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Abstract
Besides being potent regulators of energy balance, thyroid hormones are necessary for the maintenance of seasonal 
reproductive changes in many species of mammals and birds. The thyroid gland is known to be crucial for the seasonal 
transition in seasonal breeders from breeding to non-breeding. Many workers have reported that thyroid ablation prevents 
the animal from entering the non-breeding state in both males and females of different species of animals and, in such a 
situation, the breeding state is sustained indefinitely. No report exists to date about the involvement of the thyroid gland 
in the reproduction of the pygmi field mouse Mus terricolor. L-thyroxine was administered subcutaneously to both male 
and female mice for 15 consecutive days during the reproductively active phase. L-thyroxine treatment led to a significant 
reduction in the weights of gonads and accessory sex organs along with biochemical constituents like epididymal sialic 
acid, seminal vesicular fructose and uterine protein. Regressive changes in the histology of the gonads and accessory sex 
organs were observed which can be attributed to the reduced levels of plasma testosterone in males and plasma estradiol 
and progesterone in females of the L-thyroxine-treated mice. However, there was a significant increase in the levels of 
plasma T3, T4, and gonadal cholesterol in both sexes following L-thyroxine treatment. Both hypo- and hyperthyroidism 
can influence gonadal activity. The observations in the present study suggest that hyperthyroidism leads to the transition 
of reproductively active gonads to inactivity substantiating the hypothesis that high levels of thyroxine can accelerate the 
reproductive inactivity in this rodent.
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1. Introduction
The annual reproductive cycle of seasonal breeders is 
regulated in part by environmental factors (photoperiod, 
temperature, humidity, rainfall, and food availability) 
and endogenous changes in the brain-pituitary-target 
endocrine axis that are independent of environmental 
influences1. Metabolically active thyroid gland is known 
to play a pivotal role in the control of reproduction in 
seasonal breeders. The importance of thyroid hormones 
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in seasonal reproduction was first demonstrated in 
starlings by Woitkewitsch in the year 19402 wherein it was 
shown that thyroidectomy prevented the seasonal decline 
in the testicular activity and sustained the breeding status 
indefinitely. Since, then many studies have proved that 
thyroid hormones are necessary for the maintenance 
of seasonal reproductive changes in many species of 
mammals such as golden hamster3,4, Indian palm squirrel 
Funambulus pennanti5,6, sheep7, edible dormouse8 and 
several species of birds9,10.
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The thyroid gland appears to be crucial for the seasonal 
transition in seasonal breeders from the breeding to the 
non-breeding phase. Many workers have reported that 
thyroid ablation prevents the animal from entering the 
non-breeding state in both males and females of different 
species of animals such as rat11,12, Indian palm squirrel6, 
Syrian hamster13, and mouse 14.

Besides being a potent factor in the regulation of 
seasonal reproduction, the metabolic hormone, thyroxine 
(T4), has been implicated in the physiological regulation 
of energy balance as well as in maintaining normal 
reproductive function in mammals15,16. Thyroxine and tri-
iodothyronine are involved in tissue differentiation and 
growth, and the regulation of numerous bodily functions, 
mainly by affecting metabolic rate. Thyroid hormones 
act on many different target tissues, stimulating oxygen 
utilization and heat production in every cell of the body. 
The overall effects are to increase the basal metabolic rate, 
make more glucose available to cells, stimulate protein 
synthesis, increase lipid metabolism, and stimulate 
cardiac and neural functions4,17.

The appropriate timing of various processes, necessary 
for the survival and reproductive fitness and success of 
seasonal breeders, is achieved by the interaction of various 
endogenous factors (including the thyroid gland) which 
consequently drives seasonal changes in the reproductive 
activity of the animal. The Indian pygmy field mouse 
Mus terricolor is a seasonal breeder18 but no report about 
the involvement of the thyroid gland in its reproduction 
exists. Therefore the present study was undertaken to find 
the response of the reproductive functions of this rodent 
to the thyroid hormone action.

The study has aimed to explore the effects of exogenous 
L-thyroxine administration on the reproductive functions 
of male and female M. terricolor during the reproductively 
active phase. The study was divided into two parts:

Part I: Effects of exogenous L-thyroxine on the 
reproductive functions of male M. terricolor.

Part II: Effects of exogenous L-thyroxine on the 
reproductive functions of female M. terricolor.

2. Materials and Methods

2.1 Animals and Their Maintenance
The experiments were performed according to the 
Institutional practices and within the framework of 
the  revised Animal (Specific Procedure) Act of 2007 of 

the Government of India on animal welfare. The study 
was conducted during the reproductively active phase of 
the animal. The male and female animals were collected 
from the crop fields in the vicinity of Varanasi (Lat. 25º, 
18’ N; Long. 83º, 1’E), India, following the methods as 
described19,20.

The animals were brought to the laboratory and 
acclimatized for 2 weeks. Healthy young adult male 
mice and non-pregnant female mice of average weight 
11+1.0 g were randomly selected. For the duration of 
the experiments, the animals were kept in commercial 
polypropylene cages and maintained in a room at 
27+2.0ºC, with gentle ventilation. The animals were fed 
commercial food along with wheat and rice and had free 
access to water.

2.2 Experimental Groups
Part I: Randomly selected twelve young adult male 
animals were assigned to two different groups of six each. 
The first group of mice was considered as a control and 
was treated with normal (0.9%) ethanolic saline. The 
animals in the second group received L-thyroxine.

Part II: Similarly, the female mice were divided into 
two groups with six animals each. The normal (0.9%) 
ethanolic saline-treated group was the control while the 
mice in the second group were treated with L-thyroxine.

L-thyroxine (Sigma-Aldrich Chemicals, USA) was 
dissolved in 0.01 N NaOH solution and diluted in normal 
saline up to the desired concentration. The injections 
were given through a subcutaneous route during the 
afternoons for 15 consecutive days in the reproductively 
active phase of the animal. The dose of thyroxine was 35 
µg/100 g body Wt21.

2.3 Sample Collection
After a gap of 24 h from the last injection, the animals 
were weighed and sacrificed under total anesthesia. 
Heparinized tubes were used to collect the trunk blood. 
The heparinized blood was kept at -80ºC till the ELISA. 
The levels of plasma estradiol and progesterone (Biotron 
Diagnostics Inc., Hemet, California, USA), T3 and T4 
(Elabscience Biotechnology Co., Ltd., Houston, Texas, 
USA), and testosterone (DIAMETRA, Italy; Lot no. 
DKO002), were measured in the blood. 

In males testis, epididymis, and seminal vesicles, and 
in females ovary and uterus were dissected on ice. The 
tissues were cleaned properly of blood and extra tissue. 
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The weight of the tissues was recorded using an electronic 
balance (Denver Instruments, Gottingen, Germany). 
Testis, epididymis, and seminal vesicles of the left side in 
the male mice and ovary and uterine horn of the same 
side in the female mice were fixed in Bouin’s fluid for 
histological studies. The tissues of the right side were 
used for biochemical estimations of gonadal cholesterol, 
epididymal sialic acid, seminal vesicular fructose, and 
uterine protein.

2.4 Histology
The fixed tissues were processed for routine histological 
procedures. Some 6-µm sections were deparaffinized 
and stained using Ehrlich’s hematoxylin and eosin. The 
stained slides were observed in a microscope (Leica 
MPV-3, Germany) and documented.

2.5 Biochemical Estimations
The estimation of gonadal cholesterol was done using 
the manufacturer’s protocol (BioLab Diagnostics, 
India). The concentrations of epididymal sialic acid and 
seminal vesicular fructose were determined following 
the methods of Aminoff22, and Linder and Mann23, 
respectively. Bradford method24 was adopted for 
measuring uterine protein.

2.6 Hormonal Analysis
2.6.1 ELISA for Testosterone
Following the manufacturer’s instruction, 25 µL of the 
sample, control, and standard were added to each well 
of the ELISA plate. One hundred microlitres of the 
enzyme conjugate solution and 100 µL of the testosterone 
antiserum were added afterward. The incubation of the 
plate was done for one hour at room temperature with 
mild shaking. The wells were aspirated and washed 
thrice with double distilled water. The plate was further 
incubated at room temperature for 30 minutes after 
adding100 µL of the TMB chromogenic solution to each 
well. Finally, 100 µL of stop solution (0.2 M H2SO4) was 
added. The absorbance was recorded at 450 nm using a 
microplate ELISA reader (BioTek). 

2.6.2 ELISA for Estradiol and Progesterone
As per the manufacturer’s protocol, 25 µL of control, 
standard, and sample were added to each well in the 
ELISA plate. Further, 100 µL of enzyme conjugate solution 

was added. The plate was incubated for two hours with 
mild shaking at room temperature. Next, the wells were 
aspirated and washed three times with a wash solution. 
One hundred microlitres of the TMB chromogenic 
solution (substrate) was added and incubated at room 
temperature for 30 minutes in dark. One hundred 
microliters of stop solution were added finally. The 
absorbance was recorded at 450 nm.

2.6.3 ELISA for T3 and T4
The plasma levels of T3 and T4 in the respective groups 
were determined according to the manufacturer’s 
instructions. ELISA kit for the assay of T3 and T4 
was purchased from Elabscience Biotechnology Co. 
Ltd (Catalog No. E-El-H1871 and E-EL-M1364, 
respectively). As per the manufacturer’s instruction, 
100 µL of standard, control, and sample were added to 
each well of the ELISA plate. The incubation was done 
for 90 minutes at room temperature followed by the 
addition of 100 µL of the Biotinylated Detection Ab. The 
ELISA plate was incubated with mild shaking at room 
temperature for one hour. The wells were aspirated and 
washed thrice. Then, 100 µL of the HRP conjugate was 
added to each well and the plate was incubated further 
at room temperature for 30 min. The wells were again 
aspirated and washed five times. After that 90 µL of 
substrate reagent was added to the plate and incubated 
for 15 minutes at room temperature. Finally, 50 µL of stop 
solution was added and the absorbance was recorded at 
450 nm.

2.7 Statistical Analysis
Statistical analysis of the data was performed with Student’s 
‘t’-test. The differences were considered significant when 
p<0.05.

3. Results

3.1 Body Weight
No significant difference was observed in the body weight 
between saline-treated controls and L-thyroxine-treated 
male mice (Figure 1.1). Similarly, no significant change 
was observed in the body weight of the L-thyroxine-
treated female mice as compared with the controls 
(Figure 1.14). 
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Figure 1.1  Bar graphs showing non-significant change 
in body weight of male M.terricolor following 
L-thyroxine injections.

Figure 1.2  Bar graphs showing the significant reduction in 
relative testicular weight follwoing L-thyroxine 
injections.

Figure 1.3  Bar graphs showing the significant reduction 
in relative epididymal weight following 
L-thyroxine injections.

Figure 1.4  Bar graphs showing the significant reduction in 
relative seminal weight following L-thyroxine 
injection.

3.2  Weight of Gonads and Accessory 
Reproductive Organs

Significant reduction in the relative weights of testis, 
epididymis, and seminal vesicles of the L-thyroxine-
treated male mice as compared with the controls was 
found (Figure 1.2, 1.3, and 1.4, respectively). Likewise, 
L-thyroxine treatment in female mice resulted in a 
significant reduction in the relative weights of the ovary 
and uterus as compared with the controls (Figure 1.15 
and 1.16, respectively).

Figure 1.5  Bar graphs showing the significant elevation 
in the concentration of cholestrol following 
L-thyroxine injections.
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Figure 1.6  Bar graphs showing the significant reduction 
in the concentration of sialic acid following 
L-thyroxine injections.

Figure 1.7  Bar graphs showing the  significant reduction in 
the concentration of seminal vesiclular fructose 
following L-thyroxine injectins.

3.3 Biochemical Estimations
L-thyroxine treatment caused a significant increase in 
the concentrations of testicular (Figure 1 .5) and ovarian 
(Figure 1.17) cholesterol as compared with their respective 
controls. By contrast, significant reductions were noticed 
in the concentrations of sialic acid in the epididymis 
(Figure 1.6), fructose in the seminal vesicles (Figure 1.7), 
and protein in the uterus (Figure 1.18) of L-thyroxine-
treated mice as compared with controls.

Figure 1.8  Bar graphs showing the  significant reduction 
in the level of plasma testosterone following 
L-thyroxine injections.

Figure 1.9  Bar graphs showing the  significant elevation 
in the concentration of plasma T3 level of male 
M.terricolor following L-thyroxine injections.

Figure 1.10  Bar graphs showing the  significant elevation 
in the concentration of plasma T4 level of male 
M.terricolor following L-thyroxine injections.
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Figure 1.11A.  T.S. of the testis of M.terricolor following 
saline injections.Note the active 
seminiferous tubules showing full 
spermatogenic activity. EL: Epithelial 
lining, L: Lumen, ST: Seminiferous Tubules.

Figure 1.11B.  T.S. of the testis of M.terricolor following 
L-thyroxine injections.Note the 
seminiferous tubules showing suppression 
of spermatogenic activity and lumina 
devoid of spermatozoa. EL: Epithelial 
lining, L: Lumen, ST: Seminiferous Tubules.

Figure 1.12A.  T.S. of the seminal vesicle of M.terricolor 
following saline injections. Note the wide 
lumen filled with secretions. EL: Epithelial 
lining, L: Lumen.

Figure 1.12B.  T.S. of the seminal vesicle of M.terricolor 
following L-thyroxine injections.Note the 
exessive inward ramification of epithelial 
lining and scanty secretion in the reduced 
lumen. EL: Epithelial lining, L: Lumen.
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Figure 1.13A.  T.S. of the cpididymts (Caput,Corpus and 
Cauda part) of M.terricolor following saline 
injections. Note the lumina containins large 
number of spermatozoa. EL: Epithelial 
lining, L: Lumen.

Figure 1.13B.  T.S. of the cpididymts (Caput, Corpus 
and Cauda part) of M.terricolor following 
L-thyroxine injections. Note the lumina 
devoid of spermatozoa, containing debris of 
spermatozoa. EL: Epithelial lining, L: Lumen.
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Figure 1.16.  Bar graphs showing significant reduction in 
relative weight of uterus of female M.terricolor 
following L-thyroxine injections.

Figure 1.17.  Bar graphs showing the significant elevation 
in overian cholestrol of M.terricolor. following 
L-thyroxine injections.

Figure 1.18.  Bar graphs showing significant reduction 
in the concentration of uterine protein of 
M.terricolour following L-thyroxine injections.

Figure 1.19.  Bar graphs showing significant reduction in 
the level of plasma estradiol of M.terricolor 
following L-thyroxine injections.

Figure 1.20.  Bar graphs showing significant reduction 
in the level of plasma progesterone of 
M.terricolor following L-thyroxine injections.

Figure 1.21.  Bar graphs showing the significant elevation in 
the concentration of plasma T3 level of female 
M.terricolor following L-thyroxine injections.
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Figure 1.22.  Bar graphs showing the significant elevation in 
the concentration of plasma T4 level of female 
M.terricolor following L-thyroxine injections.

Figure 1.23.  (A) T.S. of the ovary of M.terricolor following saline injections. Note the presence of antral follicles 
and well developed corpus luteum. CL: Corpus Luteum, F: Follicle. (B). T.S. of the ovary of 
M.terricolor showing regressive histological changes following administration of L-thyroxine. Note 
the absence of corpora lutea and presence of abnormal follicle. F: Follicle. (C). Section of the ovary 
of M.terricolor showing an abnormal follicle.

A B

C
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Figure 1.24.  (A) T.S. of the uterus of M.terricolor following 
saline injections. Note the developed 
endometrium with several proliferated 
endometrial glands. EG: Endometrial 
glands, L: Lumen. (B). Transverse section 
of the uterus of M.terricolor showing 
regressive histological changes following 
administrationof L-thyroxine. Note the 
non-proliferated endometrial glands in the 
regressed endometrium and wide lumen. EG: 
Endometrial glands, L: Lumen.

3.4 Hormonal Analysis
The levels of plasma T3 (Figures 1.9 and 1.21) and T4 
(Figures 1.10 and 1.22) increased to significant levels in 
both sexes of mice following L-thyroxine injection. On 
the other hand, L-thyroxine treatment led to a significant 
decrease in the levels of plasma testosterone (Figure 1.8) in 
male and plasma estradiol (Figure 1.19) and progesterone 

(Figure 1.20) in female mice when compared with their 
respective controls.

3.5 Histological Observations
Most of the seminiferous tubules in the testis of 
control mice showed full spermatogenic activity with 
successive stages of transformation of spermatogonia 
into spermatozoa (Figure 1.11(A)). On the other hand 
L-thyroxine treatment induced mild regressive changes 
in the seminiferous tubules as evidenced by thinning of 
tunica propria, and loss of a few stages of spermatocytes. 
The Lumina of the majority of tubules were also devoid of 
spermatozoa (Figure 1.11(B)).

The caput, corpus, and cauda epididymides of 
the control mice showed normal histological features 
(Figure 1.13(A)). These three regions of the epididymis 
of the L-thyroxine-treated mice exhibited almost normal 
histology except that the lumina of the tubules contained 
a few broken heads (Figure 1.13(B)).

The seminal vesicles of the control mice showed 
normal histological features with a wide lumen containing 
a large amount of secretion (Figure 1.12(A)). By contrast, 
the seminal vesicles of L-thyroxine-treated mice showed 
marked degenerative changes, as indicated by the 
excessive inward ramification of the epithelial lining and 
scanty secretion in the reduced lumen (Figure 1.12(B)).

The ovary of the vehicle-treated control mice showed 
corpora lutea along with numerous small and medium-
sized antral follicles (Figure 1.23(A)). However, the 
ovarian sections of the mice treated with L-thyroxine 
showed inhibition of ovulation as reflected by the absence 
of corpora lutea and the presence of only primordial and 
primary follicles. The presence of some abnormal follicles 
was also noted in the sections of the ovary (Figure 1.23(B)).

The uterus of the control mice exhibited well-
developed endometrium, a narrow lumen, and several 
proliferative endometrial glands (Figure 1.24(A)). 
L-thyroxine treatment caused marked regressive changes 
in the uterus as evidenced by reduced endometrium, 
regressed endometrial glands, and the appearance of the 
wide lumen (Figure 1.24(B)).

4. Discussion
Both hyperthyroidism and hypothyroidism are known 
to be detrimental to reproduction. A marked difference 
between species and even between strains within the same 
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species in the response to the altered status of thyroid 
action exists25. So far there is no evidence of a normal 
reproductive cycle in mammals when there is a chronic 
or acute alteration in thyroid function. In this regard, the 
thyroid gland appears to have a specific influence on the 
regulation of the reproductive function of Mus terricolor. 

In the present study, the L-thyroxine treatment 
caused a significant decrease in the weight of gonads and 
accessory sex organs. It also led to a significant decrease in 
biochemical constituents like sialic acid in the epididymis 
and fructose in the seminal vesicles in males and uterine 
protein in females, while the gonadal cholesterol was 
significantly increased in both sexes. Histological 
observations in males revealed inhibited spermatogenesis 
in the testis, reduced spermatozoa in the lumen of the 
epididymis, and marked degenerative changes in the 
seminal vesicles. In females, histology of the ovary and 
uterus reflected anoestrus-like condition as evidenced by 
the presence of only developing follicles and the absence 
of antral follicles and corpora lutea and non-proliferative 
endometrium, respectively. Our results are consistent 
with the findings reported in European starlings2 and 
ewes26 where pharmacological doses of thyroxine have 
been reported to increase the circulating thyroid hormone 
thereby leading to premature termination of breeding 
activity in intact animals.

Many plausible mechanisms have been proposed 
according to which exogenous thyroxine may affect 
reproduction. The most likely mechanism is the 
involvement of thyroxine through the neuroendocrine 
axis rather than its direct actions on the gonads. The 
possibility is that the elevated thyroid hormones act 
directly on the GnRH neurosecretory system, decreasing 
GnRH and thus suppressing gonadotropin release. The 
authors in27 demonstrated that the thyroid gland is required 
for the endogenously generated switch in function of the 
GnRH neurosecretory system which leads to the end of 
the breeding season of the ewe. Further, there are two 
viewpoints regarding the suppression of gonadotropins in 
the presence of thyroid hormones. Some reports suggest 
it to be due to steroid-dependent suppression i.e., negative 
feedback from gonadal steroids27,28 while Shi and Barrel29 
associated it with a steroid-independent mechanism.

Moreover, thyroid hormones are assumed to act 
directly on the brain. The authors in30 demonstrated 
that small doses of T4 inhibited the secretion of LH 

when applied centrally in thyroidectomized sheep. 
Later, Anderson et al., with the help of micro-implants 
containing T4, confirmed the premammillary and 
ventromedial preoptic area as the target sites for thyroid 
hormone action7.

Several studies on thyroid hormone metabolism report 
that the expression of the enzymes type 2 deiodinase 
(DIO2) and type 3 deiodinase (DIO3) is critical for 
seasonal changes in mammals. The DIO2 is reported 
to convert T4 to a more active T3 and DIO3 converts T4 
to inactive reverse triiodothyronine (rT3) as well as to 
inactive diiodothyronine (T2)

31. The ratio of these two 
enzymes is supposed to regulate the availability of T3 in 
the hypothalalamus32. The action of these two deiodinases 
has been repeatedly reported by different workers in 
different species such as Djungarian hamster33,34, Syrian 
hamster35, and European hamster36. Incidences of 
oxidizing stress situations have been reported regarding 
l-thyroxine-induced hyperthyroidism37,38. Incidences of 
hyperthyroid condition due to elevation in prooxidant to 
antioxidants ratio lead to faster aggregation of oxidatively 
damaged molecules and thus oxidative stress and damage 
of certain organs, specifically the liver. However, we have 
not performed the toxicity or oxidative damage tests to 
develop the discussion further along these lines.

In the present experiment, a premature termination 
of breeding activity was evidenced by administering 
exogenous L-thyroxine (35 µg/100g Body wt.). The 
thyroid hormone is known for its reproductive effects. 
Both hypo- and hyperthyroidism can influence gonadal 
activity. Our observations suggest that hyperthyroidism 
leads to reproductively active gonads to inactivity 
suggesting that the high level of thyroid hormone can 
accelerate the reproductive inactivity in this rodent. It 
might be possible that the action of two enzymes, DIO2 
and DIO3 is responsible for the seasonal changes in this 
tiny rodent which will be checked in the future.

5. Acknowledgments 
The authors thank University Grants Commission, 
New Delhi, for financial support to Ms. Sweta Arora 
in the form of a Research Fellowship (RFSMS). The 
gift of instruments from the Alexandar von Humboldt 
Foundation, Bonn, Germany, to Prof. C. Haldar is 
gratefully acknowledged.



Effects of L-Thyroxine on the Reproductive Functions...

J Endocrinol Reprod. 12 Vol 26 (4) | December 2022 | http://www.informaticsjournals.com/index.php/jer/index

6. References
 1. Stetson MH, Tate-Ostroff B. Hormonal regulation of the annual reproductive cycle of golden hamsters. General and Comparative 

Endocrinology. 1981; 45(3):329-44. https://doi.org/10.1016/0016-6480(81)90073-3 PMid:6795080 
 2. Woitkewitsch AA. Dependence of seasonal periodicity in gonadal changes on the thyroid gland in Sturnus vulgaris L. In: CR 

(Doklady) Acad Sci URSS; 1940. p. 741-5.
 3. Vriend J. Effects of melatonin and thyroxine replacement on thyrotropin, luteinizing hormone, and prolactin in male hypothyroid 

hamsters. Endocrinology. 1985; 117(6):2402-7. https://doi.org/10.1210/endo-117-6-2402 PMid:3933963 
 4. Verma R, Haldar C. Photoperiodic modulation of thyroid hormone receptor (TR-α), deiodinase-2 (Dio-2) and glucose trans-

porters (GLUT 1 and GLUT 4) expression in testis of adult golden hamster, Mesocricetus auratus. Journal of Photochemistry and 
Photobiology B: Biology. 2016; 165:351-8. https://doi.org/10.1016/j.jphotobiol.2016.10.036 PMid:27838488 

 5. Haldar C, Srivastava M. Pineal gland and annual thyroid function of a tropical mammal Funambulus pennanti. Proceedings of 
National Academy of Science India. 1988; 58:49-54.

 6. Haldar C, Shavali SS, Singh S. Photoperiodic response of pineal-thyroid axis of the female Indian palm squirrel, Funambulus 
pennanti. Journal of Neural Transmission/General Section JNT. 1992 Feb; 90(1):45-52. https://doi.org/10.1007/BF01250517 
PMid:1466877 

 7. Anderson GM, Hardy SL, Valent M, et al. Evidence that thyroid hormones act in the ventromedial preoptic area and the premam-
millary region of the brain to allow the termination of the breeding season in the ewe. Endocrinology. 2003; 144(7):2892-901. 
https://doi.org/10.1210/en.2003-0322 PMid:12810544 

 8. Jallageas M, Assenmacher I. Effects of castration and thyroidectomy on the annual biological cycles of the edible dormouse Glis 
glis. General and Comparative Endocrinology. 1986; 63(2):301-8. https://doi.org/10.1016/0016-6480(86)90168-1 PMid:3781234 

 9. Haldar C, Ghosh M. Effect of pinealectomy and different 5-methoxyindole on thyroid gland function of the Indian jungle bush 
quail, Perdicula asiatica. New Delhi: Hindustan Publishing Corporation (India); 1996.

10. Bar MS. Role of thyroxine and prolactin in the testicular status of spotted munia (Lonchura punctulata). Journal of Environmental 
Biology. 2006; 27(1):141.

11. Inuwa I, Williams MA. Morphometric study on the uterine horn and thyroid gland in hypothyroid, and thyroxine treated hypo-
thyroid rats. Journal of Anatomy. 1996; 188(Pt 2):383.

12. Hatsuta M, Abe K, Tamura K, et al. Effects of hypothyroidism on the estrous cycle and reproductive hormones in mature female 
rat. European Journal of Pharmacology. 2004; 486(3):343-8. https://doi.org/10.1016/j.ejphar.2003.12.035 PMid:14985057 

13. Jenny V, Bertalanffy FD, Ralecewicz TA. (1987). The effects of melatonin and hypothyroidism on estradiol and gonadotropin levels 
in female Syrian Hamsters. Biology of Reproduction, 1987; 36:719-728 https://doi.org/10.1095/biolreprod36.3.719 PMid:3109508 

14. Cecconi S, Rucci N, Scaldaferri ML, Thyroid hormone effects on mouse oocyte maturation and granulosa cell aromatase activity. 
Endocrinology. 1999; 140(4):1783-8. https://doi.org/10.1210/endo.140.4.6635 PMid:10098516 

15. Schwartz MW, Figlewicz DP, Baskin DG, et al. Insulin in the brain: a hormonal regulator of energy balance. Endocrine Reviews. 
1992; 13(3):387-414. https://doi.org/10.1210/edrv-13-3-387 PMid:1425482 

16. Boswell T, Woods SC, Kenagy GJ. Seasonal changes in body mass, insulin, and glucocorticoids of free-living golden-man-
tled ground squirrels. General and Comparative Endocrinology. 1994; 96(3):339-46. https://doi.org/10.1006/gcen.1994.1189 
PMid:7883140 

17. Capen CC, Martin SL. The thyroid gland. Veterinary Endocrinology and Reproduction. McDonald LE, Pineda MH, editors 4th 
ed. Philadelphia, PA: Lea and Febiger; 1989. p. 58-91.

18. Arora S, Basu P, Singh P, Haldar C. Reproductive seasonality in the Indian pygmy field mouse, Mus terricolor. Biological Rhythm 
Research. 2015; 46(1):13-32. https://doi.org/10.1080/09291016.2014.939443

19. Basu P, Singaravel M, Haldar C. L-5-hydroxytryptophan resets the circadian locomotor activity rhythm of the nocturnal 
Indian pygmy field mouse, Mus terricolor. Naturwissenschaften. 2012; 99(3):233-9. https://doi.org/10.1007/s00114-012-0893-5 
PMid:22331255 

20. Basu P, Singaravel M. Accurate and precise circadian locomotor activity rhythms in male and female Indian pygmy field mice, Mus 
terricolor. Biological Rhythm Research. 2013; 44(4):531-9. https://doi.org/10.1080/09291016.2012.721587

21. Rai S, Haldar C, Singh SS. Trade-off between L-thyroxin and melatonin in immune regulation of the Indian palm  squirrel, 
Funambulus pennanti during the reproductively inactive phase. Neuroendocrinology. 2005; 82(2):103-10. https://doi.
org/10.1159/000091034 PMid:16424677 



Sweta Arora, Poonam Singh, Chandana Haldar and Priyoneel Basu

J Endocrinol Reprod. 13Vol 26 (4) | December 2022 | http://www.informaticsjournals.com/index.php/jer/index

22. Aminoff D. Methods for the quantitative estimation of N-acetylneuraminic acid and their application to hydrolysates of sialomu-
coids. Biochemical Journal. 1961; 81(2):384. https://doi.org/10.1042/bj0810384 PMid:13860975 PMCid:PMC1243351

23. Lindner HR, Mann T. Relationship between the content of androgenic steroids in the testes and the secretory activity of the 
seminal vesicles in the bull. Journal of Endocrinology. 1960; 21(3):341-NP. https://doi.org/10.1677/joe.0.0210341 PMid:13762385 

24. Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 
protein-dye binding. Analytical Biochemistry. 1976; 72(1-2):248-54. https://doi.org/10.1016/0003-2697(76)90527-3 PMid:942051 

25. Schultze AB, Noonan J. Thyroxine administration and reproduction in rats. Journal of Animal Science. 1970; 30(5):774-6. https://
doi.org/10.2527/jas1970.305774x PMid:5420311 

26. O’Callaghan D, Wendling A, Karsch FJ, Roche JF. Effect of exogenous thyroxine on timing of seasonal reproductive transitions in 
ewes. Biology of Reproduction. 1993; 49(2):311-5. https://doi.org/10.1095/biolreprod49.2.311 PMid:8373954 

27. Webster JR, Moenter SM, Woodfill CJ, Karsch FJ. Role of the thyroid gland in seasonal reproduction. II. Thyroxine allows a 
season-specific suppression of gonadotropin secretion in sheep. Endocrinology. 1991; 129(1):176-83. https://doi.org/10.1210/
endo-129-1-176 PMid:2055181 

28. Thrun LA, Dahl GE, Evans NP, Karsch FJ. A critical period for thyroid hormone action on seasonal changes in reproductive neu-
roendocrine function in the ewe. Endocrinology. 1997; 138(8):3402-9. https://doi.org/10.1210/endo.138.8.5341 PMid:9231794 

29. Shi ZD, Barrell GK. Requirement of thyroid function for the expression of seasonal reproductive and related changes in red deer 
(Cervus elaphus) stags. Reproduction. 1992; 94(1):251-9. https://doi.org/10.1530/jrf.0.0940251 PMid:1552486 

30. Viguié C, Battaglia DF, Krasa HB, et al. Thyroid hormones act primarily within the brain to promote the seasonal inhibition 
of luteinizing hormone secretion in the ewe. Endocrinology. 1999; 140(3):1111-7. https://doi.org/10.1210/endo.140.3.6543 
PMid:10067833 

31. Lechan RM, Fekete C. Role of thyroid hormone deiodination in the hypothalamus. Thyroid. 2005; 15(8):883-97. https://doi.
org/10.1089/thy.2005.15.883 PMid:16131331 

32. Bianco AC, Salvatore D, Gereben B, Berry MJ, Larsen PR. Biochemistry, cellular and molecular biology, and physiological 
roles of the iodothyronine selenodeiodinases. Endocrine Reviews. 2002; 23(1):38-89. https://doi.org/10.1210/edrv.23.1.0455 
PMid:11844744 

33. Barrett P, Ebling FJ, Schuhler S, et al. Hypothalamic thyroid hormone catabolism acts as a gatekeeper for the seasonal control of 
body weight and reproduction. Endocrinology. 2007; 148(8):3608-17. https://doi.org/10.1210/en.2007-0316 PMid:17478556 

34. Watanabe T, Yamamura T, Watanabe M, et al. Hypothalamic expression of thyroid hormone-activating and-inactivating enzyme 
genes in relation to photorefractoriness in birds and mammals. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology. 2007; 292(1):R568-72. https://doi.org/10.1152/ajpregu.00521.2006 PMid:17197645 

35. Yasuo S, Yoshimura T, Ebihara S, Korf HW. Photoperiodic Control of TSH--β Expression in the Mammalian Pars Tuberalis has 
Different Impacts on the Induction and Suppression of the Hypothalamo-Hypopysial Gonadal Axis. Journal of Neuroendocrinology. 
2010; 22(1):43-50. https://doi.org/10.1111/j.1365-2826.2009.01936.x PMid:19912473 

36. Hanon EA, Routledge K, Dardente H, et al. Effect of photoperiod on the thyroid-stimulating hormone neuroendocrine system 
in the European hamster (Cricetus cricetus). Journal of Neuroendocrinology. 2010; 22(1):51-5. https://doi.org/10.1111/j.1365-
2826.2009.01937.x PMid:19912472 

37. Messarah M, Boumendjel A, Chouabia A, et al. Influence of thyroid dysfunction on liver lipid peroxidation and antioxidant sta-
tus in experimental rats. Experimental and Toxicologic Pathology. 2010; 62(3):301-10. https://doi.org/10.1016/j.etp.2009.04.009 
PMid:19540741 

38. Kim SM, Kim SC, Chung IK, et al. Antioxidant and protective effects of Bupleurum falcatum on the L-thyroxine-induced 
hyperthyroidism in rats. Evidence-based Complementary and Alternative Medicine. 2012; 2012:578497. https://doi.
org/10.1155/2012/578497 PMid:22888365 PMCid:PMC3410357


