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Abstract

Objective
Ionizing radiation (IR) is widely used in the treatment of head and neck malignancies; however, its early
effects on adjacent endocrine tissues remain insufficiently characterized. This study aimed to
investigate early post-irradiation structural and molecular alterations in the thyroid and parathyroid
glands, with a particular focus on HSP-90-mediated proteostasis.

Materials and Methods
Male Wistar-Hannover rats were assigned to control or irradiation groups and exposed to a single 18 Gy
dose of IR to the head and neck region. On day 21, thyroid and parathyroid tissues were evaluated
histopathologically and immunohistochemically for morphological changes and HSP-90 expression.

Results
Irradiated thyroid tissue exhibited significant vascular congestion (p = 0.031), inflammatory infiltration (p 
= 0.040), and epithelial desquamation (p = 0.006). Notably, HSP-90 expression in thyroid follicular cells
demonstrated a paradoxical downregulation, being significantly reduced compared with controls (p = 
0.011). In contrast, parathyroid glands showed preserved architecture and stable HSP-90 expression (p 
= 0.914).

Conclusion
A single high-dose IR exposure induces early microstructural injury in the thyroid while paradoxically
suppressing HSP-90-mediated stress responses, whereas the parathyroid gland appears relatively
resistant at this stage. These findings highlight organ-specific differences in endocrine radiosensitivity
and suggest that early impairment of proteostasis may contribute to radiation-induced thyroid
vulnerability.

Introduction
Radiation can be broadly divided into ionizing radiation (IR) and non-ionizing radiation (non-IR) [1, 2]. IR
includes photon radiation such as X-rays and γ-rays and particle radiation including electrons, protons,
neutrons, carbon ions, and α- and β-particles [1–3]. By definition, IR carries sufficient energy to remove
electrons from atoms or molecules, thereby ionizing them [1–3]. Non-IR comprises ultraviolet (UV)
radiation, visible light, lasers, infrared, microwaves and radiofrequency waves, which generally lack the
energy required to induce direct ionization [4, 5].
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IR is widely used in medical diagnostics and therapy and provides substantial clinical benefit [6, 7].
Radiotherapy, predominantly employing X-rays and γ-rays, is a cornerstone treatment modality in head
and neck cancers [6–9]. However, beyond its antitumor efficacy, IR can induce clinically relevant damage
in normal tissues within the radiation field, including endocrine organs such as the thyroid and
parathyroid glands [8–10].

Although the thyroid gland has classically been regarded as relatively resistant to acute radiation effects,
it is particularly vulnerable to long-term sequelae of radiation exposure [10–13]. The hypothalamic-
pituitary-thyroid axis is highly radiosensitive, and the degree of damage is influenced by radiation field,
total dose and fractionation [10, 12]. Epidemiological data from atomic bomb survivors and nuclear
accidents (Hiroshima, Nagasaki, Chernobyl) and from patients receiving therapeutic irradiation clearly
demonstrate increased risks of hypothyroidism, nodular thyroid disease and thyroid carcinoma,
especially when exposure occurs during childhood and adolescence [2, 10–13].

The thyroid gland is composed of thousands of follicles lined by follicular cells surrounding a
thyroglobulin-rich colloid [12, 14]. Follicular thyrocytes actively transport iodide, synthesize thyroglobulin
and produce thyroid hormones T3 and T4, processes that require high levels of protein synthesis and
robust endoplasmic reticulum and mitochondrial function [12, 14]. Consequently, these cells are
particularly susceptible to stressors such as heat, oxidative damage and radiation [14, 15].

Parathyroid glands also exhibit considerable metabolic activity and secrete parathyroid hormone but
differ structurally from the thyroid, as chief cells are arranged in solid cords rather than forming follicles.
Both thyroid and parathyroid tissues utilize heat shock proteins (HSPs), including HSP-70 and HSP-90, as
part of the cellular stress response [15, 16]. Due to their high metabolic demand, parathyroid cells share
core stress pathways with thyroid follicular cells; however, the absence of a follicular architecture implies
that radiation-induced damage may manifest preferentially as alterations of the plasma membrane,
subcellular organization and perinuclear compartments rather than follicular collapse [16]. These
architectural and metabolic differences may underlie organ-specific radiosensitivity.

HSP-90 is a ubiquitously expressed molecular chaperone essential for multiple physiological processes,
including cell cycle regulation, proliferation and hormone signaling [17, 18]. It assists in protein folding,
stabilizes client proteins and facilitates repair or proteasomal degradation of misfolded proteins, thereby
maintaining intracellular proteostasis [17–19]. Under stress conditions such as hyperthermia, oxidative
stress or irradiation, HSP-90 levels are typically upregulated [18–20]. In the endocrine system, HSP-90
stabilizes thyroid hormone receptors (particularly TRβ) and various kinases and interacts with multiple
nuclear receptors, including glucocorticoid, estrogen and thyroid hormone receptors [18, 19, 24].

In the immediate aftermath of IR exposure, cells experience DNA double-strand breaks, mitochondrial
dysfunction, ATP depletion and a surge in reactive oxygen species (ROS) [20]. These events are
accompanied by suppression of ribosomal RNA synthesis and a global inhibition of protein synthesis
[20, 21]. Cells may transiently enter an energy-saving state in which even protective chaperone synthesis
is attenuated [20, 21]. In highly active thyroid follicular cells, this can coincide with reduced thyroid
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peroxidase synthesis, cessation of hormone production and a shift toward a quiescent state [14, 21].
During this early period, a transient decline in HSP-90 may occur before later adaptive upregulation [20,
21]. Thus, early post-irradiation dynamics of HSP-90 in the thyroid might reflect a failure or delay in
mounting an adequate stress response.

Existing evidence on HSP-90 behavior in irradiated thyroid tissue is limited and partially contradictory.
Some data indicate upregulation of HSP-90 under chronic or subchronic exposure, whereas decreased
HSP-90 expression has been reported following non-ionizing radiation in rats [16, 23]. Furthermore, the
parathyroid response to radiation, both morphologically and at the level of stress proteins, remains
poorly characterized [11, 16].

In this context, the present study aimed to investigate the early post-irradiation (day 21) effects of a
single high-dose IR exposure on thyroid follicular morphology and HSP-90 expression, and to compare
these changes with those in the parathyroid gland in a Wistar-Hannover rat model. We hypothesized that
(i) IR would induce detectable structural injury in thyroid follicles at this early time point, and (ii) HSP-90
expression patterns might diverge between thyroid and parathyroid tissues, reflecting organ-specific
radiosensitivity and stress adaptation.

Materials and Methods
Experimental animals

Male Wistar-Hannover rats, six weeks old and weighing 250-350 g, were obtained from the animal
laboratory of our institution. Animals were housed under specific pathogen-free (SPF) conditions with
controlled temperature and humidity and a 12:12-hour light-dark cycle. Standard chow and water were
provided ad libitum.

Ethical Approval

All animal procedures were reviewed and approved by the Bağcılar Training and Research Hospital
Animal Experiments Local Ethics Committee (HADYEK) under approval number HADYEK/2024-14,
decision no: 2024/49, and were conducted in full compliance with national regulations and ARRIVE
guidelines for the reporting of animal research.

Grouping and irradiation protocol

Eighteen rats were randomly allocated into two groups (n = 9 each): a control group and an irradiation
(IR) group. Group allocation was balanced according to baseline body weight to minimize potential
confounding. In the IR group, animals were anesthetized with intraperitoneal ketamine (70 mg/kg) and
xylazine (7 mg/kg). Under anesthesia, rats were positioned and immobilized, and a single dose of 18 Gy
was delivered to the head and neck region using a Varian Clinac iX linear accelerator. Field size and
positioning were standardized to encompass the thyroid and parathyroid regions while minimizing
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unnecessary whole-body exposure. Preparation and irradiation lasted approximately 30-45 minutes per
animal.

Following irradiation, animals were returned to the animal facility while still anesthetized. To prevent
hypothermia, recovery was conducted on a heated operating table and in an intensive care unit as
needed. Rats were returned to group cages only after complete recovery from anesthesia. Control
animals underwent handling and anesthesia without irradiation.

Clinical monitoring and euthanasia

Body weight was recorded at baseline and regularly monitored throughout the 21-day follow-up. The
expected weight loss under the given conditions with a normal diet was ≤10-11%; supplemental nutrition
was planned only if clinically indicated. On day 21 after irradiation (early post-exposure time point), all
animals were euthanized by decapitation under deep anesthesia, and thyroid and parathyroid tissues
were immediately harvested for pathological evaluation. To avoid unnecessary animal use, remaining
carcasses were stored for subsequent research purposes in accordance with national regulations
(Official Journal, 15 February 2014, Article 8, paragraph 8, letter k).

Histopathological processing

Thyroid and parathyroid tissues were carefully dissected under a stereomicroscope. Particular attention
was paid to identifying parathyroid tissue based on its typical location relative to the thyroid lobes and its
distinct microscopic appearance. Samples were fixed in 10% neutral buffered paraformaldehyde for 24
hours, dehydrated through graded alcohols, cleared in xylene and embedded in paraffin. Serial 4-µm
sections were cut and mounted on glass slides.

Hematoxylin and eosin (H&E) staining was performed following standard protocols. Histopathological
evaluation focused on follicular architecture, colloid characteristics, vascular structures and
inflammatory infiltration. Congestion, inflammation and epithelial desquamation were semi-
quantitatively assessed by an experienced pathologist blinded to group allocation, and scores were used
for statistical comparison between groups.

Immunohistochemistry for HSP-90

For immunohistochemical analysis, paraffin sections were deparaffinized, rehydrated and subjected to
heat-induced antigen retrieval. Endogenous peroxidase activity was blocked, and non-specific binding
was minimized using appropriate blocking solutions. Sections were incubated with a polyclonal rabbit
anti-HSP-90 antibody (Cell Signaling Technology, Massachusetts, USA), followed by a suitable secondary
antibody and chromogenic detection using a peroxidase-based system. Counterstaining was performed
with hematoxylin.

Cytoplasmic HSP-90 immunoreactivity in thyroid and parathyroid tissues was evaluated by light
microscopy. For the purposes of this study, expression was categorized as preserved (positive
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cytoplasmic staining in follicular cells or parathyroid chief cells) or lost/markedly reduced (absence or
near-complete loss of specific cytoplasmic staining). Evaluation was performed by a pathologist blinded
to group allocation.

Statistical analysis

Data are presented as median (minimum-maximum). Between-group comparisons (control vs IR) for
histopathological scores and HSP-90 expression were conducted using the Mann-Whitney U test. A two-
sided p-value < 0.05 was considered statistically significant. Statistical analyses were performed using
standard statistical software. Given the exploratory nature of this animal study and the limited sample
size, no formal power calculation was performed a priori; findings should therefore be interpreted as
hypothesis-generating.

Results
Histopathological alterations in the thyroid gland on day 21 after irradiation, pronounced structural
alterations were observed in the thyroid glands of the IR group compared with controls. Vascular
congestion was significantly increased in irradiated animals (p = 0.031), accompanied by enhanced
inflammatory cell infiltration in the interfollicular stroma (p = 0.040). Epithelial desquamation, reflected
by partial detachment and shedding of follicular cells into the colloid or follicular lumen, was also
significantly more prominent in the IR group (p = 0.006). Collectively, these changes indicate early post-
irradiation damage at both vascular and epithelial levels (table 1) (figure 1).

In contrast, control animals showed preserved follicular architecture with regular colloid, minimal
congestion and only sparse inflammatory cells (figure 2). Thyroid volume and global architecture were
grossly maintained in both groups at this time point, but the qualitative differences in microstructural
integrity were evident.

HSP-90 expression in the thyroid

Immunohistochemical analysis revealed a paradoxical pattern of HSP-90 expression. In the control
group, thyroid follicular cells exhibited robust cytoplasmic HSP-90 staining, consistent with the high
metabolic activity and basal need for chaperone support (figure 3). In the IR group, however, HSP-90
immunoreactivity in follicular cells was significantly reduced, with a higher frequency of specimens
classified as loss or marked reduction of staining (p = 0.011) (figure 4). This indicates that, at day 21
post-irradiation, thyroid HSP-90 levels are lower in irradiated animals compared to non-irradiated
controls, contrary to the classical expectation of stress-induced HSP upregulation (table 1).

Parathyroid morphology and HSP-90 expression

Parathyroid glands, identified adjacent to the thyroid lobes, did not show overt architectural disruption at
this early time point. Chief cells remained arranged in cords with preserved cellular density, and no
consistent pattern of marked congestion or inflammatory infiltration was detected.
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Regarding HSP-90, cytoplasmic expression in parathyroid chief cells did not differ significantly between
control and IR groups (p = 0.914). Expression was generally preserved in both groups, suggesting a more
stable chaperone profile in parathyroid tissue under the given exposure conditions and within the
observed time window (table 1) (figure 4).

Overall, these findings indicate that a single 18 Gy IR exposure induces clear early morphological injury
and a paradoxical reduction in HSP-90 expression in the thyroid gland, whereas parathyroid glands
display relative morphological and molecular stability at day 21.

Discussion
This experimental study investigated the early post-irradiation (day 21) effects of a single high-dose
ionizing radiation (IR) exposure on thyroid and parathyroid tissues, focusing on histopathological
integrity and HSP-90 expression. The findings demonstrate that IR induces significant vascular and
epithelial injury in the thyroid gland, accompanied by a paradoxical reduction in HSP-90 expression,
whereas the parathyroid gland exhibits relative structural and molecular stability at this early time point.
The observed increases in vascular congestion, inflammatory infiltration, and epithelial desquamation
are consistent with the known radiosensitivity of thyroid tissue and likely reflect endothelial damage,
microcirculatory disturbance, and oxidative stress-mediated cellular injury [20,22,23]. These early
microstructural alterations may constitute the histological substrate for later functional impairment,
including hypothyroidism and nodular disease [10-13,22,23]. The most notable finding of this study is the
paradoxical downregulation of HSP-90 in thyroid follicular cells, which contrasts with the classical view
of HSP-90 as a stress-inducible chaperone that is typically upregulated under proteotoxic conditions [17-
19,23]. A mechanistically plausible explanation for this observation is a temporal biphasic response
pattern in the cellular stress machinery following ionizing radiation. In the early post-irradiation phase,
acute DNA damage, mitochondrial dysfunction, and ATP depletion may induce a global suppression of
protein synthesis, including stress-inducible chaperones such as HSP-90, reflecting a transient energy-
conserving state in highly metabolically active thyroid follicular cells [20,21]. As cellular recovery
mechanisms are progressively engaged, a delayed compensatory upregulation of HSP-90 and related
chaperones may occur at later time points, restoring proteostasis and supporting cellular adaptation
[20,21]. This biphasic trajectory may reconcile the apparent discrepancy between our findings and
studies reporting increased HSP expression under chronic or prolonged stress conditions [16,20,21,23].
Additional mechanisms may further contribute to this paradoxical response, including inhibition of
ribosomal RNA synthesis, nucleolar dysfunction, and altered thyroid hormone signaling pathways
affecting HSP-90 regulation [18,19,24]. 

In contrast, the relative preservation of parathyroid morphology and stable HSP-90 expression suggest
that structural organization and metabolic demand may underlie organ-specific differences in
radiosensitivity; the absence of follicular architecture and comparatively lower synthetic activity in
parathyroid tissue may confer resilience against early proteostatic disruption [11,16]. Nevertheless,
alternative explanations, including distinct temporal dynamics of stress responses in parathyroid cells,
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cannot be excluded [11,16]. Several limitations should be acknowledged, including the use of a single
time point, the relatively small sample size, and the semi-quantitative assessment of HSP-90
expression. 

Furthermore, the use of a single high radiation dose does not fully replicate fractionated clinical
regimens, and the absence of additional proteostasis markers limits broader mechanistic interpretation.
Future studies incorporating multiple time points, quantitative approaches, and expanded evaluation of
the chaperone network, together with functional endocrine assessments, are warranted to clarify the
temporal dynamics and mechanistic basis of radiation-induced endocrine injury.

Future directions

Future studies should address these limitations by incorporating multiple time points, different total
doses and fractionation schemes, and more comprehensive evaluation of the chaperone network.
Integration of hormonal measurements (TSH, T3, T4, PTH) and functional endpoints would allow
correlation of structural and molecular alterations with endocrine outcomes. Intervention studies using
antioxidants, radioprotective agents or pharmacological inducers of HSP-90 could clarify whether
modulation of proteostasis can mitigate IR-induced thyroid injury. Finally, systems-level approaches
(proteomics, transcriptomics) targeting HSP-90-associated signaling pathways (e.g., PI3K/Akt, MAPK,
p53) may provide deeper mechanistic insight into how IR reshapes the cellular stress landscape in
endocrine tissues.

Conclusion
In summary, this experimental study demonstrates that a single high-dose IR exposure to the head and
neck region induces early microstructural injury in the rat thyroid, characterized by increased vascular
congestion, inflammatory infiltration and epithelial desquamation, while paradoxically reducing HSP-90
expression in follicular cells at day 21. In contrast, parathyroid glands display relative morphological and
molecular stability under the same conditions. These findings refine our understanding of organ-specific
radiosensitivity within the endocrine system and suggest that early suppression of HSP-90-mediated
proteostasis may be a key component of radiation-induced thyroid vulnerability. Elucidating the temporal
and mechanistic details of this response may open avenues for targeted radioprotective strategies and
improved management of thyroid dysfunction in patients undergoing head and neck irradiation.
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Table
Table 1. Histopathological and Immunohistochemical Findings in Control and Irradiated Groups

Variable Control Group (Median,
min-max)

Irradiated Group (Median,
min-max)

p-value (Mann-
Whitney U)

Congestion 1 (0-1) 1.5 (1-2) 0.031

Inflammation 0 (0-0) 1 (0-2) 0.040

Epithelial
desquamation

0 (0-0) 1.5 (1-2) 0.006

HSP-90 (thyroid) 2 (2-3) 1 (1-2) 0.011

HSP-90
(parathyroid)

2.5 (2-3) 2.5 (1-3) 0.914

Figures
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Figure 1

Following exposure to ionizing radiation, thyroid tissue exhibits marked epithelial desquamation in
follicular structures, vascular congestion, and inflammatory infiltration (H&E, 200×).
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Figure 2

Vascular and follicular structures, as well as parathyroid tissue, appear within normal histological limits
in control thyroid tissue not exposed to ionizing radiation (H&E, 200×).
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Figure 3

Strong cytoplasmic HSP90 expression is evident in control thyroid tissue (IHC, anti-HSP90, 400×).
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Figure 4

After ionizing radiation exposure, HSP90 expression is markedly reduced in thyroid tissue, whereas
cytoplasmic HSP90 expression persists in parathyroid tissue (IHC, anti-HSP90, 200×).

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Table1.docx

Page 15/15

https://assets-eu.researchsquare.com/files/rs-9328347/v1/ad10d3e1d3ac4710f6a48a02.docx

