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Abstract

Thyroid hormones (THs) play a critical role in the development of ovarian cells.  Although the  
effects of THs on female reproduction are of great interest, the mechanism remains unclear.  We 
investigated the effects of TH dysregulation on reproductive hormones in rats.  Propylthiouracil (PTU)  
and L-thyroxine were administered to rats to induce hypo- and hyperthyroidism, respectively, and the  
reproductive hormone profiles were analyzed by radioimmunoassay (RIA).  Ovarian histology was  
evaluated with hematoxylin and eosin (H&E) staining, and gene protein level or mRNA content was  
analyzed by western blotting or reverse transcription polymerase chain reaction (RT-PCR).  The serum  
levels of gonadotropin releasing hormone (GnRH) and follicle stimulating hormone (FSH) in both rat  
models were significantly decreased on day 21, although there were no significant changes at earlier  
time points.  There were no significant differences in luteinizing hormone (LH) or progesterone (P4)  
levels between the treatment and the control groups.  Both PTU and L-thyroxine treatments downregulated  
estradiol (E2) concentrations; however, the serum testosterone (T) level was increased only in 
hypothyroid rats at day 21.  In addition, the expression levels of FSH receptor, cholesterol side-chain  
cleavage enzyme (P450scc), and steroidogenic acute regulatory protein (StAR) were decreased in both  
rat models.  Moreover, the onset of puberty was significantly delayed in the hypothyroid group.  These  
results provide evidence that TH dysregulation alters reproductive hormone profiles, and that the 
initiation of the estrous cycle is postponed in hypothyroidism.
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Introduction

Ovarian folliculogenesis and follicular de-
velopment are complex processes that are tightly  
regulated by endocrine, autocrine and paracrine factors  
(21, 36, 41).  The coordinated biosynthesis of repro-
ductive hormones during the reproductive cycle is  
critical for maintaining normal female reproductive  
function.  Cross-talk among granulosa cells, theca cells,  
and oocytes is critical for folliculogenesis and 
steroidogenesis, which maintain follicular devel-
opment and maturation in mammals (46, 47).  Al-
though gonadotropins are important for follicle 
development, thyroid hormones (THs) have been  
highlighted as possible endocrine factors involved in  
ovarian function.  It is well known that the THs, tri-
iodothyronine (T3) and thyroxine (T4), are involved 
in various biological processes, including growth, 
energy metabolism, maturation, embryonic devel-
opment, and cellular differentiation.  Studies have 
shown that thyroid disease is the second most com-
mon endocrine disorder in women of childbearing 
age (37), and THs are vital for normal reproductive 
function (33).  Dysregulation of the hypothalamic-
pituitary axis is associated with reproductive dis-
orders, including impaired follicular development.  
Hypothyroidism causes impaired fertility, including 
attenuated follicle development in multiple species 
(25), and subclinical hypothyroidism often results 
in infertility and can cause miscarriage and still-
birth in humans (31).  However, these reproductive 
abnormalities are markedly reversed by TH therapy, 
especially in the presence of gonadotropin although 
gonadotropin alone is effective (23-25, 29).  In 
hyperthyroidism, both spontaneous abortion (early  
pregnancy) and stillbirth (late pregnancy) pregnancy  
losses are common (1).  The number of ovarian follicles  
at different stages is reduced in both hypo- and 
hyperthyroid rats (13).  Previous studies have also  
suggested that THs alter steroidogenesis in ovarian  
cells in various species, including pigs (2, 17), cattle  
(42), mouse (7), rat (16) and humans (44) in vitro.   
Dysregulation of THs suppresses ovarian follicular  
growth and function, which indicates that hypo- and 
hyperthyroidism are potentially related to the dys-
regulation of the hypothalamic-pituitary-gonadal 
axis.  The negative effects of TH dysregulation on 
ovarian function may be due to disordered repro-
ductive hormone profiles.  Indeed, thyroidectomy 
influences the secretion of gonadotropins in ova-
riectomized cows (43); however, whether hypo-
thyroidism affects the levels of follicle stimulating  
hormone (FSH) and luteinizing hormone (LH) remains  
controversial (14).  The effects of hyperthyroidism  
on FSH and LH are also not well understood.  Therefore,  
the main objectives of the present study were to induce  

hypo- and hyperthyroid states via administration of 
propylthiouracil (PTU) and exogenous L-thyroxine, 
respectively, and to subsequently evaluate their in-
fluence on reproductive hormones and puberty ini-
tiation in immature rats. 

Materials and Methods

Materials

All reagents were purchased from Sigma-Aldrich  
(St. Louis, MO, USA) excluding following reagents.   
The commercial radioimmunoassay (RIA) kits for 
hormones assay from Research Institute of North 
(Beijing, China).  The enhanced chemiluminescence 
(ECL) detection kit was obtained from Amersham  
Life Science (Oakville, ON, Canada).  Acrylamide  
(electrophoresis grade), N,N′-methylene-bis-acrylamide,  
ammonium persulfate, glycine, sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) prestained molecular weight standards, 
nitrocellulose membranes, and horse radish peroxi-
dase (HRP)-conjugated anti-rabbit and anti-mouse 
immunoglobulin (Ig) G were products of Bio-Rad 
(Richmond, CA, USA).  Rhodamine-conjugated 
goat anti-rabbit and mouse IgGs were product of 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).  
Rabbit polyclonal anti-mouse FSH receptor (FSHR)/
LH receptor (LHR) was from Bioworld Technol-
ogy, Inc. (Bioworld Technology, USA).  TRIzol 
Reagent was a product of life (USA).  FastQuant 
Reverse Transcription Kit (RT Kit) (with gDNA) 
and SuperReal PreMix Plus (SYBR Green) kit were 
purchased from TIANGEN (Beijing, China).  PCR 
primers for steroidogenic acute regulatory protein 
(StAR) CYP11A1, β-actin were from Sunbiotech 
(Beijing, China).

Animal Treatments

Since immature rats before puberty have lower  
GnRH pulsing with basic level of FSH, LH, estradiol  
(E2) concentrations than those in mature rats, we se-
lected Sprague-Dawley rats (21 day old) to perform 
the followed experiments.  Rats were obtained from  
the Beijing Vital Laboratory Animal Technology Co.  
(Beijing, China).  Rats were housed in a temperature  
(23 ± 2°C) and humidity (60 ± 2%) with a 12/12 h  
light/dark cycle room and received pathogen-free water  
and food for maintenance except special requirement.   
All procedures were approved by the Institutional 
Animal Care and Use Committee of Capital Normal  
University and in accordance to the Principles of the  
Care and Use of Laboratory Animals and China Council  
on Animal Care.

Rats were divided into two experimental groups  
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and their respective controls: hypothyroid rats (HypoT,  
n = 36) and untreated rats (EUT, n = 18); hyperthyroid  
rats (HyperT, n = 36) and vehicle-treated rats (VEH, 
n = 18).  The day of drug administration was con-
sidered as day 0 of the experiment.

The hypo- and hyperthyroidism rats model  
were induced as previous report (13, 18).  Briefly, the  
hypothyroidism group was treated with 0.1 g/L PTU  
in drinking water for 21 days (PTU, Sigma-Aldrich).  
The hyperthyroidism rats were induced by subcutaneous  
L-thyroxine (L-thyroxine was dissolved in 0.1 mm 
NaOH (sodium hydroxide) solution and diluted in  
physiological saline) injection (250 μg/kg body weight)  
for 21 consecutive days (3, 13) (T4: Sigma-Aldrich).   
The vehicle-treated rats were injected with 0.9% (w/v)  
sodium chloride solution.  Since no statistical dif-
ferences were observed between the EUT and VEH  
groups in any of the studied variables, we grouped and  
analyzed them as a single control group.

On days 0, 7, 14 and 21 during treatment, nine  
rats in each time point were sacrificed and blood were  
collected.

Serum Collection and Hormone Level Analysis

The serum was collected after clotting and  
centrifuging (4,000 × g, 10 min) at room temperature  
(RT).  And then serum was used to determine the 
concentrations of GnRH, FSH, LH, testosterone (T), 
progesterone (P4) and E2 using commercial RIA kits 
(Research Institute of North Beijing, China).  The  
sensitivity of the GnRH, FSH, LH, T, P4 and E2 were  
5 pg/ml, <1.0 mIU/ml, 1.0 mIU/ml, 0.02 ng/ml, <0.2  
ng/ml, <5 pg/ml, respectively.  The intra-assay co-
efficients of variation were <10% for hormones (13).

Protein Extraction and Western Blot

Ovaries were collected and western blot analysis  
was performed as described previously (47).   Briefly,  
the samples were homogenized in buffer containing  
tris (hydroxymethyl) aminomethane hydrochloride  
(Tris-HCl 20 mM, pH 7.5), sucrose (0.25 M), MgCl2  
(2.5 mM), Ethylenediaminetetraacetic acid (EDTA, 
2.5 mM), KCl (10 mM), thimerosal (0.02%), and a  
protease inhibitor cocktail (Sigma-Aldrich).  And then,  
the homogenate was centrifuged for 10 min at 800 g 
and collected the supernatant.  The supernatant was 
centrifuged again (14,000 × g, 4°C, 30 min).  All 
protein extraction was carried out on ice and protein  
concentrations were determined by the Bradford assay  
(Bio-Rad).  15 μg of protein of cell lysates were 
subjected to SDS-PAGE (10%) and then electropho-
retically transferred to a nitrocellulose membrane  
for 2 h.  After transfer, the membranes were blocked 
with 5% (wt/vol) nonfat dry milk in Tris buffered 

saline with Tween 20 (TBST, 20 mM Tris-HCl,  
150 mM NaCl and 0.05% Tween 20; pH 7.5) buffer  
for 1 h (RT).  Antibodies against FSHR (1:1000, 
Catalog#:ab75200) was from Abcam (Cambridge,  
Mass., USA), LHR (1:1000; Catalog#:sc-25828) and  
StAR (1:1000; Catalog#:sc-25806) purchased from  
Santa Cruz Biotechnology (Santa Cruz, Beijing, China),  
CYP11A1 (1:1000; Catalog#:14217S) was from Cell  
Signaling (Danvers, MA, USA) and β-actin (1:10000; 
Catalog#:sc-81178) purchased from Santa Cruz Bio-
technology were used to incubate (4°C, overnight)  
with membranes.  The membranes were then treated 
with secondary antibody (1:5000, 1:10000, respec-
tively) in TBST buffer containing 5% nonfat milk 
for 1 h at RT.  After washing three times with TBST  
buffer, immunoreactive bands were visualized with the  
ECL kit according to the manufacturer's instructions,  
and protein content was determined by densitometrically  
scanning the exposed x-ray film.  Immunoreactions 
signals were analyzed using gel-pro Analyzer 4.0.

Quantitative Reverse Transcription Polymerase Chain 
Reaction (RT-PCR) Analysis

Total RNA of ovaries were isolated with TRIzol  
Reagent.  After DNAase I treatment, 1.5 ug total RNA  
were reverse transcribed into cDNA.  Quantitative  
RNA analysis for StAR, CYP11A1 and β-actin were  
performed by using a LightCycler 2.0 System (Roche  
Diagnostic, Indianapolis, IN, USA).  The StAR  
primers used for amplification were a 5' forward primer  
(5'-GGCTGTCTTCTGTCCCTA-3') and a 3' reverse  
primer (5'-GGTCCACCAGTTCTCATA-3').  The 
CYP11A1 primer sequences were 5'-TCAAC-
CGCTCTTGTCTTT-3' (5' forward primer) and 
5 ' -TCTCCCTACCACTTCCCT-3 '  ( 3 '  r eve r se 
primer).  The β-actin primer sequences used were 
a 5' forward primer (5'-AACCCTAAGGCCAAC-
CGTGAAAAG-3') and a 3' reverse primer (5'- 
CGACCAGAGGCATACAGGGACAAC-3').  The 
SuperReal PreMix Plus (SYBR Green) kit was sub-
sequently used to amplify the related genes.  The 
heat cycling reactions were comprised by an initial 
denaturation step (95°C, 15 min) and then, the am-
plification reaction comprised 40 cycles (95°C for 
10 s, 60°C for 20 s, and 72°C for 32 s, separately) 
for StAR, CYP11A1 and β-actin and the PCR prod-
ucts were followed by melted at 60°C for 30 s.  The 
melting curve analysis at the described PCR work-
ing conditions shows a single peak without primer-
dimers for the StAR, CYP11A1 and β-actin primer  
sets, respectively.  Each gene includes a standard curve.   
PCR without reverse-transcribed cDNA were used as  
negative controls.  The results were normalized to the  
expression levels of β-actin, a housekeeping gene, by  
the 2-ΔΔCt method (27).
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Histology Examination

After fixation in paraformaldehyde, rat ovar-
ian tissue specimens were subjected to conventional 
dehydration followed by paraffin embedding and  
sectioning (5 μm thick).  Hematoxylin and eosin (H&E)  
staining was performed to observe general histology  
of the rat ovary.

Onset of Puberty Monitoring
In order to determine whether THs treatment  

affected the onset of puberty, the vaginal opening of  
was checked daily.  The estrous cycle was examined  
daily and identified under a microscope (200 ×) using  
a vaginal smear flushed with physiological saline 
after vaginal opening (39, 40).  One mature rat was 
used as a positive control.

Statistical Analysis 

All the experiments were independently rep-
licated at least three times, and the data were pre-
sented as means ± standard error of the mean (SEM).  
All proportional data were analyzed using one way 
(repeated-measure) analysis of variance (ANOVA) 
(Prism 5.0 statistical software; GraphPad Software,  
Inc., San Diego, CA).  Significant differences between  
treatment groups were determined by the Dunnett’s 
test.  Statistical significance was defined at P < 0.05.

Results

Relative Hormone Concentration of Thyroid Dysfunction

To facilitate our investigation of the reproductive  

Fig. 1. Effect of thyroid dysfunction on serum concentration of T3, T4 and TSH.  The immature rats (21 days) were treated with 
0.1 g/L PTU in drinking water or subcutaneously injected with L-thyroxine injection (250 μg/kg body weight) for 21 con-
secutive days to construct hypo- and hyperthyroidism rats model.  The serum was collected for detecting hormones by RIA 
method.  (A) In contrast to changes in the hypothyroidism group, the serum T3 concentration was significantly increased in 
the hyperthyroidism group.  (B) The serum T4 levels showed the same tendency with T3 in both the hypo- and hyperthyroid-
ism groups.  (C) TSH concentration in the hypothyroidism group was significantly increased although TSH level was not 
dramatically changed in the hyperthyroidism group.  * indicates significant difference from the control (* P < 0.05, ** P < 0.01, 
*** P < 0.001), + indicates significant difference between hypo- and hyperthyroid rats (+ P < 0.05, ++ P < 0.001, +++ P < 0.001).  
T3: triiodothyronine; T4: thyroxine; TSH: thyroid stimulating hormone.
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hormones underlying dysregulated THs, we utilized  
rodent models of hypo- and hyperthyroidism, induced  
by PTU and L-thyroxine injection, respectively (11, 
13).  As expected, circulating T3 (Fig. 1A) and T4 
levels (Fig. 1B) were significantly lower than in the  
control group.  Consistent with the previous report (14),  
thyroid stimulating hormone (TSH) values were in-
creased in the hypothyroid group beginning at day  
7 (Fig. 1C).  In the hyperthyroid group, T3 values were  
dramatically increased after L-thyroxine treatment 
(Fig. 1A) on days 14 and 21.  Meanwhile, T4 levels 
were significantly higher from day 14 (P < 0.001; 
Fig. 1B) to day 21 (P < 0.001; Fig. 1B) although the 
TSH concentration had no significantly changed.

Ovarian Histologic and Morphometric in Thyroid 
Dysfunction Rat

As shown in Fig. 2, the internal structure of 
ovaries was scattered in the hypo- and hyperthyroid 
groups compared with that the control group.  And 
histologic observation demonstrated the presence of 
fewer follicles in thyroid dysfunction rat.

Effect of THs on Serum GnRH

On day 14 the serum gonadotropin releasing  
hormone (GnRH) levels in both the hypo- (P > 0.05;  
Fig. 3A) and hyperthyroid (P > 0.05; Fig. 3A) groups  
were not changed significantly compared with the 
controls (P > 0.05; Fig. 3A). However, on day 21,  
reductions were observed in both experimental groups  
(Fig. 3A).

Dysregulation of THs Affect FSH and LH Concentration

Although serum FSH concentration was down-
regulated in either hypo- and hyperthyroidism rat at 
day 14, there was no significant difference.  Serum 
FSH was downregulated by L-thyroxine treatment 
(P < 0.01; Fig. 3B) at day 21.  Reduced serum FSH 
concentration was also observed in the hypothyroid 
group (P < 0.05; Fig. 3B).  Although the LH con-
centration was not significantly influenced by the 
different treatments, the LH level was lower in the 
hyper- versus hypothyroid group at day 14 (P < 0.05; 
Fig. 3C). 

Steroid Hormones Concentration in Control, Hypo- and 
Hyperthyroid Rat
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Fig. 2. H&E staining in the rat ovarian follicles.  As described in the Materials and Methods, the paraffin sections of the ovaries 
were prepared.  H&E staining was performed to compare the rat ovarian follicle development among the three groups.  Mag-
nification, 100× and 400×, Scale bar, 100 μm and 20 μm.



 Thyroid Dysfunction Affects Reproductive Hormone in Female Rats 157

To assess the ovarian steroidogenic capability  
of TH dysregulation rats, the levels of serum E2, T  
and P4 were also measured.  The E2 concentrations  
were reduced in both hypo- and hyperthyroid groups  
compared with the control group (P < 0.05; Fig. 3D).   
Moreover, the down-regulation of E2 began on day 14.   
In hyperthyroid rats, the serum T concentration was 
significantly decreased compared with euthyroid 
controls (P < 0.05; Fig. 3E) at day 14, whereas the 
serum T level was not significantly altered in the  
hypothyroid group (P > 0.05; Fig. 3E).  Moreover, the  
changes were not significant in either group at day 21  
(P > 0.05, Fig. 3E).  The concentration of P4 was not  
significantly affected by either treatment (P > 0.05, 
Fig. 3F). 

Deregulation of THs Affects FSHR and LHR Proteins 
Expression in Ovary

We conducted western blotting to test whether 
TH dysregulation affects the expression of FSHR 
and LHR in the rat ovary.  Protein levels of FSHR 

in ovarian tissue were not significant changed in 
in both hypo- and hyperthyroid rats at day 14 (Fig. 
4A).  However, FSHR was decreased in both hypo- 
(P < 0.05; Fig. 4B) and hyperthyroid rats (P < 0.05; 
Fig. 4B) at day 21.  LHR expression was decreased 
in hyperthyroid rats (P < 0.05; Fig. 4C) at day 14, 
whereas it was not significantly altered in the hypo-
thyroid group (P > 0.05; Fig. 4D).

Effect of TH Deregulation on CYP11A1 and StAR 
Content in Ovary

To test whether TH dysregulation affects CY-
P11A1 and StAR expression in the rat ovary, western  
blotting was used.  Protein levels of CYP11A1 in 
ovarian tissue were decreased in both hypo- (P < 0.01; 
Fig. 5B) and hyperthyroid rats, (P < 0.01; Fig. 5B)  
at day 21.  However, CYP11A1 protein levels were not  
significantly affected at day 14 (Fig. 5A).  Decreased  
StAR expression was also detected in both rat models  
at days 14 (P < 0.05; Fig. 5C) and 21 (P < 0.05; Fig.  
5D).  The mRNA levels of CYP11A1 and StAR were  
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also assessed.  Transcript levels of CYP11A1 in ovarian  
tissue were not significantly altered in either hypo- or  
hyperthyroid rats (P > 0.05; Fig. 5E, F).  However, 
StAR mRNA relative expression was significantly 
increased in the hypothyroid rats at day 21 (P < 0.01; 
Fig. 5H).

The Effect of THs on the Onset of Rat Puberty 

Puberty onset in the rat is typically characterized  
by vaginal opening.  The estrous cycle is divided into  
proestrus, estrous, metestrus and diestrus phases, which  
are determined by vaginal smear collections (9, 15,  
26, 39, 40).  Our results showed that vaginal opening  
was observable at day 11 [11.50 ± 0.27] in the control  
group after treatment as day 0.  There were no sig-
nificant differences between the control rats and 
hyperthyroid rats (P > 0.05; Fig. 6).  However, the 
onset of puberty was significantly delayed by PTU 
treatment in the hypothyroid group (P < 0.05). 

Discussion

In the present study, hypo- and hyperthyroidism  

were induced in rats by treatment with PTU and 
exogenous L-thyroxine.  The serum levels of T3 and 
T4 in the hypo- and hyperthyroidism groups were  
significantly different, which indicates the rat models  
are reliable.  The endocrine levels of pituitary hor-
mones (FSH and LH) and steroid hormones (E2 and 
T) were dysregulated in the hypo- and hyperthyroid 
rats.  Additionally, the onset of the estrus cycle in 
hypothyroid rats was delayed.

The pulsated secretion of GnRH is a prerequisite  
for normal mammalian follicular development and 
ovulation.  GnRH regulates the synthesis and secre-
tion of FSH and LH from the pituitary, which are 
important in ovarian cell development (4, 6).  Our 
results in Sprague-Dawley rats showed that, while  
treatment with PTU or exogenous L-thyroxine had little  
immediate effect on GnRH, serum GnRH concentrations  
were significantly decreased in both models at day  
21.  We observed a decrease in FSH levels, which may  
have been due to decreased GnRH.  However, serum  
LH concentrations were not significantly affected.  
Similarly, another study showed that the serum LH 
level was not significantly altered in hypothyroid 
dwarf rats treated with thyroxine and equine chori-
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ferences in LHR expression among three groups.  * indicates significant difference from control (* P < 0.05; ** P < 0.01).
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onic gonadotropin (eCG) (25).
It has been reported that hypo- and hyperthy-

roidism are associated with dysregulation of the 
hypothalamic-pituitary axis and suppressed ovarian  
follicular growth and function (10, 13, 25).  Therefore,  
dysregulation of TH prevents follicle from growing  
further mainly via down-regulating FSH concen-
tration and or FSHR expression than LH level and  
LHR.  We also detect the expression of LHR in ovary,  
and found that LHR expression was only down-
regulated on day 14 in hyperthyroidism group.  
However, FSHR expression was decreased in both  
hypo- and hyperthyroidism groups.  It is possible that  
disorder of TH mainly regulated FSH synthesis since  
FSH and TSH share the same glycoprotein alpha chain  
(CGA) as part of their protein structure (5, 35).  It is  
possible that TH disorder impair the synthesis and  
secretion of FSH by regulating CGA expression (5).  E2  
is one of the most important ovarian hormones and is  
derived from T (33).  E2 and T are both steroid hor-

Fig. 6. Effect of thyroid dysfunction on rat puberty onset.  
Vaginal opening and smears were examined daily after 
PTU or L-thyroxine treatment.  The mature rats were 
also used as a positive control.  * indicates significant 
difference from control (* P < 0.05).  + indicates sig-
nificant difference between hypo- and hyperthyroid 
rats (+ P < 0.05).
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Fig. 5. Effect of THs on CYP11A1 and StAR content.  The StAR, CYP11A1 proteins and mRNA in ovaries were detected by 
western blot and quantitative RT-PCR, respectively.  (A) No significant differences of CYP11A1 protein content in both 
the hypo- or hyperthyroid groups compared with control group on day 14.  (B) Significant reduction of CYP11A1 protein 
content in both the hypo- or hyperthyroid rats on day 21.  (C) Protein levels of StAR in ovary tissue were decreased in both 
the hypo- or hyperthyroidism rats on day 14.  (D) The change manners of StAR protein in both model rats on day 21 were 
similar with that on day 14.  (E) No significant change of CYP11A1 mRNA level in both the hypo- or hyperthyroid groups 
compared with control group on day 14.  (F) No significant change of CYP11A1 mRNA level in both the hypo- or hyperthy-
roid groups compared with control group on day 21.  (G) No significant change of StAR mRNA level in both the hypo- or 
hyperthyroid groups compared with control group on day 14.  (H) Significant reduction of StAR mRNA level in the hyper 
groups compared with control group on day 21.  * indicates significant difference from control (* P < 0.05; ** P < 0.01).
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mones, which are synthesized using cholesterol as 
the raw material.  The cytochrome P450scc enzyme 
CYP11A1 is the only enzyme that catalyzes the  
conversion of cholesterol to pregnenolone, which is  
required for the biosynthesis of all steroid hormones.   
During steroid hormone biosynthesis, StAR plays a 
vital role as the rate-limiting step regulating choles-
terol transfer within the mitochondria (22, 28).  If 
these processes are impaired, synthesis of E2 is also  
disrupted.  Estrogens from pre-ovulatory follicles are  
used as an index of follicular maturation (25).  De-
creased expression of CYP11A1 in hypo- or hyper-
thyroid rats may affect the process of E2 synthesis.  
In the present study, the lower serum concentration 
of E2 on days 14 and 21 in hyperthyroid rats could 
have resulted from the observed decrease in T con-
centration, as the source material of E2.  And the 
lower T concentration was induced partially by the 
decreased expression of StAR on days 14 and 21.  
Moreover, TH inhibits FSH-induced aromatase ac-
tivity in granulosa cells, which can also decrease E2  
levels (8).  Although CYP11A1 mRNA abundance in  
the hypo and hyper rats in 21 d was not significantly  
changed, the protein expression of CYP11A1 was  
significantly decreased, suggesting that the regulation  
of CYP11A1 protein occurs at the translation level or  
via post-translational processing.  The regulation of  
StAR in dysregulation of TH rats may be similar with  
CYP11A1.  Additionally, decreased FSHR expression  
in hyperthyroid rats may also reduce ovarian sen-
sitivity to FSH, leading to lower serum E2 con-
centrations and retarded follicular development.   
However, the serum T level was not significantly altered  
in our hypothyroid rats, although E2 levels remained  
low.  These results are consistent with a previous report,  
in which spontaneous hypothyroidism was indicated  
by decreased secretion of E2 (25).  T4 treatment  
completely removes the symptoms of hypothyroidism,  
including decreased E2 levels (25), which indicates 
that insufficient TH affects the secretion of E2.   
Moreover, lower serum E2 is correlated with the level  
of sex hormone binding globulin (SHBG) and its 
binding activity (33), and even the conversion rate  
of T to Δ4-androstenedione (34).  In hyperthyroidism,  
E2 levels may also be related to the metabolic clearance  
rate of E2 (38).

Rats with thyroid dysregulation exhibit lower 
serum E2 levels, indicating that TH affects steroid 
biosynthesis in growing follicles, or decreases the 
number of receptors for gonadotropins in growing 
follicles.  Decreased E2 levels may be induced by 
lower FSH concentrations, causing decreased re-
sponsiveness of granulosa cells to FSH and retarded 
follicular growth and steroid production in these 
follicles (19, 30).  Previous reports have shown that  
THs (T4 and T3) in the physiological range synergize  

with FSH to increase FSH-mediated induction of P4  
in granulosa cells in multiple species (20, 30, 44).   
Although P4 levels were downregulated at days 7  
and day 14 in both the hypo- and hyperthyroid groups  
in our study, there were no significant differences 
compared with the control group.  It is possible that 
lower FSH and E2 levels retard follicular develop-
ment and decrease ovulation, which correlates with 
decreased LHR expression.  In addition, it is well  
known that LH mainly induces ovulation and corpus  
luteum development during the latter stage of fol-
licular development (45).  And P4 concentration is 
also gradually increased.  However, serum LH con-
centrations were not significantly changed in both 
rat models in the present study.  It partially explains 
that P4 levels were not significantly changed.  In-
adequate corpus luteum P4 secretion occurs when  
LH is delayed in vivo.  Additionally, differences in  
the in vitro culture systems used may have been re-
sponsible for the discordant observations between 
different studies.

Immature rats (21 d old) were used in the  
present study, which partially eliminated the potential  
confounding effects of endogenous hormones, although  
puberty was initiated in most of the rats during the 
later stage of treatment.  Immature rats with hy-
pothyroidism have delayed sexual maturity.  The 
present study indicates a possible relationship be-
tween thyroid function and the onset of puberty in 
rats.  Delayed puberty in hypothyroid rats could be 
the direct result of a decreased interaction between 
THs and the hypothalamic-pituitary-gonadal axis, 
or of indirect effects mediated through altered me-
tabolism since lower GnRH and FSH levels were 
present in hypothyroid rats.  Prepubertal rats with 
hypothyroidism have more secondary, and fewer 
antral, follicles, smaller non-atretic antral follicles 
and more atretic follicles in the ovaries due to the 
impaired differentiation of granulosa cells (10).  
Moreover, hypothyroidism reduced the number of 
follicles, which resulted in a decrease in the number 
of ovulations (32).  This clearly suggests a pathway 
whereby TH influences gonadal function, which is 
tightly correlated with imbalanced cross-talk be-
tween the hypothalamic-pituitary-gonadal axis and 
the hypothalamic-pituitary-thyroid axis (12).

In conclusion, our findings demonstrate that TH  
dysregulation alters reproductive hormonal profiles, 
and the initiation of the estrous cycle is delayed in 
hypothyroidism.  This study significantly improves 
our understanding of the role of THs in female re-
production.  Further studies are needed to elucidate 
the precise mechanisms underlying altered serum 
reproductive hormone profiles in rats with dysregu-
lated THs.
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