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The current research aimed to evaluate the effects of L-thyroxine-induced hyperthyroidism and
melatonin administration on the histopathology of the thyroid and thymus glands and Bax
immunoreactivity. The rats were divided into four groups, comprising ten rats each. Rats were
given the following treatments for four weeks: Group | served as the control group; Group Il
received melatonin; Group 11 received L-thyroxine; and Group IV received both L-thyroxine
and melatonin. The serum levels of total T3 (tT3) and total T4 (tT4) were assessed, as well as
histological examinations of the thyroid and thymus and analysis of Bax immunoexpression in
both organs. The obtained results showed that in rats with hyperthyroidism, melatonin
administration caused a noticeably lower level of thyroid hormones. According to the
histopathological examination, hyperthyroidism induced various deteriorating changes in the
thyroid and thymus glands, while melatonin therapy reduced these adverse effects. The
immunohistochemical analysis demonstrated that hyperthyroid rats displayed a substantial
elevation in Bax expression in the thyroid and thymus glands. However, melatonin treatment
in hyperthyroid rats resulted in a marked reduction in Bax expression. Thus, it could be
concluded that hyperthyroidism induced a range of degenerative changes and markedly
elevated Bax expression in thyroid and thymus tissues. However, melatonin intervention
ameliorated these negative effects.

1. INTRODUCTION

The correlation between the endocrine and immune systems
has garnered increased interest in recent years. The
bidirectional interplay between the endocrine and immune
systems promotes appropriate host responses during
homeostasis and infection. This communication is viable
given that cytokine receptors are expressed by the endocrine
organs and hormone receptors are expressed by immune
cells (Webber et al., 2022). The thymus is a central lymphoid
organ, where lymphoid progenitor cells, derived from bone
marrow, are stimulated to differentiate into proficient T cells
that express an array of T cell receptor (TCR) repertoire
selectively chosen to enable the recognition of alien antigens
while evading self-reactivity and autoimmunity (Han and
Zuhiga-Pflicker, 2021). Numerous hormones of the
hypothalamic-pituitary axis regulate the development,
involution, and endocrine function of the thymus and the
creation of the T lymphocyte repertoire. Also, hormones of
peripheral endocrine organs, such as thyroid hormones,
regulate the thymus activities (Dabrowski et al., 2011).
Thyroid hormones (TH) play a critical role in regulating
essential cellular processes including differentiation,
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proliferation, apoptosis, and metabolism (Krashin et al.,
2019). Hence, any disturbance in the balance of these
hormones can be harmful to tissues. Hyperthyroidism is a
condition characterized by excessive levels of thyroid
hormone circulating throughout the body. Hyperthyroidism
promotes a hypermetabolic state primarily associated with
activated mitochondrial respiration, which is known to foster
reactive oxygen species (ROS) generation, leading to
oxidative stress (Di Meo and Venditti, 2020). Elevated levels
of ROS within cells cause damage to nucleic acids, proteins,
lipids, membranes, and organelles, thereby potentially
triggering the initiation of cellular death processes such as
apoptosis (Redza-Dutordoir and Awverill-Bates, 2016).
Hyperthyroidism has been shown to induce oxidative
damage and apoptosis in many tissues, such as the brain (Rao
et al., 2016), heart (Mishra et al., 2019), and liver (Yang et
al., 2020).

Melatonin, a neurohormone, is primarily synthesized by the
pineal gland. Melatonin serves as an integral player in a wide
variety of critical physiological processes that include
circadian and seasonal rhythms, neuroendocrine,
reproductive, cardiovascular, immunoregulation, and
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oncostatic activities (Loépez-Mufioz et al., 2016). In recent
decades, extensive research has provided evidence of the
significant antioxidant and antiapoptotic capacity of
melatonin. In addition to its adeptness at scavenging
numerous free radicals, melatonin also augments the activity
of several antioxidant enzymes (Ferlazzo et al., 2020).
Several studies have demonstrated that the anti-apoptotic
effect of melatonin encompasses the down-regulation of
Bax, a promoter of apoptosis, or the up-regulation of Bcl-2,
an antiapoptotic protein (Singh and Haldar, 2016;
Keskin-Aktan et al., 2022). Additionally, melatonin
decreases the production of reactive oxygen species (ROS),
thereby improving the damage and apoptosis caused by free
radicals (Hacisevki and Baba, 2018). The objective of the
current investigation was to assess the impact of L-
thyroxine-induced hyperthyroidism on the histopathology of
the thyroid and thymus glands, as well as the expression of
Bax, and to determine the consequences of melatonin
administration.

2. MATERIAL AND METHODS
2.1. Experimental animals

Forty male Sprague Dawley albino rats averaging 6 weeks
old and weighing 100-120 g were purchased from Vacsera,
Egypt. The rats were kept in a controlled setting with a
consistent temperature of 25 + 2 °C, a relative humidity
range of 50 to 55%, and a 12-hour cycle of alternating light
and darkness. They were granted unrestricted access to food
and water. The animals were provided with one week for
acclimatization prior to the experiment. The Institutional
Animal Care and Use Committee of Benha University has
granted approval for all animal treatments, with approval
number BUFVTM16-03-23.

2.2. Chemicals

L-thyroxine (T4, Sigma T2376) was purchased from Sigma-
Aldrich, Germany. Reconstitution of T4 was accomplished
by dissolving 50 mg in 1 mL of a 4M ammonia solution in
methanol (779423, Sigma-Aldrich, Switzerland) according
to the manufacturer's recommendations. T4 stock solution
was stored at —80 °C. T4 stock aliquots were diluted to
provide final concentrations at exposure time. Melatonin
was obtained from Nerhadou International company
(Egypt). Daily preparations of melatonin were made,
dissolved in 100% ethanol (50 mg/ml) and diluted in saline
solution. The final ethanol concentration was less than 1%
(Sirichoat et al., 2019).

2.3. Experimental design

The rats were divided into four groups, 10 rats in each, and
received the following treatments:

Group | (Control): Rats were treated with intraperitoneal (1P)
injections of saline daily for 28 days.

Group Il (Melatonin): Rats were treated with IP injections of
melatonin (10 mg/kg) daily for 28 days, according to Luo et
al. (2020).
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Group Il (Hyperthyroid): Hyperthyroidism was induced in
rats by daily IP injections with L-thyroxine (250 pg/kg) daily
for 28 days, according to Ayala et al. (2019).

Group 1V (Hyperthyroid + Melatonin): Rats were treated as
group 111 and received IP injection of melatonin (10 mg/kg)
daily for 28 days.

2.4. Blood and tissue samples

At the experiment's end, rats were anesthetized with
isoflurane. Blood specimens were collected from the retro-
orbital venous plexus without an anticoagulant and
maintained at room temperature to facilitate serum
separation. The serum was preserved at a temperature of —20
°C until its utilization in biochemical analysis. Following
blood collection, the animals were euthanized through
cervical dislocation. The thyroid and thymus were dissected
and immersed in 10% neutral buffered formalin for
histopathological and immunohistochemical processing.

2.5. Measurement of thyroid hormones

The evaluation of serum total T3 and T4 levels was
conducted by means of electro-chemiluminescent
immunoassay (ECLIA) tests utilizing a Cobas® analyzer
(Elecsys, E170, Roche Diagnostics, Germany), as
previously outlined by Yu et al. (2018).

2.6. Histological examination

The technique for histological preparation was carried out in
accordance with Suvarna et al., (2019). In brief, the thyroid
and thymus tissues were sliced to a thickness of 3-4 mm and
fixed in 10% neutral buffered formalin. Following this, they
were subjected to dehydration using graded concentrations
of ethanol, clearing in xylene, and ultimately embedded in
paraffin. The paraffin blocks underwent sectioning via a
microtome, with a thickness ranging from 4 to 6um, and
were subsequently stained with Hematoxylin and Eosin.
H&E-stained sections were examined with the aid of a Leica
microscope (CH9435 Heerbrugg) from Leica Microsystems,
Switzerland.

2.7. Immunohistochemistry analysis of Bax expression

Immunohistochemistry was applied to paraffin tissue
sections and fixed to positively charged slides utilizing the
avidin-biotin-peroxidase complex (ABC) method. Sections
were incubated with Mouse Anti-Bax Monoclonal
Antibody, Clone 1C1 (Elabscience cat no. E-AB-22212,
Dil:1:100). Subsequently, the chemicals involved in the
ABC (Vectastain ABC-HRP Kkit, VVector laboratories) were
introduced. Marker expression was detected via peroxidase
and stained with diaminobenzidine (DAB, Sigma-Aldrich)
to discriminate antigen-antibody complexes. Negative
controls were incorporated by utilizing non-immune serum
instead of primary or secondary antibodies. Sections of
immuno-stained tissue were examined and captured using a
Leica microscope (Leica Microsystems Ltd.,, CH9435
Heerbrugg, Switzerland). The area percentage of Bax-
stained sections was determined using Leica QWin 500
image analyzer computer system (Leica Ltd., England)
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which consists of Leica microscope coupled to a video
camera and Leica QWin 500 software. The area percent of
Bax immunoreactivity is expressed as mean + S.E.M.

2.8. Statistical Analysis

The statistical analyses were performed via SPSS Statistics
(Version 26, IBM, USA). The significance of intergroup
variations was conducted through one-way ANOVA
followed by a post hoc Duncan test. The results are presented
as means + S.E.M., and statistical significance is indicated
by aP <0.05.

3. RESULTS

3.1. Serum thyroid hormone levels

The findings indicated that the hyperthyroid rats exhibited a
significant (p < 0.05) increase in tT3 and tT4 levels compared
to the controls. The hyperthyroid rats treated with melatonin
displayed a marked reduction in tT3 and tT4 levels compared
with the hyperthyroid rats. However, it was noted that there
was no statistically significant variance between the melatonin-
treated and control rats (Fig. 1.).
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Fig. 1. Influence of hyperthyroidism and melatonin on serum levels of tT3 (A) and tT4 (B).
Values are expressed as mean + S.E.M. Values within the same column carrying different
letters are significantly different at (p< 0.05).

3.2. Histopathological observations of the thyroid gland
Thyroid gland histopathology from control or melatonin-
treated rats (Fig. 2A and 2B, respectively) revealed normal
thyroid follicles featuring simple cuboidal follicular epithelial
cells with eosinophilic cytoplasm and hyperchromatic round
nuclei. These cells surround a central lumen repleted with pink
colloids. Parafollicular C cells were seen as polygonal clusters
closest to thyroid follicles. In hyperthyroid rats (Fig. 2C), the
thyroid follicles had large and small pleomorphic features and
were presented with a degraded architecture accompanied by a
desquamated epithelium. Obvious scanty colloid quantities are
detected in most follicles. The follicular and parafollicular cells
were marked with polygonal apoptotic shapes in high numbers.
Moreover, congested blood vessels plus interstitial edema
leading to dispersion between thyroid follicles were seen. In
hyperthyroid rats administered melatonin (Fig. 2D), there was
a noticeable improvement in tissue architecture marked by
regular thyroid follicles with intact follicular cells. Colloids
appeared mostly in a homogenous shape and a few vacuolated
ones. Blood vessels remain congested.

3.3. Histopathological observations of the thymus gland

Control and melatonin-treated rats (Fig. 3A and 3B,
respectively) exhibited a standard cortex histological structure
with an intense accumulation of deep basophilic T
lymphocytes. The thymic medulla has a standard appearance
through a high number of epithelial reticular cells.
Hyperthyroid rats (Fig. 3C) exhibited serious degenerative
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changes evidenced by subcapsular hemorrhage, decreased
cellularity in the cortex area, and apoptotic lymphocytes with
acidophilic cytoplasm, as well as dispersed necrotic changes in
the medullary region. Moreover, epithelial reticular cells
existed with hypertrophy. Hyperthyroid rats administered
melatonin (Fig. 3D) showed an obvious increase in cortex
cellularity, except in a few areas still with few cells and a high
acidophilic appearance. An increase in epithelial reticular cells
is also evident. Additionally, subcapsular hemorrhage was still
perceived.
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Fig. 2. Histological sections of the thyroid gland (Hematoxylin & Eosin 400x, Scale Bar 50pum).
A: Control group and B: Melatonin group show normal follicles lined with simple cuboidal
follicular cells (arrow) with pink colloid (arrowhead). Parafollicular C cells are represented as
clusters of a polygonal shape (curvy arrow). C: Hyperthyroid group, shows deteriorated follicle
structure with cuboidal epithelium (cube) and scanty colloid. Further, congested blood vessels
(wave arrow) and interstitial edema (star) were observed. D: Hyperthyroid + Melatonin group,
shows most thyroid follicles with a regular structure (cube) and intact follicular cells (arrow).
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Fig. 3. Histological sections of the thymus gland (Hematoxylin & Eosin 200x, Scale Bar 100um).
A: Control group and B: Melatonin group demonstrate standard cortex structure with deep
basophilic T lymphocytes (arrow). The medulla comprises a high number of epithelial reticular
cells (arrowhead). C: Hyperthyroid group shows degenerative changes evidenced by subcapsular
hemorrhage (star), apoptotic lymphocytes with acidophilic cytoplasm (arrows), and dispersed
necrotic changes in the medullary region (wave arrow). D: Hyperthyroid + Melatonin group
highlights an obvious increase in cortex cellularity (curvy arrow) and growth in epithelial reticular
cells (arrowhead).

3.4. Bax expression in the thyroid gland

Thyroid glands from control and melatonin-administered rats
(Fig. 4A and 4B, respectively) showed few positive
cytoplasmic and nuclear Bax expressions along the follicular
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epithelial cells. The hyperthyroid rats (Fig. 4C) displayed high
positive cytoplasmic and nuclear Bax reactivity that was
significantly different (P < 0.05) from that of the control
melatonin-administered rats. A remarkable decrease in
cytoplasmic and nuclear Bax expression was exhibited in the
hyperthyroid rats treated with melatonin (Fig. 4D) compared
with hyperthyroid rats.

3.5. Bax expression in the thymus gland

The thymus glands from the control and melatonin-
administered rats (Fig. 5A and 5B, respectively) expressed few
positive nuclear Bax reactivity, with no significant difference
(P < 0.05) between them. Rats with hyperthyroidism (Fig. 5C)
denoted high positive nuclear Bax reactivity with significant
differences compared with control and melatonin-administered
rats. A substantial decrease in nuclear Bax expression was
observed in hyperthyroid rats treated with melatonin (Fig. 5D)
compared with hyperthyroid rats.
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Fig. 4. Bax expression in the thyroid gland (400x & Scale Bar 50um). A: Control group and B:
Melatonin group exhibit few positive cytoplasmic and nuclear Bax expressions along the follicular
epithelial cells (arrow). C: Hyperthyroid group shows high levels of cytoplasmic and nuclear Bax
reactivity. D: Hyperthyroid + Melatonin group displays moderate positive cytoplasmic and nuclear
Bax reactivity. E: Immunohistochemical scoring of the Bax positive area. Values are expressed as
mean = S.E.M. Values with different letters are significantly different at (p < 0.05).
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Fig. 5. Bax expression in the thymus gland (200x & Scale Bar 100pum). A: Control group, and B:
Melatonin group show little positive Bax reactivity (arrow). C: C: Hyperthyroid group denotes
high positive nuclear Bax reactivity. D: Hyperthyroid + Melatonin group highlights moderate
positive nuclear Bax reactivity. E: Immunohistochemical scoring of the Bax positive area. Values
are expressed as mean + S.E.M. Values with different letters are significantly different at (p <
0.05).
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4. DISCUSSION

Research evidence suggests that interactions exist between
the endocrine system and thymus gland activity. The impact
of the endocrine axis on thymus physiology appears to be
mediated by the direct action of pituitary hormones or via
peripheral hormones, both of which elicit their effects on the
thymus epithelial cells and immature thymocytes (Reggiani
et al., 2014). Hence, the present research evaluated the
impact of hyperthyroidism and melatonin on the
histopathology of the thyroid and thymus glands, as well as
Bax expression within them. In the current study, induction
of hyperthyroidism in rats was effectively achieved, as
indicated by the marked elevation in serum levels of tT3 and
tT4 in hyperthyroid rats compared to controls. These
observations are consistent with previous findings (Panda et
al., 2019; Ghosh et al., 2022). The coadministration of
melatonin to hyperthyroid rats resulted in an interesting
decrease in thyroid hormone levels, suggesting a potential
suppression of thyroid hormone synthesis and/or release at
the glandular level. These findings are consistent with earlier
research, which showed that melatonin exerts an inhibitory
effect on thyroid hormones (Vermaet al., 2019; Ghosh et al.,
2022). The potential mechanism through which melatonin
inhibits thyroid hormone levels in hyperthyroid conditions
may implicate the regulation of the pituitary-thyroid axis.
Melatonin could hinder the secretion of thyroid-stimulating
hormone (TSH) from the pituitary gland and reduce the
protein expression of TSH receptors within the thyroid gland
(Laskar and Singh, 2020).

In the present investigation, the histopathological alterations
observed in the thyroid gland corroborated the biochemical
findings. The histopathological changes induced by
hyperthyroidism in the thyroid glands revealed various
degenerative alterations marked by deteriorated thyroid
follicles with desquamated epithelium and scanty colloid
quantities. These results are consistent with the findings
reported by Panda et al. (2019). Melatonin coadministration
to hyperthyroid rats significantly improved the architecture
of the thyroid tissue, as shown by the presence of the
majority of thyroid follicles with a regular structure and
homogenous colloids. The present observations concerning
melatonin are somewhat similar to those from earlier studies,
which suggested that melatonin has a protective effect
against thyroid gland injury (Aricigil et al.,, 2017). The
histopathological analysis conducted on the thymus gland
revealed that hyperthyroidism caused  significant
degenerative modifications, notably apoptotic lymphocytes
and dispersed necrotic changes in the medullary area.
However, melatonin coadministration elicited an increase in
cortical cellularity and epithelial reticular cell number. These
findings were validated through immunohistochemical
analysis of Bax expression, which indicated that
hyperthyroidism elevated Bax expression and, consequently,
apoptosis, whereas melatonin treatment in hyperthyroid rats
mitigated this effect.

Apoptosis is the programmed death of cells activated by
intrinsic or extrinsic pathways. The intrinsic pathway is
stimulated by intracellular signals produced by cellular
stress and by proteins released from the intermembrane
space of mitochondria. The extrinsic pathway is evoked
through the coupling of extracellular ligands to death
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receptors at the surface of target cells. Proteins from the Bcl-
2 family, like Bax, play a pivotal role in regulating apoptosis
pathways mediated by mitochondria (Pourahmad and
Rezaei, 2021). Upon cellular stimulation towards apoptosis,
the Bax protein triggers a cascade reaction leading to
cytochrome C release from the mitochondria, which
promotes subsequent activation of caspase proteins,
culminating in programmed cell death (Bertheloot et al.,
2021). In this study, based on the obtained results of Bax
immunohistochemistry, it was observed that both control
and melatonin-administered rats exhibited a few positive
Bax immunoreactions within the thyroid and thymus glands.
Hyperthyroidism engendered a substantial elevation in Bax
expression. These results are supported by previous studies
that revealed that hyperthyroidism induced Bax expression
and cell apoptosis in many tissues like the brain (Rao et al.,
2016), liver (Yang et al., 2020), and heart (Wu et al,. 2017).
Thyroid hormones have a substantial effect on ROS
production and oxidative stress processes at the cellular
level, attributed to their crucial role in cellular metabolism
and oxygen consumption. Hyperthyroidism elicits an
upsurge in the generation of ROS, thereby initiating
alterations in the antioxidant defense mechanisms of diverse
tissues, culminating in a state of oxidative stress (Macvanin
et al., 2023). Hyperthyroidism-induced oxidative stress has
the potential to trigger apoptosis through mitochondrial
DNA damage, inhibition of the mitochondrial respiratory
chain transition, and elevation of mitochondrial membrane
permeability. The augmented hyperpolarization of the
mitochondrial membrane after exposure to ROS generated
by hyperthyroidism was the instigator of the decline in the
potential of the mitochondrial membrane, translocation of
Bax to the mitochondria, and release of cytochrome C (Cui
et al.,, 2012). Our findings also indicated that melatonin
effectively ameliorated the heightened expression of Bax,
brought on by hyperthyroidism, in both thyroid and thymus
tissues. These results are consistent with Rao et al. (2016)
findings, which indicated that melatonin treatment decreased
the expression of Bax in the hippocampal region of the brain
during a hyperthyroid state. There is a growing body of
evidence indicating that the protective effects of melatonin
against apoptosis are mainly mediated by the intrinsic
pathway. Melatonin treatment resulted in a decrease in
apoptotic rate, maintenance of mitochondrial membrane
potential, reduction of cytochrome C release from
mitochondria, downregulation of Bax and caspase-3 levels,
and upregulation of Bcl-2 (Liu et al., 2012).

5. CONCLUSIONS

In conclusion, hyperthyroidism caused a variety of
degenerative modifications and a significant increase in the
expression of the Bax protein in the tissues of the thyroid and
thymus. Melatonin treatment, however, significantly
improved these deleterious effects.
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