0.25% non-fat dry milk, at room temperature. The mem-
branes were then washed twice with Tris-Buffer Saline 
(TBS) for 10 min each, incubated with HRP-conjugated 
goat-anti-rabbit/mouse secondary antibody (Santa Cruz 
Biotechnology, CA) at 1:15,000 dilution in 0.25% non-
fat dry milk, incubated for 1 hr and washed twice with 
Tween-20 TBS and TBS for 10 min each. The membrane 
was exposed to Enhanced Chemi-Luminescence sub-
strate (ECL) for 1 min (Chemi-luminescence kit; Pierce 
Biotechnology, Inc., Rockford, IL). The protein bands were 
quantified in a Bio-Rad Chemi DocTM XRS Imaging sys-
tem, using” Quantity One” software (Bio-Rad, Hercules, 
CA). The band intensity for protein was normalized with 
that of the internal control, β-actin, and expressed as opti-
cal density units relative to β-actin. 

2.6 Statistical Analysis
Statistical analyses of data were performed using the 
Prism 6.00 Software (GraphPad Software for Windows, 
La Jolla, CA, USA) and values expressed as mean±S.E.M. 
Differences between groups were analysed by one-way 
Analysis Of Variance (ANOVA) followed by the Student 
Newman Keul’s test for multiple post-hoc comparison tests. 
In all cases, P<0.05 was considered statistically significant.

3. Results

Figure 1. Effects of gestational DEHP exposure on absolute 
weight of thyroid gland in male offspring at PND 60. Each 
bar represents mean ± S.E.M. of six animals. Bars with same 
alphabet denote statistically insignificant difference between 
the respective means, while those with different alphabets 
denote statistically significant difference between such 
means at p < 0.05 level.

3.1 Thyroid Gland Weight
Gestational exposure to different dose of DEHP (1, 10 and 
100 mg/kg b.wt./day), resulted in a significant increase in 
absolute thyroid gland weight  in 100 mg DEHP-treated 
group, whereas no change was evident  in 1mg  and 10 mg 
DEHP-treated groups (Figure 1).

Figure 2. Histological representation of thyroid gland of rat 
exposed to gestational (GD 1 - GD 21) DEHP treatment (60 
days) (20x) (20X). Microscopic representaton of thyroid 
gland - Control rat represents follicles lined by a sigle layer of 
cuboidal epithelium and lumen containing colloid. Disruption 
of follicular epithelium is evident in 1 and 10 mg DEHP treated 
rates. Rats exposed to 100 mg DEHP show large number of 
thyroid follicles filled with colloid. (A. Control, B- 1 mg DEHP, 
C- 10 mg DEHP, D- 100 mg DEHP/kg b.wt./day).

3.2 Histology of Thyroid Gland
Thyroid glands of control rats showed follicles lined by a 
cuboidal epithelium and filled with homogenous colloid, 
whereas rats belong to all experimental groups’ revealed 
disruption of follicular epithelium. Accumulation of col-
loid was evident in follicles of rats exposed to100 mg 
DEHP (Figure 2).

3.3 Serum Hormone Titres
Serum T3 (Figure 3(a)) and T4 (Figure 3(b)) levels 
decreased significantly in puberal rats with gestational 
exposure to DEHP, when compared to coeval control rats, 
in a dose-dependent manner.   
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3.4 Expression Pattern of Tshr and Trα 
Real-time RT- PCR and western blot data revealed 

increased expression of Tshr (Figure 4(a)) and Trβ (Figure 
4(c)) in puberal rats with gestational exposure to DEHP, 
when compared to coeval control rats, whereas the 
expression of Trα (Figure 4(b)) decreased in these rats.

3.5 Expression Pattern of Genes Controlling 

Thyroid Hormone Synthesis
Gestational exposure to DEHP increased Tpo mRNA, 
whereas its protein decreased (Figure 5(a)). However, 
the levels of both mRNA and protein of Nis (Figure 5(b)) 
decreased indicating subnormal expression of Nis in 
puberal rats with gestational exposure to DEHP, when 
compared to coeval control rats. On the other hand, 
DEHP exposure increased the expression of Pds as indi-

Figure 3. Effects of gestational DEHP exposure on serum T3 (A) and T4 (B) levels in male offspring at PND 60.. Each 
bar represents mean ± S.E.M. of six animals. Bars with same alphabet denote statistically insignificant difference 
between the respective means, while those with different alphabets denote statistically significant difference between 
such means at p < 0.05 level.

Figure 4. Effects of gestational DEHP exposure on expression of Tshr (A), TrA (B) and TrB (C) in the thyroid tissue 
of male  offspring at PND 60. Each bar represents mean ± S.E.M. of three observations from pooled samples of six 
animals. Bars with same alphabet denote statistically insignificant difference between the respective means, while 
those with different alphabets denote statistically significant difference between such means at p < 0.05 level.
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Figure 5. Effects of gestational DEHP exposure on gene expressions of Tpo (A), Nis (B), and Pds (C) in the 
thyroid tissue of male offspring at PND 60. Each bar represents mean ± S.E.M. of three observations from 
pooled samples of six animals. Bars with same alphabet denote statistically insignificant difference between 
the respective means, while those with different alphabets denote statistically significant difference between 
such means at p < 0.05 level.

Figure 6. Effects of gestational DEHP exposure on the protein expressions of Ttf-1 (A), Foxe1 (B), Pax8 (©), 
and Hhex (D) in the thyroid tissue of male offspring at PND 60. Each bar represents mean ± S.E.M. of three 
observations from pooled samples of six animals. Bars with same alphabet denote statistically insignificant 
difference between the respective means, while those with different alphabets denote statistically significant 
difference between such means at p < 0.05 level.
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cated by the consistent increase in the level of RT-PCR 
and western blot detection. (Figure 5(c)). Thus, there 
was a varied response of genes controlling iodothyronine 
synthesis, resulting in increased levels of Pds protein and 
decreased level of Nis and Tpo proteins.

3.6 Expression Pattern of Thyroid Specific 
Transcription Factors
Western blot detection revealed significantly increased 
expression level of Ttf-1 and Pax8 proteins in the DEHP-
treated rats when compared to coeval control rats (Figure 
6(a), (b)). On the other hand, Foxe1 and Hhex pro-
tein levels showed a dose-dependent decrease in all the 
DEHP-treated rats (Figure 6(c), (d)).  

4. Discussion
Findings from the present study point out that gesta-
tional exposure to DEHP could lead to hypothyroidism 
in the progeny at puberal age. Our results also reveal a 
dose-dependent effect of DEHP, as the intensity of hypo-
thyroidism was augmented with the increase in the dose 
of the chemical. Existing reports show that DEHP can 
disrupt the thyroid gland functions in men and experi-
mental animals exposed to it postnatally11-15. To the best of 
our knowledge, this is the first report on the response of 
thyroid hormones to DEHP exposure during gestational 
period. An early study18 reported an inverse association 
between MEHP and serum FT4 levels in men, but not 
with TSH and T3, after adjusting with other covariates. In 
contrast, MEHHP was significantly and positively associ-
ated with free T4, but not with TSH and T3, in a subgroup 
of 208/408 men. Subsequently, Meeker and Ferguson19 

studied 1,346 adults aged ≥20 years and 329 adoles-
cents aged 12–19 years during 2007–2008 in a National 
Health and Nutrition Examination Survey (NHANES) 
and found a monotonic dose-dependent decrease in 
T4 alone in relation to the urinary level of MEHHP. 
The above authors also observed a positive association 
between DEHP secondary metabolites (MEHP, MEHHP, 
Mono (2-Ethyl-5-Oxohexyl) Phthalate (MEOHP), Mono 
(2-Ethyl-5-Carboxypentyl) Phthalate (MECPP)) and 
total T3 in adolescents. Sprague-Dawley (SD) rats (18 days 
old) given  DEHP (0, 250, 500, 750 mg/Kg/day) for 30 
days by oral gavage showed significant decrease in serum 
T3, T4 and  TRH titres along with a decreasing trend in Nis 
and Tpo expression levels25. All the above reports attested 
the relation between DEHP/its metabolites and thyroid 

hormone status. Our findings point out that the progeny 
of mothers exposed to DEHP during pregnancy may be 
susceptible to hypothyroidism. To understand the molec-
ular mechanism underlying DEHP-induced hypothyroid 
state, we investigated the response of genes that control 
iodothyronine synthesis.

Western blot detection of  Tshr, the cell surface 
receptor for TSH, the  primary trophic hormone that 
stimulates thyroid epithelial cell proliferation, and control 
the expression of differentiation markers such as Tg, Tpo, 
Nis necessary for the iodothyronine synthesis26, point out 
that gestational exposure to DEHP might potentiate the 
action of TSH in the progeny. The synthesis and secre-
tion of TSH, and expression of Tshr are repressed by T3 
through specific Trα, which has response element on TSH 
gene, whereas the parameters are up-regulated when there 
is a decrease or absence of T3-mediated inhibition27,28. 

Therefore, augmented Tshr expression level observed in 
the present study, in response to all doses of DEHP tested, 
might be due to subnormal levels of circulating T3 and T4 
along with decreased expression of Trα, a known negative 
regulator of Tshr27,28.

Thus, it is clear that gestational exposure to DEHP 
interferes with the feedback control of iodothyronine syn-
thesis. The varied responses of Trα and Trβ to gestational 
exposure to DEHP are on the expected lines as both these 
subtypes of TR are known to act in an opposite manner in 
different target organs/cells29,30.

To gain further insight into the signalling of Tshr in 
DEHP-exposed rats, the responses of thyroid-specific tar-
get genes of TSH such as Nis, Tpo and Pds were tested. 
Thyroid hormone biosynthesis takes place in the fol-
licular lumen, filled with colloid that is predominantly 
composed of Tg, which serves as the scaffold for hor-
mone synthesis, apart from providing tyrosine molecules; 
uptake of iodide into the thyrocytes is facilitated by Nis, 
a glycoprotein anchored on the basal membrane, which 
mediates the active transport of I− into the thyroid follicu-
lar cells31,32. The accumulated I− is organified to molecular 
iodine (I2) through the action of TPO, which catalyzes 
the oxidation of iodine, iodination of Tyr residues on Tg, 
and coupling of these iodo-tyrosine residues to form T4 
and T3.

32 Thus, Nis and Tpo together control most of the 
key events related to iodothyronine synthesis. Therefore, 
puberal rats with gestational exposure to DEHP, which 
had decreased expression of Tpo and Nis, might have 
suffered from subnormal iodine transport, oxidation, 
iodination and coupling, leading to a hypothyroid state, 
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Wenzel et al.,16 demonstrated increased uptake of iodide 
in a rat thyroid FRTL-5 cell line when challenged with 
non-cytotoxic doses of DEHP (100 μM to 1 mM), which 
was specifically due to augmentation of the Nis. Breous et 
al.,17 did not find any increase in the expression of rat Nis 
mRNA or increase the activity of human NIS promoter 
constructs in response to DEHP. The inconsistency seen 
between these studies including the present in vivo study 
on puberal rats with gestational exposure to DEHP may 
be due to difference in the experimental protocol, models 
and doses of DEHP used. However, the present in vivo 
study clearly points out that there is under-expression 
of Nis gene in puberal rats with gestational exposure to 
DEHP. An interesting finding of the present study is the 
western blot detection of decreased Tpo protein level; 
despite an increase in its mRNA expression level in the 
progeny of mothers with gestational exposure to DEHP, 
suggesting a disposition between the rate of transcription 
and translation of Tpo or alteration in the stability of its 
mRNA and protein.

Increased expression of Pds in animals exposed to 
DEHP may be a compensatory mechanism to overcome 
repressed expression of Nis, and to maximally transport 
the available iodine from the intracellular compartment 
to the luminal compartment. Further studies on the 
uptake of labelled iodine at the basal plasma membrane 
and the transport of the same across the apical plasma 
membrane of thyrocytes may throw more light on this 
issue. We have also observed increased Tg mRNA expres-
sion in DEHP-treated rats of the present study (Data 
not shown). Probably, it is the outcome of augmented 
expression of Tshr and Ttf1. Iodinated Tg is stored in the 
follicular lumen of the thyroid and is released in response 
to specific stimulation by TSH33.

To understand the response of specific transcription 
factors that control the expression of Tshr, Tpo, Nis and 
Tg, the expression levels of Ttf-1, Foxe1, Pax8 and Hhexin 
the thyroid were detected by western blot. Interestingly, 
our results on these thyroid-specific transcription fac-
tors point out a specific stimulatory effect of DEHP on 
Ttf-1 and Pax8 proteins while an inhibitory effect was 
evident in the expression levels of Foxe1 and Hhex pro-
teins in puberal rat progeny with gestational exposure to 
DEHP. Ttf-1 is implicated as a critical regulatory com-
ponent of Tshr gene and appears to be the link among 
TSH, Tshr and its downstream signalling molecules as 
well as transcription of Tg and Tpo, and, thus, biosynthe-
sis of iodothyronines34. The consistent trend of increased 

expression of TTF-1protein along with the augmented 
levels of Tshr, Tpo and Tg mRNA, may point out the 
stimulatory effect of DEHP on the transcription of these 
thyroid specific genes because of its stimulatory effect on 
the expression of Ttf-1. However, data on T4 and T3 are 
not consistent with the expression level of above genes, 
suggesting that DEHP may affect synthesis of iodothyro-
nines by interfering with some other key factor, masking 
the enhanced response of Tshr, Tpo andTg. One of the 
interesting aspects of the present study is the decreased 
level of Tpo protein, despite an augmented response of its 
mRNA in DEHP-treated rats; probably, this has adversely 
affected iodothyronine synthesis, as discussed above. Ttf-1 
can bind to Nis promoter region and regulate its expres-
sion too35,36. Studies have shown that Pax8 binding site is 
found in the far-upstream enhancer region of human NIS 
gene and required for the activation of its expression in 
the thyroid37. This suggests that gestational exposure to 
DEHP represses Nis expression through other factors like 
Foxe1 and Hhex, which recorded decreased expression 
level. Taken together, these results suggest that gestational 
exposure to DEHP brings about specific changes in differ-
ent transcription factors controlling key genes controlling 
iodothyronine synthesis. Nevertheless, its adverse effect 
on Tpo and Nis proteins appears to be the key factor 
underlying the hypothyroid state of F1 progeny of moth-
ers with gestational exposure to this endocrine disruptor. 
The response of Tshr gene may reflect negative feedback 
mechanism at the level of thyroid gland.

5. Conclusions
Findings from the present study support the proposed 
hypothesis and show for the first time that gestational 
exposure to the plasticizer DEHP may disrupt thyroid 
function in the progeny by modifying the expression of 
thyroid-specific genes that control iodothyronine synthesis 
and their transcription factors leading to hypothyroid-
ism. It needs further studies to explain the inconsistency 
between mRNA and proteins of some genes.
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