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ABSTRACT: Introduction: Hyperthyroidism is known to affect various physiological systems, including the immune
system. Thyroid hormones (THs) play a crucial role in regulating immune function, and alterations in THs levels
can lead to immune dysregulation. Objective: Currently, we aimed to elucidate the effects of hyperthyroidism on
immune function in BALB/c mice, with a focus on anatomical and histological changes in lymphoid organs, the immune
response to mitogenic stimulation, mitochondrial dynamics, and reactive oxygen species (ROS) production. Methods:
Hyperthyroidism was induced in BALB/c mice by administering thyroxine (T4; 14 mg/L) in their drinking water for 30
days. Thyroid function was assessed by measuring triiodothyronine (T3), T4, and Thyroid-Stimulating Hormone (TSH)
levels. Lymphoid organ hyperplasia was evaluated through anatomical dissection. Lymphoid responses were analyzed
by subcutaneous inoculation with lipopolysaccharide (LPS), followed by histological analysis of lymphoid follicles
and evaluation of the morphometric parameters of lymphoid cells using flow cytometry. In vitro cell proliferation
was quantified using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Mitochondrial
morphology and density were assessed by Transmission Electron Microscopy (TEM). ROS and superoxide anion (O, ")
production were measured using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) and Nitroblue Tetrazolium
(NBT) assays. Results: Hyperthyroid mice exhibited significantly increased T3 and T4 levels, with decreased TSH
levels. Lymphoid organs, including the spleen and lymph nodes, were notably enlarged in hyperthyroid mice, with a
corresponding increase in lymphoid cell number. LPS stimulation enhanced the number and size of lymphoid follicles,
with hyperthyroid mice showing a greater proliferative response. TEM analysis revealed increased mitochondrial
density and changes in mitochondrial structure in hyperthyroid lymphoid cells. ROS and O, production were
significantly higher in hyperthyroid mice, though no apoptotic activity was detected. Conclusion: Hyperthyroidism
leads to significant alterations in immune responses, including enhanced lymphoid organ size, increased proliferation
of immune cells, and elevated ROS production. These findings provide new insights into the immunomodulatory effects
of thyroid dysfunction and its potential impact on immune system regulation, offering a deeper understanding of THs
interactions with immune activation.
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1 Introduction

Hyperthyroidism is a condition characterized by the overproduction of THs, primarily T3 and T4,
resulting in reduced TSH levels due to negative feedback regulation. These hormones play a critical role in
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metabolic regulation, cellular differentiation, proliferation, and survival, acting through both genomic mech-
anisms, via nuclear receptor-mediated transcription, and non-genomic pathways through their interaction
with membrane receptors [1,2]. The interplay between the thyroid gland and the immune system has garnered
increasing attention due to its implications in autoimmune diseases and immune modulation [3,4]. THs play
a critical role in regulating both innate and adaptive immune responses [5,6]. In the innate immune system,
THs enhance neutrophil activity by promoting their extravasation and stimulating respiratory burst activity.
They also influence macrophage function, with T3 exhibiting pro-inflammatory effects [7,8]. Additionally,
THs are essential for the proliferation and cytotoxic activity of natural killer (NK) cells and support the
proliferation and maturation of dendritic cells (DCs). In the adaptive immune system, hyperthyroid states
modulate the function of T and B lymphocytes through pathways involving nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-«xB), protein kinase C, and B-adrenergic receptors [5,9]. However, despite
increasing evidence of their immunomodulatory roles, the specific molecular and cellular mechanisms by
which THs regulate adaptive immunity remain to be elucidated and require further investigation.

At the cellular level, hyperthyroidism induces significant metabolic changes, increasing energy demands
that are met through mitochondrial oxidative phosphorylation [10]. This process not only generates ATP
through oxidation-reduction reactions but also produces ROS as byproducts of the respiratory chain. The
O, formed during this process can convert into hydrogen peroxide, which may react with transition
metals to produce highly reactive hydroxyl ions. As key energy producers, mitochondria are the primary
source of ROS, contributing to the oxidative stress observed in hyperthyroid tissues [11]. Moreover, the
existence of T3 receptors in mitochondria highlights their involvement in regulating mitochondrial function
and cellular metabolism, reinforcing the connection between THs activity, oxidative stress, and metabolic
regulation [12,13].

ROS are essential for cellular signaling, playing a key role in processes like lymphocyte proliferation and
immune responses [14]. However, excessive ROS production can lead to oxidative stress, causing damage to
biomolecules, cell cycle arrest, or triggering apoptosis [15,16]. The effects of ROS on cellular physiology are
complex; at moderate levels, ROS support lymphocyte activation and proliferation, while at high levels, they
can be cytotoxic and induce cell death [17].

The present research was designed to investigate the effects of hyperthyroidism on histological changes
in lymphoid organs and immune responses during mitogenic stimulation. We specifically examined the
interaction between THs and immune activation, focusing on alterations in germinal center develop-
ment, mitochondrial dynamics, and ROS production. The present findings offer new insights into the
immunomodulatory effects of hyperthyroidism, highlighting its role in lymphoid tissue remodeling, immune
cell proliferation, and oxidative stress. These results may contribute to understanding the immune-related
consequences of thyroid dysfunction and its potential impact on host defense and disease progression.

2 Materials and Methods
2.1 Animal Model

Ten-week-old female BALB/c mice were purchased at the Institute of Biomedical Research, Buenos
Aires, Argentina and were housed in ventilated cages under controlled conditions, including a 12-h light/dark
cycle, a temperature range of 18°C-20°C, and unrestricted access to food and water. The mice were randomly
assigned to control and hyperthyroid groups following Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines. The hyperthyroid group was treated with 14 mg/L of T4 (Sigma-Aldrich, T2501, St.
Louis, MO, USA) dissolved in their drinking water for 30 days whereas the control group received only the
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vehicle [18]. All experimental procedures were approved by the Institutional Committee for the Care and
Use of Laboratory Animals at the Argentine Catholic University (CICUAL #009/2016).

2.2 Hormone Quantification

Blood samples were obtained from the retro-orbital venous plexus under anesthesia and then, the
animals were euthanized. Serum was isolated by centrifugation at 1500x g (Denville Scientific 260D
Microcentrifuge, NJ, USA) for 10 min at 4°C. The levels of T3, T4, and TSH in the serum were measured
using a Electrochemiluminescence Immunoassay (ECLIA) on an automated analyzer (Cobas e411, Roche
Diagnostics, Basel, Suiza), employing commercially validated diagnostic kits (Cobas e T3 II and Cobas e T4
I1, Elecsys TSH, Roche Diagnostics).

2.3 Histological Analysis of Lymphoid Tissues

Animals were subcutaneously injected with 5 ug of lipopolysaccharide (LPS) from Escherichia Coli
serotype 026:B6 (Sigma-Aldrich, L3755, lote 111K4078) per animal in two doses, administered 15 days apart.
Ten days following the final injection, the animals were euthanized by cervical dislocation, and lymph
nodes and spleen tissues were extracted. The collected tissues were fixed in 4% paraformaldehyde (Biopack,
9594.08, Buenos Aires, Argentina) dissolved in cold PBS for 24-48 h at room temperature in flashing
shaking. After fixation, the samples were processed for paraffin embedding using a standard dehydration
protocol. Thereafter, serial sections, 7 um thick, were obtained using a rotation microtome (HistoCore
MULTICUT, Leica Biosystems, Buffalo Grove, IL, USA) and mounted onto gelatinized glass slides. The slides
were dewaxed using xylene, rehydrated through a series of graded ethanol solutions, and finally immersed
in distilled water. The samples were stained with Harris hematoxylin solution (Biopack, 2000083200) for
10 min, rinsed with distilled water, and subsequently stained with 0.2% eosin Y solution (Sigma-Aldrich,
109844) for 3 min. After staining, the samples were briefly washed in destilled water, dehydrated, cleared in
xylene, and mounted with Canada Balsan (Biopack, 1303.08) [19]. The tissue structure was visualized using
a light microscope (Axiovert 100, Zeiss, Wetzlar, Germany).

2.4 Transmission Electron Microscopy (TEM)

The ultrastructural observation of lymphoid organs was performed using transmission electron
microscopy (TEM). Mice were euthanized, and lymph node and spleen tissues were cut into approximately
1 mm® cubes to ensure uniform fixative penetration. Samples were fixed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) for 24 h at 4°C, followed by post-fixation in 1% osmium tetroxide for 2 h. Subse-
quently, the tissues were dehydrated through a graded ethanol series (30% to 100%) and embedded in epoxy
resin. Ultrathin sections (~70 nm) were obtained using an ultramicrotome equipped with glass knives, and
the sections were mounted on formvar-coated copper grids. Observations were conducted using a JEOL JEM
1200EX II transmission electron microscope operating at 80 kV at the Central Electron Microscopy Service
(SCME-UNLP). The images obtained were analyzed to assess lymphocyte cellularity and ultrastructural
features, including mitochondrial content and morphology, following established protocols [20].

2.5 Cell Proliferation Assay

Lymphoid cells were aseptically isolated from mouse lymph nodes and spleen. The tissues were mechani-
cally dissociated using a metal mesh to obtain a single-cell suspension [21]. Cells were resuspended in Roswell
Park Memorial Institute Medium (RPMI)-1640 culture medium (GIBCO™, 31800022, Thermo Fisher
Scientific, Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; Internegocios SA, Buenos
Aires, Argentina), 1% (v/v) penicillin (100 U/mL), streptomycin (100 pg/mL) solution (Sigma-Aldrich,
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P0781), and 2 mM glutamine (Sigma-Aldrich, W368401). As properly tested, cells were mycoplasma-free.
Cell proliferation was determined in vitro by the MTT assay in 96-well flat-bottom plates. Each well was
seeded with 100 pL of a cell suspension (2 x 10° cells/mL). To stimulate cell proliferation, LPS from Escherichia
Coli serotype O111:B4 (25 pg/mL; Sigma Aldrich, L4391) was added to each well. The cell cultures were
subsequently incubated at 37°C in a 5% CO, incubator for 72 h. Following the incubation, 20 uL of MTT
solution (3-(4,5-dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide; 1 mg/mL; Sigma-Aldrich, 475989)
was added to the plates, and then were incubated for an additional 2 h to facilitate the conversion of MTT
to formazan. The formazan precipitate was dissolved by adding 100 uL of a 2:1 isopropanol: distilled water
solution (v/v), acidified with HCI, to each well [22]. The absorbance (OD) was measured at 570 nm using a
plate reader (Multiskan, Thermo Fisher Scientific).

2.6 Gene Expression Analysis of Proliferating Cell Nuclear Antigen (PCNA)

Total RNA was isolated from lymphoid tissues using TRI Reagent® (Genbiotech SRL, TRIIS8,
Buenos Aires, Argentina) and purified by phenol-chloroform extraction following standard protocols.
RNA concentrations were assessed spectrophotometrically at 260 nm using a NanoDrop ND-1000
(Thermo Fisher Scientific, Loughborough, UK). cDNA was synthesized by incubating 1 ug of total
RNA with 1 pM oligo(dT);5.15 primers (Biodynamics SRL, B071-40, Buenos Aires, Argentina), 5 mM
dNTP (Biodynamics SRL, U1420), and 4 U of MMLYV reverse transcriptase (Biodynamics SRL, M1705)
in a final volume of 20 pL at 37°C for 1 h. PCR was performed in a thermal cycler (Bio-Rad S1000
Thermal Cycler, Bio-Rad Laboratories, Boulder, CO, USA) using 5 pL of cDNA (2.5 pg), 1 uL of primer
(20 uM), and 12.5 pL of GoTaq® G2 Green Master Mix (25 mM MgCl,, 25 mM dNTP, and 1.5 U
of Taq polymerase; Biodynamics SRL, M7822), completing a final volume of 25 puL with RNase-free
water. The P,-microglobulin gene was used as a reference gene because its expression is unaffected
by THs [23]. Specific murine primers were designed by IDT Technologies (Biodynamics SRL): for
PCNA, 5-GATGTGGAGCAACTTGGAAT-3" (forward) and 5-AGCTCTCCACTTGCAGAAAA-3
(reverse); for [Pp-microglobulin, 5-GCTATCCAGAAAACCCCTCAA-3" (forward) and 5'-
CATGTCTCGATCCCAGTAGACGGT-3' (reverse). Amplification was performed with the following
conditions: initial denaturation at 95°C for 5 min, 35 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30s,
followed by a final extension at 72°C for 5 min. The PCR products were visualized by gel electrophoresis on
a 1% agarose gel stained with ethidium bromide (Invitrogen™, 15585011, Invitrogen Corporation, Carlsbad,
CA, USA).

2.7 Quantification of Intracellular ROS Levels

The production of ROS was quantified using the fluorescent marker 2,7'-dichlorodihydrofluorescein
diacetate (DCFH-DA; Sigma-Aldrich, 35845) and flow cytometry analysis. Lymphoid cells from lymph nodes
and spleen were resuspended in PBS at a concentration of 1 x 10° cells/mL and incubated with DCFH-
DA at a final concentration of 10 uM for 30 min at 37°C, protected from light to prevent compound
photodegradation. Following incubation, cells were washed with serum-free medium, and fluorescence was
quantified by flow cytometry using a 488 nm excitation laser and a 530 nm emission filter (BD Accuri™,

Becton Dickinson Biosciences). Data obtained were analyzed using the BD Accuri C6 software [24].

2.8 Superoxide Anion Production

The conventional microscopic nitroblue tetrazolium (NBT) assay was used to qualitatively detect the
production of O, [25]. Lymphoid cells from lymph nodes and spleen (1 x 10° cells) were incubated in 24-
well plates with 100 uL of NBT (1 mg/mL; Sigma-Aldrich, N-6876) in RPMI-1640 culture medium for 1 h
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at 37°C. Subsequently, the formazan precipitate in the cytoplasm of the cells was observed under an optical
microscope (Axiovert 100, Zeiss), and images were acquired employing an AxioCam 208 camera coupled to
the microscope.

2.9 Morphometric Parameters

Lymphoid cells arising from lymph nodes and spleen were resuspended in RPMI-1640 culture medium
at a final concentration of 1 x 10° cells/mL. Cell size (Forward Scatter-FSC) and granularity (Side Scatter-
SSC) were assessed using flow cytometry with a BD Accuri C6 system. Data analysis was performed using
the BD Accuri C6 software.

2.10 Evaluation of Apoptosis by Flow Cytometry

Lymphoid cells (1 x 10°) were resuspended in 0.5 mL of staining buffer (10 mM HEPES/NaOH, pH 7.5;
0.14 M NaCl; 2.5 mM CaCl,) and then incubated with 5 pL of annexin V-FITC (1 mg/mL; Sigma-Aldrich,
APOAF) and 10 pL of propidium iodide (PI; 1 mg/mL; Sigma-Aldrich, P4170) for 15 min at 37°C in dark
conditions [26]. The relative proportion of viable, apoptotic, or necrotic cells was examined by flow cytometry
(BD Accuri C6, BD Biosciences).

2.11 Statistical Analysis

Data were analyzed using GraphPad Prism software, version 6.0 (GraphPad Software, La Jolla, CA,
USA). Statistical comparisons between the euthyroid and hyperthyroid groups were performed using an
unpaired Student’s ¢-test. Before analysis, the data were tested for normality using the Shapiro-Wilk test
and for homoscedasticity using Levene’s test. Results are presented as mean + standard deviation (SD).
Differences were considered statistically significant at a p-value of less than 0.05.

3 Results

3.1 Experimental Hyperthyroidism Model

Mice were treated by adding T4 (14 mg/L) to their drinking water for 30 days to induce hyperthyroidism.
Thyroid function was assessed by quantifying T3, T4, and TSH levels in the animals, as shown in Table 1.
T3 and T4 levels were significantly higher in the T4-treated group compared to controls, while TSH levels
were markedly lower in the T4-treated group, reflecting the negative feedback effect of THs on the pituitary
gland. These findings indicate clear alterations in thyroid function parameters, consistent with the expected
hormonal profiles of hyperthyroidism.

Table 1: Serum thyroid hormone levels

Euthyroid Hyperthyroid
T3 (ng/dl) 82.17 £ 9.26 296.35 + 29.87**
T4 (ug/dl) 411+ 0.58 23.09 + 3.93**
TSH (ng/dl) 493 +52 <20

Note: Serum levels of THs in control animals or treated with T4 (14 mg/L) for 30 days, measured by the ECLIA method.
Results are presented as mean + SD. **Significantly different from the control group (p < 0.01); # = 10 animals per
experimental group.



6 BIOCELL. 2025

3.2 Hyperthyroidism Induces Splenomegaly and Lymphadenomegaly

Mesenteric, axillary, and pelvic lymph nodes, as well as the spleen, were excised from euthyroid and
hyperthyroid mice. A clear anatomical enlargement of these tissues was observed, with splenomegaly and
lymphadenomegaly in the hyperthyroid group. Compared to euthyroid mice, hyperthyroid animals exhibited
an increase in both the absolute weight and the relative weight to the body weight of lymph nodes and spleen.
Additionally, hyperthyroid animals showed a significant increase in the total number of lymphoid cells in
the lymph nodes and splenocytes in the spleen compared to the euthyroid mice (Fig. 1).
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Figure 1: The impact of hyperthyroidism on lymph node and spleen size, weight, and lymphoid cell content in T4-
treated animals. Mesenteric, axillary, and pelvic lymph nodes, as well as the spleen, were excised from euthyroid or
hyperthyroid animals. The tissues were weighed, and the relative weight was calculated based on body weight. Lymphoid
cells were counted through mechanical dissociation using a metal mesh followed by Neubauer chamber analysis.
Photographs show the pelvic lymph nodes and spleen. Results are expressed as mean + SD (#n = 10 mice per group). *p <
0.05 indicates significant differences compared to the control group

3.3 Hyperthyroidism Induces Germinal Center Formation and Increases Lymphoid Cell Activation in the
Lymph Nodes and Spleen of LPS-Stimulated Animals

To examine the effects of hyperthyroidism on immune responses in vivo, we used an antigenic stimula-
tion protocol consisting of a primary subcutaneous inoculation with 5 pg of LPS, followed by a booster dose
15 days later. Ten days after the final inoculation, the animals were sacrificed, and histological sections of the
lymph nodes and spleen were prepared to analyze the number and size of the lymphoid follicles.

In hyperthyroid mice without mitogenic stimulation, we observed an apparent increase in the number of
lymphoid follicles in both lymph nodes and spleen compared to euthyroid controls. Notably, LPS stimulation
significantly enhanced both the number and size of lymphoid follicles in these tissues in hyperthyroid
animals (Fig. 2A), with a more pronounced response compared to euthyroid animals, indicating a heightened
immune response associated with hyperthyroidism.

TEM analysis of lymphoid follicles of lymph nodes and spleens from euthyroid and hyperthyroid
animals showed similar cell density in both groups. However, tissues from hyperthyroid mice exhibited
reduced extracellular matrix space and a significant increase in cell size (Fig. 2B). Flow cytometry confirmed
these findings, showing that lymphoid cells from the lymph nodes and spleens of hyperthyroid mice were
larger and more granular than those from euthyroid ones (Fig. 2C, Table 2). No significant differences in cell
size and granularity were visualized between LPS-stimulated and non-stimulated animals within each group.
However, mitogenic stimulation increased the proportion of larger and more granular cells in both groups,
with the effect being more pronounced in hyperthyroid animals (data not shown).
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Figure 2: The effects of hyperthyroidism on germinal center formation and lymphoid cell activation in the lymph nodes
and spleen of LPS-stimulated mice (A) Histological sections of lymph nodes and spleen were obtained from euthyroid
and hyperthyroid animals, either unstimulated or stimulated with two doses of LPS. The animals were sacrificed 10
days after the last injection. Lymphoid tissues were stained with hematoxylin-eosin and examined under bright-field
microscopy. Lymphoid follicles can be identified in the images as round areas of high cellular density with purple
staining. (B) Ultrathin sections of lymph nodes and spleen from animals stimulated in vivo with LPS were analyzed
by TEM. (C) Lymphoid cells from lymph nodes and spleen from animals stimulated in vivo with LPS were collected
through mechanical dissociation on a metal mesh, and their morphometric parameters (granularity SSC-A and size
FSC-A) were analyzed by flow cytometry. The dot plots are representative of n = 5 animals per experimental group

The Table 2 shows the mean + SD values of granularity (SSC-A) and size (FSC-A) parameters of
lymphoid cells from lymph nodes and spleen.
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Table 2: Morphometric parameters of lymphoid cells from lymph nodes and spleen

Lymph nodes Spleen
Euthyroid Hyperthyroid Euthyroid Hyperthyroid
Granularity (SSC-A) (118 £ 0.12) x 10°  (1.34 + 0.13) x 10°* (114 £ 0.12) x 10°  (1.58 + 0.14) x 10°*
Size (FSC-A) (219 £ 0.19) x 10°  (2.53 + 0.21) x 10°*  (2.15 + 0.18) x 10°  (2.64 + 0.22) x 10°*

Note: *p < 0.05 indicates significant differences compared to the euthyroid group.

3.4 Hyperthyroidism Enhances the Proliferative Response of LPS-Stimulated Lymphoid Cells from Lymph
Nodes and Spleen In Vitro

To evaluate the proliferative activity of lymphocytes from the lymph nodes and spleen, we cultured
lymphoid cells with or without LPS (25 ug/mL) for 72 h, corresponding to the peak of B cell clonal expansion.
Proliferation was assessed by measuring metabolic activity through MTT reduction assays. Mitogenic
stimulation significantly increased immunogenic responses in both lymph nodes and spleen of hyperthyroid
mice compared to euthyroid controls. Although both groups exhibited enhanced proliferative responses
upon LPS stimulation, the magnitude of this increase was markedly greater in hyperthyroid mice in both
tissues (Fig. 3A). Additionally, LPS stimulation induced upregulation of PCNA gene expression, a marker of
cell proliferation, in both lymph nodes and spleen. This upregulation was significantly more pronounced in
hyperthyroid mice, indicating a heightened proliferative response (Fig. 3B).
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Figure 3: The impact of hyperthyroidism on the proliferative response in vitro of LPS-stimulated lymphocytes from
the lymph node and spleen (A) Lymphoid cells from lymph nodes and spleen of euthyroid and hyperthyroid animals
were cultured in 96-well plates without or with LPS (25 pg/mL) at 37°C for 72 h in a CO,-gassed incubator. Cellular
proliferation was assessed by adding MTT to the cultures, followed by quantification of absorbance at 570 nm. (B)
Lymphoid cells incubated with LPS under the same conditions described in (A) were used for RNA extraction. RT-PCR
was performed using specific primers for PCNA to evaluate gene expression levels. B,-microglobulin was used as the
housekeeping gene. The densitometric analysis of the amplicons is shown in the bar graph. AU represents arbitrary
units. E and H represent the euthyroid and hyperthyroid groups, respectively. Results are expressed as mean + SD (n =
5 animals per experimental group). **p < 0.01 indicates significant differences compared to the euthyroid group

3.5 Alterations in Lymphoid Cells Induced by Hyperthyroidism

TEM analysis revealed an increase in the number of mitochondria in lymphoid cells from the lymph
nodes and spleen of hyperthyroid mice compared to euthyroid controls. However, no significant changes in
mitochondrial size were observed, but the variability in mitochondrial morphology was evident. In addition,
mitochondria from hyperthyroid animals also exhibited increased electron density, suggesting an increase
in mitochondrial cristae density (Fig. 4).
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Figure 4: (Continued)
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Figure 4: Effect of hyperthyroidism on mitochondrial content and morphology. The mitochondrial quantity and
morphology in lymph node (A) and spleen (B) tissue from euthyroid and hyperthyroid animals were analyzed using
TEM. The images are representative of lymph node and spleen sections from # = 3 animals per experimental group.
Mitochondria are indicated with white arrows. Magnification 25 K (top) and 50 K (bottom). The scale bar is shown in
each image

3.6 Hyperthyroidism Induces Increased ROS and O, Production in Lymphoid Cells without Inducing

Apoptosis

ROS production was assessed in lymphocytes from secondary lymphoid tissues of euthyroid and
hyperthyroid mice using DCFH-DA staining and flow cytometry (Fig. 5A). Hyperthyroid mice showed
significantly higher ROS production compared to euthyroid controls. In addition, O,” production was
evaluated using the NBT assay and bright-field microscopy, revealing increased O, levels in lymphoid cells
from both lymph nodes and spleen of hyperthyroid mice (Fig. 5B). Despite the elevated ROS levels, no
apoptotic mechanisms were activated, as lymphoid cells from both euthyroid and hyperthyroid mice showed
similar proportions of viable cells, as well as cells in apoptosis or necrosis (Fig. 6).
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Figure 5: Effect of hyperthyroidism on ROS production. (A) The levels of ROS produced by lymphocytes from
secondary lymphoid tissues of euthyroid and hyperthyroid mice were determined by incubating the cells with DCFH-
DA, followed by flow cytometry. The histograms are representative of n = 10 independent assays and shows the mean
values + SD for each experimental group. *Significantly different from the euthyroid group (p < 0.05). (B) Production of
O, by lymphoid cells from lymph nodes and spleen of euthyroid and hyperthyroid animals was evaluated by incubating
the cells in 24-well plates with NBT. The oxidized NBT product was visualized by bright-field microscopy. Representative
images from n = 6 assays per experimental group are shown
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Figure 6: Effects of hyperthyroidism on lymphoid cell viability. Lymphoid cells from lymph nodes (A) and spleen (B)
of euthyroid and hyperthyroid animals were stained with Annexin V-FITC and propidium iodide (PI), and apoptosis
was analyzed by flow cytometry. The acquired data were processed using BD Accuri C6 software. Cells were classified
as viable (Annexin V~/PI"), early apoptotic (Annexin V*/PI"), late apoptotic (Annexin V*/PI"), or necrotic (Annexin
V~/PI"). No significant differences were observed between the euthyroid and hyperthyroid groups (n = 5 animals per
group)

4 Discussion

Herein, we investigated the immune response and cellular alterations in hyperthyroid mice induced by
T4 treatment, focusing on lymphoid tissues and the corresponding immune function. The results indicate
that hyperthyroidism leads to significant changes in thyroid function, splenomegaly, lymphadenomegaly,
and enhanced immune responses, as well as alterations in lymphoid cell characteristics and function.

The induction of hyperthyroidism in BALB/c mice via T4 treatment successfully altered THs levels,
with significantly higher levels of T3 and T4 and a concomitant decrease in TSH, values that are consistent
with the expected hormonal profile of hyperthyroidism (Table 1). Therefore, the present results validate the
employment of the research model for studying the impact of hyperthyroidism on immune responses [18].

One of the most notable disclosures was the anatomical enlargement of the spleen and lymph nodes in
hyperthyroid mice, which exhibited an absolute and relative weight increase when compared to euthyroid
controls (Fig. 1). Additionally, the total number of lymphoid cells in these tissues was significantly greater in
hyperthyroid animals (Fig. 1). The observed enlargement of lymphoid organs, suggests a state of hyperactive
immune response. Further investigation into the hyperproliferative response of the germinal centers revealed
that LPS stimulation increased both the number and size of lymphoid follicles in the lymph nodes and
spleen of hyperthyroid mice (Fig. 2A). The enhanced follicular growth upon LPS stimulation is indicative
of a heightened immune response, possibly due to the increased availability of immune cells and greater
cellular activation in hyperthyroidism. Consistent with our findings, other studies have reported an increase
in spleen size and cellularity, particularly in the white pulp areas, accompanied by a higher percentage of
mature B cells and plasma cells, as well as an elevated frequency of pre-B and immature B cells in the bone
marrow [27]. These results suggest that hyperthyroidism may promote the maturation and differentiation of
B lymphocytes into antibody-producing plasma cells. Additionally, another study demonstrated changes in
both cellular and humoral immunity, evidenced by an increase in thymus and spleen weight and cellularity,
as well as an increase in antibody-forming cells and the relative content of T cell subpopulations [28].
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Our studies were conducted in female mice, where sex hormones, particularly estrogens, may modulate
the immune response [29]. Several reports indicate that variations in sex hormone levels affect the activity
and lymphocytic profile of immune cells, altering cytokine production and the inflammatory response [30].
Estrogens generally have immunostimulatory effects on the adaptive immune response, while testosterone
can have immunosuppressive effects [31]. Therefore, our results cannot be extrapolated to male mice, as the
magnitude and type of immune response may differ due to the influence of sex hormones.

TEM analysis exhibited an increased cell size and a reduction in the extracellular matrix space in the
lymphoid tissues of hyperthyroid animals (Fig. 2B), suggesting changes in tissue architecture and cellular
composition [27]. Flow cytometry further confirmed that lymphoid cells from hyperthyroid mice were larger
and more granular than those from euthyroid mice, which could indicate activation and differentiation of
immune cells (Fig. 2C, Table 2). While LPS stimulation increased the size and granularity of lymphoid cells
in both euthyroid and hyperthyroid animals, the effect was more pronounced in the hyperthyroid group,
further emphasizing the enhanced immunological response under THs dysregulation.

Hyperthyroidism was associated with a significant increase in the proliferative response to LPS stim-
ulation in lymphocytes from secondary lymphoid organs, as demonstrated by employing MTT assays and
upregulation of the PCNA gene (Fig. 3). While the proliferative response was enhanced in both tissues,
it was more pronounced in splenic cells compared to lymph node cells. This difference can be attributed
to the distinct functions of these organs. The spleen, which filters blood and supports systemic immune
responses, contains a higher number of B cells compared to lymph nodes. As a result, splenic B cells are more
responsive to mitogenic signals like LPS, driving stronger activation and proliferation [32]. In contrast, lymph
nodes filter lymph and detect peripheral antigens, requiring additional signals, such as those from T cells
or antigen-presenting cells, to promote effective B cell proliferation in response to LPS [33]. These findings
suggest that hyperthyroidism amplifies the proliferative response in vitro and in vivo, likely through enhanced
B cell activation, consistent with previous studies showing that THs modulate lymphocyte activation and
proliferation [34,35].

Hyperthyroidism increases lymphocytic activity in lymph nodes and spleen, which demands higher
ATP production. Since mitochondria are the primary organelles responsible for ATP generation through
oxidative phosphorylation in the electron transport chain, we analyzed the effects of hyperthyroidism
on mitochondrial density and morphology. TEM analysis revealed an increased number of mitochondria
in lymphoid cells from hyperthyroid mice, with more electron-dense mitochondria (Fig. 4), a finding
consistent with enhanced mitochondrial activity [36]. While no significant changes in mitochondrial size
were observed, the increased density of cristae suggests a higher content of mitochondrial proteins and
enhanced energy production to meet the higher metabolic demands of activated lymphocytes [10]. This
phenomenon may reflect the need for additional energy during immune activation and cellular proliferation
in a hyperthyroid state. Additionally, a pronounced variability in mitochondrial morphology was observed
(Fig. 4), suggesting active mitochondrial dynamics, including fusion and fission processes, which are com-
mon in cells under metabolic stress or undergoing high metabolic changes [37-39]. Mitochondrial biogenesis
has been reported by other authors; however, they found that hyperthyroidism induces a disruption in the
mitochondrial quality control system in liver mitochondria, leading to an increase in defective mitochondria,
as was evidenced by mitochondrial swelling with a lysed matrix and reduced cristae, as well as the formation
of multilamellar bodies [40]. These discrepancies with our results may reflect tissue-specific adaptations to
the metabolic demands regulated by THs levels or differential tissue susceptibility to THs.

Furthermore, hyperthyroidism was found to increase ROS and O,~ production in lymphoid cells
(Fig. 5), a hallmark of oxidative stress. These findings observed in our study support previous reports
linking hyperthyroidism to increased oxidative stress [41-43]. It is well established that hyperthyroid
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states, characterized by increased metabolic activity, are associated with enhanced mitochondrial func-
tion [10,36,39]. During oxidative phosphorylation and ATP synthesis, mitochondrial complexes I and III
generate O,~, which can contribute to elevated ROS levels [11]. However, beyond mitochondrial sources,
other extramitochondrial enzymes, such as NADPH oxidase or xanthine oxidase, may also play a significant
role in ROS production [44,45]. The activity of these enzymes could be modulated by the hyperthyroid
condition, further complicating the identification of the precise sources of ROS. Therefore, a significant
portion of ROS production may originate from extramitochondrial sources, which represents a limitation in
our study, where we were unable to fully differentiate and quantify each source.

Despite this increase in ROS production, no apoptotic mechanisms were activated in the lymphoid
cells, as both euthyroid and hyperthyroid mice exhibited similar proportions of viable cells, as well as cells
in apoptosis or necrosis (Fig. 6). We have previously demonstrated in peripheral blood mononuclear cells
(PBMCs) from patients with Graves” hyperthyroidism, that excess THs increase oxidative stress without
compromising cell viability [46]. Additional evidence suggests that THs promote cell survival and inhibit
apoptosis through multiple mechanisms, including p53 suppression, downregulation of the tumor necrosis
factor-alpha/Fas cell surface death receptor (TNFa/Fas) system, decreased activation of proteolytic caspases
and Bcl-2-associated X protein (BAX), and increased expression of the X-linked inhibitor of apoptosis
(XIAP) [47]. The activation of the Extracellular Signal-Regulated Kinase 1 and 2 (Erkl/2) pathway has also
been implicated in these protective effects [48]. Furthermore, THs not only regulate physiological processes
in normal cells but also stimulate cancer cell proliferation by dysregulating key molecular and signaling
pathways [49]. As we previously reported, lymphoid cells from the lymph nodes and spleen of hyperthyroid
BALB/c mice upregulate antioxidant enzymes in response to THs-induced oxidative stress [43]. This suggests
that the hyperthyroid state triggers a compensatory antioxidant response that mitigates oxidative damage
and prevents apoptosis. Simultaneously, it may activate intracellular signaling pathways that further enhance
cell survival under oxidative stress [50].

These findings indicate that while hyperthyroidism induces a heightened oxidative environment, it
does not necessarily lead to apoptosis in lymphoid cells. Further research would be needed to elucidate the
mechanisms regulating cell survival under these conditions.

5 Conclusion

In conclusion, our findings provide supplementary evidence that hyperthyroidism enhances immune
responses, promotes lymphoid tissue enlargement, and alters cellular characteristics, including increased
mitochondrial mass and ROS production. Despite these changes, hyperthyroid animals did not exhibit
significant apoptotic cell death, suggesting that the increased oxidative stress did not result in overt cellular
damage. Our present research highlights the complex relationship between THs and immune function, sug-
gesting that hyperthyroidism may play a pivotal role in modulating immune responses without necessarily
compromising cell viability. Regarding clinical implications, a deep understanding of the balance between
immune activation and oxidative stress in hyperthyroidism could provide new insights into therapeutic
strategies aimed at modulating immune responses and mitigating oxidative damage in autoimmune thyroid
disorders and other oxidative stress-related conditions. Therapeutical treatments with antioxidant com-
pounds would be a novel pathway to improve clinical outcomes. Indeed, further studies are needed to explore
the underlying mechanisms that govern these effects and their implications for autoimmune disorders and
other thyroid-related pathologies.
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