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Abstract

Obijectives: Dysfunction of the thyroid gland has a negative effect on the male reproductive system. Studies also show that
extracellular matrix (ECM) components play an essential role in testicular development and function. In hypothyroidism, there is
a significant disruption in the ECM structure of mammalian tissues. In addition, notable changes have been reported in the germ
cell population under a hypothyroid state. This study aimed to investigate the relationship between ECM proteins and apoptosis of
testicular germ cells due to hypothyroidism.

Materials and Methods: In the present experimental study, 20 male Balb/C mice were divided into control and hypothyroid
groups. The hypothyroid group received 0.05% 6-n-propyl-2-thiouracil (PTU) through drinking water for 35 days. Finally, real-time
polymerase chain reaction, immunohistochemistry, periodic acid-Schiff (PAS) staining, terminal transferase-mediated dUTP nick-
end labelling (TUNEL) assay, and biochemical measurements were performed after hypothyroidism confirmation.

Results: Laminin a5 and collagen IV mRNA levels were upregulated in the hypothyroid group compared to the controls (P<0.05).
Further, a strong immunoreactivity of collagen IV and laminin a5 was observed in the basement membrane (BM) of hypothyroid
mice (P<0.05). In contrast, there was no significant difference between the case and control groups regarding PAS staining.
The number of TUNEL-positive germ cells in hypothyroid mice increased significantly compared to control mice. Moreover,
PTU administration reduced superoxide dismutase activity while increasing the malondialdehyde level (P<0.05). Eventually, no
significant difference was found between the two groups in terms of thiol content.

Conclusions: Based on the results of the present study, hypothyroidism can cause changes in BM components and increase the

apoptosis of germ cells by inducing lipid peroxidation and reducing the activity of antioxidant defense molecules.
Keywords: Hypothyroidism, Laminin a5, Collagen IV, Germ cell, Apoptosis

Introduction

The most important roles of thyroid hormone (TH) are
the regulation, differentiation, metabolism, and normal
function of body tissues (1-3). Changes in TH levels cause
either hypothyroidism or hyperthyroidism (4). One of the
most common thyroid disorders is hypothyroidism, which
is associated with decreased TH levels (5,6). Functional
and anatomical changes of the thyroid gland cause
different kinds of hypothyroidism (7,8). According to the
clinical presentation, hypothyroidism is classified into
mild and severe forms which are defined as subclinical and
overt hypothyroidism, respectively. Thyroid-stimulating
hormone (TSH) levels in overt primary hypothyroidism
are high while thyroxine (T4), triiodothyronine, and (T3)
levels are low. Subclinical hypothyroidism is characterized
by an elevation in the TSH level but with a normal level
of T3 and T4. Furthermore, congenital hypothyroidism is
a TH deficiency condition that is observed at birth due

to a defect in the thyroid gland development or impaired
TH biosynthesis (7,8). A large body of data indicates that
an altered thyroid status in mammals adversely affects
many organs and tissues (9). Although it was long thought
that the testis was an unresponsive tissue to TH, studies
in the past two decades have shown that it is a hormone-
responsive organ, and TH is important in the regulations
of growth, proliferation, and differentiation of Sertoli,
germ, and Leydig cells and testicular functions (1,2).
Previous studies demonstrated that thyroid dysfunction
could lead to morphological and functional abnormalities
in the testis. Additionally, in several reports, disturbance
in the TH could adversely affect male fertility and
spermatogenesis (1,10).

Further, it is now well proved that extracellular matrix
(ECM) is more than an inert scaffold around cells that are
involved in the development, differentiation function of
the testis, and eventually, spermatogenesis (11-16). ECM
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Key Messages

»  Male reproduction system is adversely affected by thyroid
gland dysfunction.

» ECM plays a critical role in testicular development, growth,
and function.

»  Hypothyroidism as an underactive thyroid condition can
cause detrimental changes in the components of ECM and
increase the apoptotic of germ cells.

is consisted of glycoproteins and proteoglycans filling the
interstitial space of seminiferous tubules (15). As part of
ECM, the basement membrane (BM) surrounding the
basal surface of seminiferous epithelium is synthesized by
the cooperation between the Sertoli and peritubular myoid
cells (6,16-20). BM components in the testis have also been
indicated to modulate the function and survival of Sertoli
cells (20). Interactions between Sertoli, Leydig, myoid, and
germ cells are necessary for the spermatogenesis process
(16). The BM surrounding the seminiferous tubules
contains biologically active components including laminin
and collagen IV, along with heparan sulfate proteoglycan
and entactin/nidogen which are localized directly below
the Sertoli cells (17-19,21). Laminin protein is one of the
most important components of ECM. Laminin plays a key
role in BM assembly because it is formed earlier in the
embryo and interacts with other cells. Moreover, it has a
flexible and large structure including three non-identical
polypeptide chains called o, B, and y. These chains are
organized in the form of an asymmetric cross supported
by disulfide bonds. Minimally, 15 isoforms of laminin have
been identified, mainly expressed and synthesized during
fetal and adult lifelong. Laminin regulates cell signaling
and adhesion via binding to integrins (14,15,17,22,23).
Collagen IV as another important component of the
BM of the seminiferous tubule is considered to play a
structural role in all basal lamina. Collagen has been
regarded to promote cell adhesion, differentiation,
and migration. Collagen IV consists of three a chains
that form a triple helical structure by the bandings of
monomers. Genetically, six different a chains exist,
including, al (IV) and a2 (IV) chains that are ubiquitously
present in BM, as well as a3-a6 (IV) chains with a more
restricted distribution (12,14,15,23). It is well established
that alterations in specific BM components likely affect
the function and structure of the deposited BM (20).
Additionally, several reports have indicated that disruption
in the BM can perturb the cross-talks between the ECM
and Sertoli cells. Furthermore, using the antibodies against
laminin and collagen IV could disturb spermatogenesis
(12,15,18,23). THs have been demonstrated to influence
ECM metabolism and protein secretion (24). Moreover, in
vivo and in vitro treatment with T3 resulted in remodeling
the BM surrounding the seminiferous epithelium (20).
Additionally, a direct correlation has been reported
between developmental changes in the BM composition

and the delay in the development of germ cell and Sertoli
cell maturation in the testis of the hypothyroid rats (19).
On the other hand, previous research represents that
germ cell apoptosis plays a vital role in controlling sperm
production by Sertoli cells during spermatogenesis in
puberty or adulthood (25).

Alterations in testis physiology under a hypothyroid
condition cause hampered fertility as evidenced by reduced
total viable germ cells. As a specific type of programmed
cell death, apoptosis is necessary for maintaining testicular
homeostasis (26,27). Apoptosis in male germ cells can
occur in any phase of spermatogenesis from fetal life to
adulthood. In adulthood, germ cell apoptosis is involved
in removing damaged cells due to chemotherapeutic
agents, exposure to toxicants, hormonal factors, and
genetic mutations. The evidence indicated many apoptotic
germ cells in infertile men’s testes (28). However, little
is known about the effect of hormonal factors on germ
cell apoptosis (25). The normal TH level was reported
to prevent cerebellar apoptosis whereas hypothyroidism
increased apoptosis and promoted the pro-apoptotic Bax
expression (29). According to evidence, hypothyroidism
may alter the structure of mitochondria, releasing
apoptogenic proteins from the mitochondria, eventually
leading to apoptosis (30). TH has been considered as
one of the main regulators of oxygen consumption and
mitochondrial energy metabolism (26). TH plays a
crucial role in preserving the balance between antioxidant
molecules and reactive oxygen species (ROS) production
in various tissues such as the testis. Alterations in the level
of TH cause oxidative stress (OS) in the tissues through
modulating antioxidant defenses (3). Some studies
indicated that there is a relationship between increased OS
in the testis and hypothyroidism (31,32). OS is also one
of the most critical factors in causing germ cell apoptosis
(26,27,31). Therefore, the purpose of this study was to
examine the relationship between ECM proteins and germ
cell apoptosis following experimental hypothyroidism.

Materials and Methods

Animals and Study Design

Our research was performed based on the instructions of
the National Institute for Care and Use of Experimental
Animals (NIH Publications No. 80-23, revised 1978)
and approved by the Ethical Committee (approval NO.
IR MUMS.fm.REC.1394.230) of Mashhad University of
Medical Sciences, Iran. Based on the aim of the study, 20
Balb/C mice (approximately 9 weeks old and weighing
20-25 g) were purchased from the Animal Center of
Mashhad University of Medical Sciences. The animals
were housed under standard conditions (12 light-dark
cycles), humidity (55-65%), and at controlled temperature
(22-24°C), with ad libitum access to food and water. One
week after adaptation, the animals were divided into two
hypothyroid and control groups (n=10), and those in the
control group received no treatment.
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Induction of Hypothyroidism

In the present study, hypothyroidism was induced in
the animals by administrating 0.05% (w/v) 6-n-propyl-
2-thiouracil (PTU, Iran Hormone Company, Iran)
in their drinking water for 35 days. At the end of the
experiment period, the animals were deeply anesthetized
with chloroform and then the blood samples were
transcardinally collected to determine hypothyroidism
using the chemiluminescent immunoassay method. Then,
the animals were sacrificed, and the testes were removed
to be prepared for immunohistochemistry, real-time PCR,
periodic acid-Schiff (PAS) staining, terminal transferase-
mediated dUTP nick-end labelling (TUNEL) assay, and
biochemical measurements.

RNA Extraction and cDNA Synthesis

Total RNA was isolated from the testis by the RNA
Extraction Kit (Parstous Corporation, Iran) according to
the manufacturer’s recommendations. Briefly, first, the
testis was homogenized in the RL solution. Then, 150 uL
of chloroform was added and centrifuged at 4'C for 12
minutes. Next, 400 uL of the upper phase containing RNA
was transferred into a new tube, and an equal volume
of 70% ethanol was also added to the mixture and then
centrifuged at 4°C for 1 minute. Thereafter, 700 uL and 500
1L of PW were added and centrifuged at 4°'C for 2 minutes,
respectively. Finally, 50 pL of diethylpyrocarbonate
(DEPC) water was used and centrifuged to wash RNA off
the column. The quantity and quality of the total RNA
was checked by a spectrophotometer (BioTek, Epoch
Microplate Spectrophotometer UV-Vis, USA) at ratio
A260/A280 nm ), and 1% agarose gel for the visualization
of 18S and 28S ribosomal bands, respectively.

cDNA Synthesis

cDNA was synthesized using a cDNA synthesis
kit (Parstous Corporation, Iran) according to the
manufacturer’s instructions. In brief, 0.5 pL of RNA was
reverse transcribed with 1 L of oligo (dt) and 8.5 uL of
DEPC water. Then, the mixture was incubated at 65°C for
5 minutes and then immediately chilled on ice. Next, 10 pL
of RT-premix was added to the mixture (volume reaction
= 20 uL) and incubated at 25°C and 50°C for 10 and 60
minutes, respectively. Finally, the enzyme activity was
inactivated by heating at 70 °C for 10 minutes, and then
the synthesized cDNA samples were maintained at -70°C.

Table 1. Sequences of Applied Primers for the RT-PCR

Real-Time Polymerase Chain Reaction

The real-time polymerase chain reaction (RT-PCR)
technique was conducted to assess the change in collagen
IV, the o5 laminin, and GAPDH gene expression. The
RT-PCRs were established in duplicate to evaluate the
alteration in collagen IV and laminin a5 genes, and
GAPDH was selected as a reference gene. The reactions
were performed by SYBER Green/ROX master mix kit
(Parstous Corporation, Iran). Each reaction mixture
consisted of 10 uL of master mix, 1 pL of each of the
forward and the reverse primers (Table 1), 7.1 pL
distilled water, 0.4 pL of Rox dye, and 0.5 uL of the cDNA
templates (volume reaction = 20 pL). The amplification
cycle conditions included an initial denaturation step
(one cycle at 94°C for 10 minutes) and then followed by 35
cycles (denaturation at 95°C for 30 seconds; annealing at
60 °C for 1 minute, and extension at 72°C for 30 seconds).
Eventually, the relative gene expression was calculated
using the comparative CT method: 244¢7 (33).

Immunohistochemistry Method

This method was performed to immunolocalize laminin
a5 and collagen IV proteins in the BM of the seminiferous
tubules of groups. Briefly, deparaffinized sections were
rehydrated by the descending grade of ethanol and then
washed in phosphate buffer saline solution (PBS, pH =7.4).
Then, heat-induced antigen retrieval was conducted with
PBS/ethylenediaminetetraacetic acid (EDTA) solution
buffer for 30 minutes. Next, the sections were immersed
in 0.3% H,0, and methanol to inhibit endogenous
peroxidase activity. After washing in PBS, nonspecific
bindings were blocked with 10% goat serum and bovine
serum albumin 1% in PBS. Afterward, the sections were
incubated with laminin o5 (1:100 dilution; Abcam, USA)
and collagen IV (1:200 dilution; Abcam, USA) as primary
antibodies overnight at 4°C. In the next day, the sections
were washed in PBS, and then horseradish peroxidase
(HRP) conjugated secondary antibody (1:400 dilution;
Abcam, USA) was applied at 37°C for 2 hours. Finally,
3-diamianobenzidine (DAB) containing 0.01% H,O, was
used to visualize the reactions, then the sections were
counterstained with hematoxylin, dehydrated, cleared,
and mounted as well. The intensity of immunoreactivities
between the groups was assessed semi-quantitatively
through the grading scales as weak (+), moderate (++),
strong (+++), and very strong (++++) reactions. The

Gene Primer Sequences

Product Size (bp) Annealing Temperature ('C)

5'-AAGCTGTAAGCATTCGCGTAGTA-3'(R)

Collagen IV 5'- ATTCCTTTGTGATGCACACCAG-3'(F)

L a5 5" TACCAACGAAGGGCTGCG- 3'(R)
5'-CGTCCCACAGGAATAGGCT- 3'(F)

CAPDH 5'- CTGTAGCCATATTCATTGTCATACCA-3'(R)

5'-AACTCCCATTCTTCCACCTTTG-3'(F)

107 58
109 58
385 58

Note. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; RT-PCR: Real-time polymerase chain reaction.
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locations served as positive staining where the expressed
laminin o5 and collagen IV appeared in brown. All the
samples were graded blindly by two observers (33). The
incubated sections in PBS without primary antibodies
served as negative controls.

PAS Staining

After routine histological tissue processing, the
deparaffinized testicular sections were washed in PBS and
then placed into periodic acid 1% solution for 5 minutes.
Next, the sections were stained with Schiff’s reagent for 2-5
minutes. In the next step, the sections were counterstained
with Harris hematoxylin and then, dehydrated, cleared,
and mounted, and finally, the intensity of reactions was
scored as described above (34).

TUNEL Assay

A terminal transferase-mediated dUTP nick-end labelling
assay (TUNEL) kit (Roche, Germany) was used to detect
apoptotic germ cells in testicular sections. First, the
sections were deparaffinized, rehydrated, and rinsed in
0.1 M PBS, and then incubated with 20 ug/mL proteinase
K (Roche, Germany) for 20 minutes. To inactivate
endogenous peroxidase, the sections were treated with 3%
H,O, in methanol. After PBS washing, the sections were
incubated in the reaction mixture containing terminal
deoxynucleotidyl transferase and the deoxynucleotide
mixture overnight at 4°C. In addition, the sections were
treated with the HRP conjugated secondary antibody
for 2 hours at 37°C and then treated with DAB solution
containing 0.01% H,O,. Finally, the sections were
counterstained with hematoxylin, dehydrated, cleared,
and mounted as well. Apoptotic germ cells appeared in
dark brown. The sections were incubated with the TUNEL
reaction mixture, but they served as negative controls
without terminal transferase. The numbers of TUNEL
positive cells were counted using Image ] software. The
numbers of positive cells per unit area (NA) in the testis
were calculated by the following formula:

p=3x,
i=1

where £Q indicates the sum of the counted positive germ
cells that were visible in the sections. Further, a/f and XP
are the area related to each frame and the sum of frames
that were associated with points hitting space , respectively
(35).

Biochemical Assessment

The testicular tissue was examined for malondialdehyde
(MDA) concentration, total thiol content, and superoxide
dismutase (SOD) activity. MDA levels as an index of
LPx were measured to determine lipid peroxidation
(LPx). MDA reacts with thiobarbituric acid (TBA) as a
thiobarbituric acid reactive substance and the production
of a red colored-complex with a peak absorbance at 535

nm. For this purpose, 2 mL of thiobarbituric acid (TBA)/
trichloroacetic acid (TCA) and hydrochloric acid (HCl)
reagents were added to a 1 mL homogenate tissue and
then incubated in a 100°C water bath for 45 minutes. After
cooling and centrifuging, the supernatant was separated,
and the absorbance was read at 535 nm. The concentration
of MDA was calculated as described formerly (36).

The total thiol content was measured via DTNB (2,
2'-dinitro-5,5"-dithiodibenzoic acid) as the reagent.
This reagent reacts to SH (sulfhydryl) groups and yields
a yellow-colored complex with a peak absorbance at 412
nm. In brief, I mL Tris- EDTA buffer (pH = 8.6) was
added to 50 pL testis homogenate in 1 mL cuvettes, and
the absorbance was then read at 412 nm against Tris-
EDTA buffer alone. Next, 20 uL DTNB reagents (10 mM in
methanol) were added and the absorbance was read again
after 15 minutes at room temperature. DTNB absorbance
was also read as a blank. The calculation of the total thiol
concentration (mM) was previously described (36).

The SOD activity was measured as previously described
by Madesh and Balasubramanian. The mentioned method
is a colorimetric assay consisting of the generation
of superoxide by pyrogallol autoxidation and the
inhibition of the superoxide-dependent reduction of the
tetrazolium dye MTT (3-(4, 5-dimethylthiazol-2-yl) 2,
5-diphenyltetrazolium bromide) to formazan by SOD at
570 nm. One SOD activity unit was defined as the amount
of enzyme causing 50% inhibition in the reduction rate of
the MTT (36,37).

Statistical Analysis

The data were analyzed by SPSS software (version 16),
and a P value of less than 0.05 was considered statistically
significant. The non-parametric Mann-Whitney test was
used to analyze the results of immunohistochemistry and
PAS staining. Additionally, an independent t-test was
applied to analyze the results of RT-PCR, the TUNEL
assay, and biochemical parameters.

Results

Serum Hormones Profile

Based on the findings of the study, the serum levels of total
T4 remained low in the hypothyroid group compared to
the control group whereas the TSH level increased in
the hypothyroid group in comparison to the controls,
confirming the hypothyroid status of PTU-administered
mice (Table 2, P < 0.05).

Hypothyroidism Alters Laminin o5 and Collagen IV Gene
Expression

The quantitative RT-PCR was used to evaluate laminin o5
and collagen IV mRNAs expression. The results showed
that the levels of laminin a5 mRNA in the hypothyroid
group significantly increased compared to the control
group (P<0.001, Figure 1A). Meanwhile, collagen IV
mRNAs were also highly expressed in the hypothyroid
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Table 2. Impact of PTU Treatment on Serum Total T4 and TSH Levels

Variables Control Hypothyroid
T4 (pg/dL) 8.02+1.27 3.4+0.47%
TSH (pIU/mL) 2.15+0.35 6.67+1.12°

Note. SD: Standard deviation; PTU: 6-n-propyl-2-thiouracil; TSH: Thyroid-
stimulating hormone. Data are expressed as the mean = SD. Superscript letter
(a) indicates a statistically significant different (P < 0.05). Comparisons are
between control and hypothyroid groups.

mice compared to the control ones (P<0.001, Figure 1B).

Hypothyroidism Leads to Alterations in the Immunoreactivity
of the Basement Membrane of the Testis

The immunohistochemistry technique was employed to
determine the distribution of laminin a5 and collagen
IV proteins in BM seminiferous tubules. The intensity of
the reaction was scored according to color opacity. The
results revealed that the laminin a5 reaction significantly
increased in the BM of the hypothyroid mice compared to
the control group (P<0.001, Figure 2A-C). Furthermore, a
significant increase was observed in the immunoreactivity
of collagen IV in the hypothyroid group in comparison to
the control group (P<0.001, Figure 3A-C). However, no
remarkable difference was found between the two groups
in terms of PAS staining (Figure 4).

Hypothyroidism Leads to Enhanced Germ Cell Apoptosis
in Mice Testis
The data analysis demonstrated that the spermatogonia,

1.6 -
Relative expression of lamininas5 in testis (RQ) *

14 -
A
1.2
1 -
0.8
0.6 -
0.4 -
02
0

Control group Hypothyroid group
L6 1 Relative expression of collagen IV in testis (RQ) * B
14
1.2 -

1
08 -
06 -
04 -
02 -
0 ‘

Control group

Hypothyroid group

Figure 1. Comparison Between Laminin o5 (A) and Collagen IV (B) mRNA
Level Expression in the Hypothyroid Group Compared to the Control Group
Note. SD: Standard deviation. Values are expressed as the mean + SD.
“Significant differences compared to the control group (P<0.05).

Laminina5 immunoreactivity * C

Control group Hypothyroid group

Figure 2. Qualitative and Quantitative Analysis of Immunohistochemical
Staining for Laminin a5 Protein in the BM of Seminiferous Tubules:
Representative Photomicrographs of Control (A) and Hypothyroid Groups (B)
and a Graph (C) of Laminin a5 Staining Intensity.

Note. Positive immunoreaction is shown in different brown colors (Arrows).
Scale bar = 50 pm. * Statistical significance compared to the control group
(P <0.05).

primary spermatocytes, and spermatids underwent
apoptosis. Based on the results, the mean number of
TUNEL (+) spermatogonia and primary spermatocytes
was significantly higher in the hypothyroid group
compared to the controls (P<0.001). A notable increase
was also observed in the number of TUNEL (+) spermatid
cells in the hypothyroid group when compared to the
control group (P<0.01, Figures 5 and 6).

Effect of Hypothyroidism on MDA and Thiol Contents
and SOD Activity in the Mice Testis

The findings represented that PTU exposure increased
MDA concentration in the testes of the hypothyroid
group compared to the control group (P<0.05, Table 3).
Furthermore, SOD activity reduced in the hypothyroid
group in comparison to the control group (P<0.05, Table
3). However, no significant difference was detected in any
of the two groups regarding the thiol content.
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Discussion

It is now widely accepted that hypothyroidism considerably
impacts reproductive function in both genders (8). The
clinical literature of the last decades has indicated that TH
deficiency is related to abnormalities in the function and
morphology of the testis and alterations in sexual activity

(38). Congenital and early childhood hypothyroidism has
also been proved to cause significant health problems in
men (10). Furthermore, ECM components, including BM,
play a crucial role in tissue differentiation, development,
and functions (21). The results also showed that TH
regulates the expression of ECM components at both

14
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Table 3. Effect of Hypothyroidism on MDA, Thiol, and SOD Levels

Variables Control Hypothyroid
MDA (nmol/mg protein) 26.78+1.95 31.07£1.56°
Thiol (microlmol/mg protein) 0.61+0.16 0.83+0.11
SOD (U/mg protein) 6.61+0.48 3.1£0.19*

SD:
dismutase.

Standard  deviation; MDA: Malondialdehyde; SOD: Superoxide

* represents significant difference between hypothyroid and control groups P
value < 0.05. Data are presented as mean + SD.

mRNA and protein levelsin human and rat tissues (20). The
in vivo transfer of laminin and collagen antibodies against
the BM of the seminiferous tubule has been demonstrated
perturbations in spermatogenesis and Sertoli cell
functions (23). The results of Loveland et al demonstrated
a direct correlation between developmental changes in the
BM composition and delay in the development of germ
and Sertoli cell maturation in the testis of the hypothyroid
rats (19). Furthermore, in one study, hypothyroid status
caused a marked disruption in the architecture of the
ECM of tendons (24). There was a significant increase in
laminin a5 and collagen IV expression at both mRNA and
protein levels due to TH deficiency in the present study.
Consistent with our findings, Amerion et al reported that
hypothyroid state during pregnancy caused a significant
increase in laminin immunoreactivity in rat newborns’
skin (39). Despite these results, Hushmand et al found a
significant reduction in the laminin reaction of the lung
alveoli in the hypothyroid group (40), which is inconsistent
with the results of this study. In several cases of impaired
spermatogenesis, the lamina propria of seminiferous
tubules considerably thickened by an increase in the ECM
components (11,18). Fibroblast proliferation, tubular
wall hyaline, interstitial edema, and peripheral fibrosis,
as well as tubular BM adhesion have also been observed
in patients with hypothyroidism (38). Although the BM

Apoptotic germ cells numbers (n/mm2) x
(spermatogonia)

of the seminiferous tubules showed a positive reaction
to PAS staining in the present study, no significant
difference was found in the intensity and thickness of the
BM between the hypothyroid and control groups. Some
studies represented that BM degradation by PAS staining
is not clearly detectable, and reticulin staining has more
potential to show BM changes (41). Finally, the results
revealed that hypothyroidism by increasing the synthesis
of BM components or reducing their turnover could
increase the thickness of the BM (39). Thus, alterations in
the BM components affect the function and structure of
the BM, which can negatively affect the spermatogenesis
process (20).

Germ cell apoptosis in mammals is crucial to control
the correct number of these cells during spermatogenesis
(25). Although TH is considered not to act directly on the
apoptosis of germ cells, it may control germ cell apoptosis
via affecting the Sertoli cell (3). Moreover, the anti-
apoptotic role of T3 and T4 has been reported in some
tissues such as tenocytes (24). A dearth of information
exists on germ cell apoptosis caused by hypothyroidism.
In the present study, significant apoptosis was observed in
the germ cells of hypothyroid mice rather than the control
ones. These findings are in line with the findings of Sahoo
et al, indicating an increase in the number of apoptotic
germ cells following the postnatal hypothyroidism of
the rat testis (27). In another study, exposure to PTU in
the postnatal period led to massive germ cell death (42).
Additionally, apoptotic changes have been reported in
the epididymal mitochondria of hypothyroid rats (43).
Testicular torsion also increased the index of apoptosis
and caspase-3 level while the administration of Rapamycin
during testicular torsion decreased the damage of the cell
(44).

Furthermore, Shokoohi et al found an increase in the
index of apoptosis and Bax expression in the torsion/

Apoptotic germ cells numbers (n/mmz2)
(primary spermatocyte)

8 8
6 6
4 4
2 2
[ 0
Control group Hypothyroid group Control group Hypothyroid group
Apoptotic germ cells numbers (n/mm2) *
5 4 (spermatid)

Control group

Hypothyroid group

Figure 6. Graph lllustrates the Quantitative Analysis of the Apoptotic Germ Cells in the Control and Hypothyroid Groups.

Note. SD: standard deviation. Values are expressed as the mean = SD. " Significant differences compared to the control group (P < 0.05).
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detorsion rat model, and the administration of the
hydroalcoholic extract of Fumaria parviflora increased
the gene expression of Bcl-2 (45).

The TH level alteration has been considered to affect the
functions of animal tissues by modulating their antioxidant
defense systems (26). It is now well established that TH
plays a crucial role in maintaining the balance between
ROS and antioxidant defense molecules (32,46,47), and
one of the possible mechanisms responsible for testis
dysfunctions in hypothyroidism, at least, seems to be due
to an increase in the OS status (36,48). Human studies
have confirmed that there is an increase in OS in the
male reproductive system in both hyperthyroidism and
hypothyroidism (10). The testis is more prone to oxidative
damage since it is rich in polyunsaturated fatty acids and
has enzymatic and non-enzymatic antioxidant defense
systems (26,32). In this research, there was a significant
increase in LPx levels whereas a decrease in the activity
of antioxidant enzymes. According to Nath et al, ROS
increased the mRNA expressions of type III and IV
collagen in rat kidneys (49). In addition, H,O, upregulated
the vascular endothelial genes in rat heart endothelium
(50). In this study, a significant increase was observed
in the expressions of collagen IV and laminin mRNAs
in response to hypothyroidism, which might be due to a
rise in ROS induced by hypothyroidism. Moreover, the
results of biochemical parameters showed a significant
reduction in the SOD activity of the hypothyroid group
accompanied by an increase in the MDA level. In support
of our results, some studies reported that the hypothyroid
condition changes the antioxidant status activity in
several tissues (26,31,36,48). Our finding corroborates
with the elevated LPx and reduced SOD activity in
rat testis following hypothyroidism (26,27,32). The
comparison of SOD activity in groups demonstrated that
SOD activity was significantly lower in the hypothyroid
group compared to the control group (51). In another
study, PTU administration decreased SOD activity and
thiol content in the cerebellar tissue by increasing MDA
levels. SOD is considered to be the first line of the cellular
antioxidant defense system, and decreased SOD activity
with hypothyroidism may be accompanied by an increase
in O,", which ultimately increases LPx (36).

Based on the evidence, a rational relationship exists
between the increase in the MDA levels and the decline
in the SOD activity following hypothyroidism (52). In this
respect, clinical literature has also shown that SOD activity
was significantly lower in patients with hypothyroidism
while the MDA level was higher (36). High LPx and low
glutathione and SOD levels have been reported in transient
and hypothyroid states (26). In the research conducted
by Shokoohi et al, testis torsion increased the MDA level
whereas decreasing glutathione peroxidase (GPx) and
SOD levels, and treatment with the hydroalcoholic extract
of Fumaria parviflora significantly increased the level of
these antioxidant enzymes (45). Similarly, Soltani et al

demonstrated a significant elevation in the MDA levels of
the testis torsion/detorsion rat model while a reduction in
SOD and GPx activities. However, Matricaria chamomilla
extract treatment significantly increased SOD and GPx
while decreasing the levels of MDA (53). OS has been
considered as one of the significant factors inducing
germ cell apoptosis (54). Hence, the triggered apoptosis
in our study may be due to the high level of OS under
hypothyroidism and the limited antioxidant defense
system in the testis. Chronic ethanol administration was
indicated to increase the OS of the testis either due to an
increase in LPx or deficiency in the antioxidant defense
system, leading to induced germ cell apoptosis (54). The
increased OS level due to exposure to bisphenol A leads to
an increase in the number of TUNEL-positive testicular
germ cells (55). Thus, hypothyroidism can cause germ
cell apoptosis either by increasing OS or altering the
expression of BM components.

Conclusions

To sum up, disturbance in the BM components of
seminiferous tubules and increased germ cell apoptosis
might be due to the increased OS and diminished
antioxidant capacity in the hypothyroid condition.
However, further investigations are needed in this context.

Limitation of the Study

The BM of seminiferous tubules showed a positive
reaction to PAS staining. However, there was no significant
difference in BM severity and thickness between the
hypothyroid and control groups. Therefore, reticulin
staining was one of the limitations of the study.
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