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Eminent Effects of Glucagon-Like Peptide-1 Receptor
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SUMMARY: Effects of Glucagon-like peptide-1 receptor agonists on the thyroid gland, particularly the parafollicular C-cells,
have been noted for injedtle formulations, but comprehensive data regarding the novel oral formulation of semaglutide remain limited.
The aim of the study was to investigate and quantify the dose-dependent effects of chronic oral semaglutide adminik& &iaioorirte
function, morphology, and cellular markers of proliferation and apoptosis in the thyroid gland of male albino rats. Faattjt (@@)e rats
were divided into 4 groups; control and 3 semaglutide treatment groups (Low-Dose, Medium-Dose, and High-Dose), correshending to
human therapeutic range of 3 to 14 mg, and treated for 30 days. Endocrine status was assessed via serum levels ohtriadd@@yro
thyroxine (T4(, and thyroid stimulating hormone (TSH). Histological analysis included Hematoxylin and Eosin (Hx&E) stairudg, Pe
Acid Schiff (PAS) reaction, and immunohistochemical (IHC) quantification of Ki67, Calcitonin, and BAX. All treated grouptedxhib
significant, dose-dependent reduction in body weight. The Medium- Dose and High-Dose groups showed a highly significant decline
(P<0.001) in all 3 measured serum thyroid hormones. Pathological examination revealed dose-proportional deterioratignglimiletin
atrophy and epithelial exfoliation. Immunohistochemistry confirmed a highly significant, dose-dependent increase in calcitonin
immunoreactive C- cells numbers and Ki67 and BAX expression in the higher-dose groups (P< 0.001). Oral semaglutide ibtices nota
and dose-dependent detrimental effects on the morphological and endocrine integrity of the rat thyroid gland, partiosés sratidalent
to 7 and 14 mg in humans. This mandates further research to delineate the underlying molecular mechanisms.
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INTRODUCTION

Glucagon-like peptide-1 receptor agonists (GLP-hcluding exenatide, liraglutide, lixisenatide, dulaglutide, and
RAs) represent a novel class of therapeutics that hasemaglutide—have successfully received regulatory
profoundly revolutionized the clinical management of typauthorization for the therapeutic intervention of T2D (Amaro
2 diabetes (T2D) because of their efficacy in lowering blocet al., 2022).
glucose, promoting weight loss, and offering cardiovascular
and renal benefits (Goginert al, 2024). The incretin Exenatide (Byetta®, Amylin Pharmaceuticals, LLC)
metabolic hormone, glucagon-like peptide-1 (GLP-1), iwas the first glucagon-like peptide-1 receptor agonist (GLP-
fundamentally synthesized and released by L-cells residitgA) introduced for clinical use as an adjunct therapy in
in the small and large intestine, as well as by specific cellzgdividuals with type 2 diabetes (T2D) (Barnett, 2012).
within the central nervous system (Campbell & DruckeSubsequently, liraglutide (Victoza®, Novo Nordisk) was
2013). This hormone is centrally accountable fodeveloped and approved for similar therapeutic purposes
orchestrating a diverse array of crucial physiological effecté-lint et al., 2011). However, both exenatide and
including the control of glucose homeostasis and appetiteaglutide—the earliest GLP-1RAs—have been associated
regulation, which are mediated through GLP-1 receptovgith the occurrence of thyroid C-cell tumors in rodent models
extensively distributed in organs such as the brain, kidneysllowing prolonged exposure (Madsehnal, 2012). This
lungs, cardiovascular system, and gastrointestinal tract (Pykeenomenon has been further supported by studies
etal, 2014). Since 2005, a growing number of GLP-1 RAs-demonstrating that prolonged liraglutide exposure
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specifically stimulates the release of plasma calcitonidRAs) and thyroid function. Késeogitial (2020) reported
concurrently increasing calcitonin gene expression amdat exenatide therapy reduced thyroid volume and
consequently inducing C-cell hyperplasia in rat modelmodulated TSH levels in patients with type 2 diabetes,
(Knudseret al, 2010). suggesting a direct or indirect influence on thyroid
physiology. Ruskat al (2024) demonstrated that GLP-1

While GLP-1 receptor agonists are known for theireceptor signaling exerts differential effects on thyroid
profound metabolic effects, their impact on the thyroid glandbllicular and parafollicular cells, indicating tissue-specific
particularly the parafollicular C-cells, remains a significanteceptor expression and responses. Similarly, a 2024 review
area of research. The GLP-1 receptor is notably expressgdCapucciet al (2024), in Biomolecules summarized that
on rodent thyroid C-cells, which explains the observed @hronic GLP-1RA exposure may alter thyroid hormone
cell hyperplasia and neoplasia in rats and mice and thgnthesis, cellular proliferation, and calcitonin secretion,
resulting elevated calcitonin secretion following treatmerglthough results remain inconsistent across species and
with GLP-1 RAs models (Knudsest al., 2010). compounds.

Prolonged GLP-1RA activation is consistently linked Based on these observations, we hypothesized that
to elevated calcitonin levels and the development of tumoosal semaglutide, a novel GLP-1RA formulation, may
in rats and mice (Madsest al, 2012). Conversely, the influence thyroid hormonal balance and morphology in a
clinical evidence in humans is considerably less conclusivdpse-dependent manner. Specifically, we proposed that
often showing a decrease in TSH levels without a significasémaglutide administration could alter serum T3, T4, and
corresponding change in free T4 or T3 (List@l, 2023). TSH levels and induce histological and
The precise mechanisms by which GLP-1 receptor activationmunohistochemical changes in the thyroid gland of rats,
alters thyroid function parameters and hormone levels gpetentially reflecting underlying proliferative and apoptotic
currently under active investigation. mechanisms.

The recently developed oral semaglutide (Rybelsus®) Given the established, but not fully elucidated,
represents the first GLP-1RA available in an oral formulatiotihyroid-related effects of injectable GLP-1 RAs in rodent
approved by the U.S. Food and Drug Administration (Chamodels, particularly concerning C-cell proliferation and
& Cho, 2021). It was approved for T2D management anthe lack of comprehensive data on the oral form, this study
in 2021, for chronic weight control in overweight or obeswvas established with a specific, testable hypothesis:
individual (Gibbonset al, 2021). Semaglutide incorporatesChronic administration of the oral GLP-1RA semaglutide
the absorption enhancer sodium N-[8-(2-hydroxybenzowyould induce dose-dependent alterations in thyroid
amino] caprylate to improve bioavailability (Husa&nhal, hormone levels, follicular morphology, and C-cell
2019). It has also demonstrated significant cardiovascularoliferation/apoptosis markers in male albino rats,
benefits (Pratlegt al, 2019). consistent with an effect mediated by the GLP-1 receptor

distribution in rat thyroid tissue and potentially secondary

Furthermore, oral semaglutide shows superianetabolic alterations.
efficacy in body weight reduction compared with dulaglutide,
liraglutide, and other GLP-1RAs (Yalst al, 2020), and This investigation therefore aimed to evaluate the
exhibits remarkable glycemic and weight control outcomesffects of the recently developed oral version of GLP-1RA
in the PIONEER trials (Anderseagi al, 2021). semaglutide on the endocrine and morphological parameters

of the thyroid gland of male albino rats.

Oral semaglutide is approved for clinical use at doses
of 3, 7, and 14 mg. In the PIONEER 1 trial involving 70VATERIAL AND METHOD
patients with T2D, the 7 mg and 14 mg doses significantly
reduced HbAlc levels at 6.5 months and body weight aftAnimals and Ethics
13 months of treatment (Andersenal, 2020). Moreover,
in participants consuming high-fat, high-calorie breakfasts, A total of 40 adult male albino rats, weighing
14 mg oral semaglutide administered for three monthetween 150-180 grams, were obtained and housed at the
reduced energy intake and body fat percentage, accompardedignated animal facility within the Faculty of Medicine,
by increased fullness and satiety (Gibbehal, 2021). Menoufia University. The rats were maintained in specific

rooms with unrestricted access to standard rodent chow and

Recent evidence has highlighted potential interactiomginking water. Following a one-week acclimatization
between glucagon-like peptide-1 receptor agonists (GLBeriod in the cage.
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Ethical approval. The experimental protocol was formally Hormonal Biochemical Analysis: At the conclusion of the

initiated. Ethics clearance was obtained from the institutiondth week, blood samples were collected via cardiac puncture
scientific research ethics committee (IRB approval numbérom the left ventricle under anesthesia. Serum was
and date 8/2025ANAT7-1) of Menoufia University's Facultymmediately extracted and utilized to estimate the circulating

of Medicine. levels of tri-iodothyronine (T3), thyroxine (T4), and thyroid-
stimulating hormone (TSH). The assays were performed using
Chemicals and Dosage Preparation the Milliplex Map rat thyroid hormone TSH panel-2 plex

(EMD Millipore, Billerica, MA, USA).

Oral semaglutide (Rybelsus®) was procured from a
local pharmacy (Novo Nordisk, Copenhagen, Denmark). Thdistological and Immunohistochemical Assessments
dosages administered to the rats were precisely calculated to
be equivalent to the human therapeutic dosages of 3 mg, 7  Atthe conclusion of the experiment, the thyroid glands
mg, and 14 mg. Based on an assumed common human badye gently dissected (Hadi al, 2013) and processed for
weight of 60 kg, the calculated equivalent rat dosages wetight microscopic histological and immunohistochemical
0.05 mg/kg (equivalent to 3 mg human dose), 0.12 mg/kapalyses. Thyroid specimens were fixed in 10 % neutral
(equivalent to 7 mg human dose), and 0.23 mg/kg (equivaldniffered formalin, processed, and embedded in paraffin.
to 14 mg human dose). A pill crusher was utilized to finely
mill a fresh oral semaglutide tablet into a powder, which was. Histological Study, Sections (Jum) were stained with:
subsequently dissolved in distilled water (DW) and manually
shaken 8-10 times prior to oral administration. The refeedingHematoxylin and Eosin (Hx & E) for general morphology
schedule for rats was as follows: food was withdrawn at 4:0@ssessment.
p.m. and water at 6:00 p.m.; oral semaglutide was administerdderiodic Acid Schiff (PAS) for the detection and assessment
at 7:30 p.m., and both food and water were reintroduced fronef glycoprotein content in the colloidal material.
8:00 p.m. to 4:00 p.m. the following day. This refeeding
protocol was maintained for thirty consecutive days in eadh Histological Alterations, including colloid depletion,

group (Rakhaet al, 2023). vascular congestion, and exfoliation of follicular epithelium,
were semi-quantitatively scored on a scale of 0-3 in ten
Experimental Design and Group Nomenclature randomly selected high-power fields per section (0 = none,

1 = mild, 2 = moderate, 3 = severe).
For enhanced clarity and consistent reporting across
the manuscript, Figures, and Tables, descriptive labels we&elmmunohistochemical (IHC) Study
used.
- Ki67 (cell proliferation marker): Antigen retrieval of
The 40 adult male albino rats were systematicallydeparaffinized sections was performed using citrate buffer
assorted into 4 groups (n=10 rats each) with respect t¢pH 6.0) in a microwave, followed by incubation with rabbit
semaglutide dose throughout the 30-day experiment, aanti-Ki67 monoclonal antibody for 30 minutes (Thermo
follows: Fisher Scientific, USA; Cat. No. RM-9106-R7) after
treatment with 3 % hydrogen peroxide to block endogenous
1. Group | (Control Group): Rats received 0.5 mL of distilled peroxidase activity. Antibody binding was visualized using

water (DW). diaminobenzidine. Negative controls underwent the same
2. Group Il (Low-Dose Semaglutide Group): Rats receivedprocedure without the primary antibody, while tonsil tissue
0.05 mg/kg oral semaglutide. served as the positive control. Ki67 immunoreactivity was
3. Group Il (Medium-Dose Semaglutide Group): Rats identified as brown nuclear staining in positive cells (Matsuu-
received 0.12 mg/kg oral semaglutide. Matsuyameet al, 2015).
4. Group Il (High-Dose Semaglutide Group): Rats receivedCalcitonin (parafollicular cell marker): Detection was
0.23 mg/kg oral semaglutide. performed using a rabbit polyclonal anti-calcitonin antibody
(DAKO A-576; Dako, Glostrup, Denmark). Rabbit/mouse
Evaluation Methods immunoglobulins (Life Trade, Egypt) were applied as the

secondary antibody, and 3,3-diaminobenzidine
Rat weight (RW) Analysis: Rat body weights were precisely tetrahydrochloride served as the chromogen. Mayer’s
recorded three times throughout the 30-day experiment, withhematoxylin was used for counterstaining (Martin-Lacave
measurements taken once every 10 days to track temporat al, 2009).
changes. - BAX (apoptotic marker): Mouse anti-Bax monoclonal
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antibody (Ab-14 Golden, Lab Vision Clone B-9; Santa Cruammunoreactive cells on immune-stained sections
Biotechnology Inc., USA) was used as the primary antibod¢gmagnification x 400). To ensure objective and accurate
Hodgkin's lymphoma tissue served as the positive contrajuantification of the chromogen deposition, the specific brown
Positive cytoplasmic staining was indicated by a browstain indicative of positive immunoreactivity was isolated,

coloration, and Mayer’s hematoxylin was used fothresholded, and measured by applying a color deconvolution

counterstaining (Van Noorden & Polak, 2014). algorithm within the image analysis software. This
standardization across markers facilitated consistent and
Morphometrical Studies and Quantification accurate analysis.

All measurements were quantified in 5 distinct sectionStatistical Analysis
per rat and averaged across 5 high-power fields (x400) for
each group using the Leica Q 500 MC image analyzer software. =~ Data was analyzed using SPSS version 27.0. The mean,
standard deviation (SD), and range were determined.
1. Qualitative Histological Analysis (Semi-Quantitative Comparisons between each pair of groups were performed
Scoring). For rigorous assessment of histopathologicalsing the Mann-Whitney U test. A P-value of < 0.05 was
alterations, a semi-quantitative scoring system wateemed statistically significant. Given the multiple pairwise
systematically applied to the Hx&E-stained sections. Thisomparisons performed across the 4 groups, a Bonferroni
approach was employed to provide gquantitative supparorrection or an alternative multiple comparison adjustment
for the observed qualitative changes by classifying thaust be applied to the post-hoc Mann-Whitney U tests to
severity and prevalence of key pathological featuresigorously control for the overall Type | error rate (family-
vascular congestion, colloid reduction/empty lumen, andise error rate). For data presentation, time-course data will
follicular epithelial exfoliation. The resulting scoresbe visualized with line graphs, and single-point data will be
facilitated objective reporting of both the inter-samplg@resented using vertical scatter plots (dot plots) with error bars
consistency (the frequency of the finding across all tgf$D) and statistical notation to clearly indicate significant
animals in a group) and the intra-sample consistency (tdéferences.
prevalence of the finding within standardized microscopic
fields). Data were expressed as mearSD. Statistical
2. Quantitative Histological Analysis of follicle diameter comparisons between groups were performed using the
(Um) was quantitatively measured using the Leica Q 50Rruskal-Wallis’s test, followed by Mann-Whitney U post-
MC image analyzer software on H&E-stained sections abc tests with Bonferroni correction for multiple comparisons.
a magnification of x400. Differences were considered significant at p < 0.05.
3. Quantitative IHC Analysis (Ki67, Calcitonin, and BAX).
Image analysis was conducted using ImageJ (NIH, USARESULTS
For each marker, five non-overlapping fields per section
were analyzed. The immunoreactive area % of DABRat weight (RW) Results
positive staining was measured using color deconvolution
and thresholding techniques and expressed as the fraction  The chronic, 30-day administration of oral semaglutide
of positive signal relative to the total field area. induced statistically significant, dose-dependent body weight
reduction in male albino rats compared to the Control Group.
The primary metric utilized for all three Weight measurements, recorded every 10 days to monitor the
immunohistochemical markers was the area % of posititemporal trend, are systematically detailed in Table | and

Table I. Rat weight/gm among the study groups.

Group | Group Il Group 11 Group IV U test P value

(N=10) (N=10) (N=10) (N=10)
Rat weight/gm (1) 2.79 0.007
Mean +SD 180.5+25 175.246.2 163.9+1.3 152.7+1.6 3.83 <0.00%
Range 178 — 187 166 — 186 163 — 166 150 - 155 3.95 <0.00%
Rat weight/gm (11) 277 0.006
Mean +SD 181.6+39 175.9+38 159.4+28 143.7+3.7 3.79 <0.00%
Range 177 — 188 169 — 180 156 — 166 139 - 150 3.85 <0.00%
Rat weight/gm (IIT) 3.07 0.002
Mean +SD 191.0458 180.4+6.9 156.0+7.6 137.2+6.1 3.78 <0.00%
Range 182- 200 166- 186 148 — 169 130 — 145 3.95 <0.00%

U = Mann Whitney U test. 1: Comparing group | and group Il. 2;: Comparing group | and group Ill. 3: Comparing group | aivd group
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visualized in Figure 1. The Low-Dose Semaglutide Group demonstrated a statistitédlynonal Biochemical Results
significant decrease in mean body weight throughout the observation period (e.g., P

= 0.007 at the initial 10-day interval). Furthermore, both the Medium-Dose = Serum hormonal assays for
Semaglutide Group and the High-Dose Semaglutide Group exhibited a highiyroid function revealed a clear dose-
significant decline (P < 0.001) in body weight compared to the Control Group, therdbpendent impact. The Low-Dose
confirming the expected dose-dependent weight-reducing efficacy of the agentSemaglutide Group showed only a
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non-significant variation compared to
the Control Group for tri-
iodothyronine (T3) serum level (P =
0.12), thyroxine (T4) (P = 0.08), and
thyroid-stimulating hormone (TSH)
(P = 0.1). However, the therapeutic
effect intensified dramatically in the
higher dose cohorts; both the
Medium-Dose Semaglutide and the
High-Dose Semaglutide Groups
demonstrated a highly significant
reduction (P < 0.001) in the circulating
serum concentrations of T3, T4, and
TSH when compared to the Control
Group (Table I, Fig. 2).

Fig. 1. Comparison of Rat Weight (gm) among the study groups over the time course of 30-
Day experimental period.

Table II. Hormonal biochemical analysis among the study groups.

Group | Group Il Group 11 Group IV Test P value

(N=10) (N=10) (N=10) (N=10)
T3 155 012
Mean +SD 3.90 +0.16 3.76+0.20 292+0.17 2.11+0.43 371 <0.00%
Range 360 -4.15 338-4.01 27-333 15-2.77 3.99 <0.00%
T4 171 0.08
Mean +SD 401+0.14 3.78+0.22 3.06+0.28 2.12+0.45 3.66 <0.00%
Range 366 —4.15 341-4.01 274 -351 16-2.86 4,05 <0.00%
TSH 1.67 010
Mean +SD 0.93+0.17 0.82+0.10 0.16+0.09 0.08+0.04 3.66 <0.00%
Range 067-12 0.65-10.93 0.06 —0.33 0.02-0.14 4.10 <0.00%

U = Mann Whitney U test. 1: Comparing group | and group Il. 2: Comparing group | and group 111.3: Comparing group | and group |
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Fig. 2. Hormonal biochemical analysis of T3, T4, and TSH in the study groups.
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Histological, Immunohistochemical,
Morphometrical and Statistical
Results

1. Qualitative Histological Analysis
(Semi-Quantitative Scoring).
Histological examination confirmed a
progressive, dose-dependent
pathological deterioration of the
thyroid gland structure.

Control group: Sections stained with
Hx&E show normal thyroid glands
histological structure. They consist of
follicles of variable diameters lined
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with cuboidal follicular epitheliunwith rounded nuclei. interfollicular cells visible between the follicles (Fig. 3A).
Follicular lumen is filled with homogenous acidophilicPAS-stained sections of the control group demonstrated an
colloid showing peripheral tiny vacuoles. There are a feimtense positive reaction (Fig. 4A).
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normal thyroid follicles lined with cuboidal follicular epithelium (F) with rounded nuclei. The follicular lumen is filled @ntlogenous
acidophilic colloid (CO) shows peripheral small vacuoles (V). Some interfollicular cells (IF) can be seen in-between teeBllicle

A photomicrograph of group Il shows a congested blood vessel (BV). Some follicles show a decrease in colloidal material (CO),
others appear with empty lumen (Asteri®).A photomicrograph of group il reveals a congested blood vessel (BV). Most follicles
show more reduction in the colloidal material (CO), others appear with empty lumen (A&tefx)hotomicrograph of group IV
displays exfoliated follicular epithelium (black arrows), a congested blood vessel (BV). Most follicles show reductioollividiaé ¢
material (CO), others appear with empty lumen (AsteBx}\nother photomicrograph of group IV reveals distorted follicles (arched
arrow), exfoliated follicular epithelium (black arrows), follicular vacuolation (red arrows), a congested blood vessel (8V). Mo
follicles show reduction in the colloidal material (CO), others appear with empty lumen (Adtetii¥togram shows the mean
diameter of the follicles ipm among the study groups.
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Low-Dose Semaglutide and Medium-Dose Semaglutide High-Dose Semaglutide GroupThis group displayed the
Groups: Sections from these groups presented witmost pronounced structural damage, evidenced by severe
congested blood vessels, a decrease in colloidal materiaféatures such as exfoliated follicular epithelium, follicular
some follicles, and the appearance of empty lumina in othet&acuolation, and severe vascular congestion (Figs. 3D,E).
(Figs. 3B,C). These findings were supported by a modera®ncurrently, this group showed the weakest positive PAS
(Low-Dose) and mild (Medium-Dose) positive PAS stainingtaining reaction, signifying a profound impairment of
reaction, respectively, indicating a diminishing thyroglobulircolloid synthesis and storage (Fig. 4D).

content (Figs. 4B,C).

Fig. 4. Periodic Acid Schiff (PAS) staining for colloid glycoprotein content (x4Q0R photomicrograph of group | shows a strong
positive PAS staining reactiol®. A photomicrograph of group Il demonstrates a moderate positive PAS staining re@ction.
photomicrograph of group Il reveals a mild positive PAS staining readioA.photomicrograph of group 1V demonstrates a weak
positive PAS staining reaction.

Table 1ll. Semi-quantitative scoring of histopathological changes.

Pathological parameter Group | Group Il Group Il Group IV
Vasaular congesion Absent/Minimal Mild Moderate Severe
Colloid reduction/Empty lumen Normal/Full Mild Reduction Moderate Reduction Severe Reduction/Empty lumen
Epithelial exfoliation Absent Absent/Rare Medtate Pronounced
Inter-sample consistency (rats affected) 0/10 4/10 8/10 10/10

Semi-Quantitative Scoring and Consistencyf histological indicating progressive structural disruption of thyroid follicles
alterations revealed a dose-dependent increase in pathologfable Il1). Crucially, in the High-Dose Semaglutide Group:
severity across the semaglutide-treated groups for all threlnter-sample consistency was high, with all 10 out of 10
parameters (colloid depletion, vascular congestion, angdamples exhibiting severe vascular congestion.

epithelial exfoliation) compared with the control group. Theselntra-sample consistency was pronounced, with more than
changes were most pronounced in the high-dose grou@B0 % of the examined follicles within individual samples
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showing either colloid reduction, an empty lumen, 08. IHC Analysis (Ki67, Calcitonin, and BAX). Control
exfoliated epithelium, directly supporting the visualGroup illustrated negative Ki67 immune-expression (Fig.
evidence of widespread deterioration. 5A), a few calcitonin immunoreactive C- cells forming a
part of the follicles lining cells and between the follicles
2. Quantitative Histological Analysis of follicle diameter (Fig. 6A). Additionally, a negative BAX immune-expression
(Um): The morphometrical measurements of the folliclevas demonstrated (Fig. 7A)
diameter showed a non-significant difference in the Low-
Dose Semaglutide Group (P = 0.13) but a highly significant The Low-Dose Semaglutide Group showed a weak
decline (P < 0.001) in both the Medium-Dose Semaglutid€i67 positive immunoreaction in the nuclei of few follicular
Group and High-Dose Semaglutide Group when comparedlls (Fig. 5B), a mild positive calcitonin immunoreactive
to the Control Group, indicating follicular atrophy at higheC- cells (Fig. 6B), and a mild positive nuclear and

doses (Table 1V, Fig. 3F). cytoplasmic reaction for Bax (Fig. 7B).
Table 1V. Diameter of the follicles ipm among the study groups.
Group | Group |l Group Il Group IV Test P value
(N =10) (N=10) (N=10) (N=10)
Diameter of the follicles 152 0.13
Mean +SD 209.5+6.3 203.6+8.80 196.3+40 187.0+£7.2 3.56 <0.00%
Range 200 — 220 190 -217 191 - 204 180- 197 3.78 <0.00%

U = Mann Whitney U test. 1: Comparing group | and group Il. 2: Comparing group | and group lll. 3: Comparing group | ahd group

Fig. 5. Immunohistochemical staining for proliferation marker Ki67 (x4A0A photomicrograph of group | reveals a negative Ki67

immune staining reactiom®. A photomicrograph of group Il demonstrates a weak Ki67 positive immunoreaction in the nuclei of few

follicular cells (arrows)C. A photomicrograph of group Ill shows a moderate Ki67 positive immunoreaction in the nuclei of few

follicular cells (arrows)D. A photomicrograph of group IV demonstrates a strong Ki67-positive immunoreaction in numerous follicular

nuclei in multiple follicles (arrows).
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Fig. 6. Immunohistochemical staining for Calcitonin (C-Cell marker) (x400).photomicrograph of group | shows

a few calcitonin immunoreactive C- cells forming a part of the follicles lining cells and between the follicles (arrows).
B. A photomicrograph of group Il displays a mild positive calcitonin immunoreactive C- cells forming a part of the
follicles lining cells and between the follicles (arrows)A photomicrograph of group Il reveals a moderate positive

calcitonin immunoreactive C- cells forming a part of the lining cells of the follicles and between the follicles (arrows).
D. A photomicrograph of group IV shows numerous C- cells forming a part of the follicles lining cells and in between
the follicles with intense positive brown calcitonin immune reaction (arrows).

In contrast, a highly significant rise (P < 0.001) in

cell number and a heightened state of cellular turnover/streksse groups (Table V, Fig. 8).

in the follicular epithelium. (Figs. 5D, 6D and 7D).

IHC quantitative image analysis of the area % of
the % area of all three positive markers—Ki6positive immunoreactive cells demonstrated a marked, dose-
(proliferation), Calcitonin (C-cell mass), and BAXrelated increase in the immunoreactive area percentage for
(apoptosis)—was observed in both the Medium-Dosi67 and BAX, indicating enhanced proliferative and
Semaglutide Group (Figs. 5C, 6C and 7C) and the Highpoptotic activity, respectively, in semaglutide-treated
Dose Semaglutide Group when compared to the Contiblyroid tissue. Similarly, the calcitonin-positive area
Group. This demonstrates a dose-dependent increase irp€rcentage increased significantly in the medium- and high-

Table V. Immunohistochemical analysis among the study groups.

Group | Group Il Group Group IV Test P value

(N=10 (N=10) (N=10 (N=10
Area % of Ki67 1.02 031
Mean +SD 2.2+092 28+14 11.9+2.92 20.5+3.78 3.82 <0.00%
Range 1-4 1-5 5-15 14— 25 411 <0.00%
Area % of Calcitonin 126 021
Mean +SD 6.9+1.29 7.7+1.16 40.0£7.4 59.6+10.06 3.80 <0.00%
Range 5-9 6-10 22— 46 41- 68 422 <0.00%
Area % of BAX 167 0.10
Mean +SD 2.3+1.06 3.3t1.25 31.948.97 59.849.79 381 <0.00%
Range 1-4 2-5 12-40 41— 68 425 <0.00%

U = Mann Whitney U test. 1: Comparing group | and group Il. 2: Comparing group | and group Ill. 3: Comparing group | aid group
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Fig. 7. Immunohlstochemlcal staining for apoptotic marker BAX (x4B0)A photomicrograph of group | reveals a negative BAX
expression in the cytoplasm and nuclei of all follicular lining epithelBinA photomicrograph of group Il demonstrates a mild positive
cytoplasmic and nuclear reaction for BAX (arrow@).A photomicrograph of group Il shows a moderate positive cytoplasmic and
nuclear reaction for BAX (arrowslp. A photomicrograph of group IV demonstrates a strong positive cytoplasmic and nuclear reaction
for BAX (arrows).
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Fig. 8. Quantitative mean area % of positive Ki67, Calcitonin, and BAX Immunoreactivity in the
study groups
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DISCUSSION finding of a concurrent, highly significant reduction in T3
and T4 levels alongside TSH in the rat model suggests that
The potential therapeutic role of oral semaglutide ithe effect of oral semaglutide is likely more pervasive than
the clinical management of both obesity and diabetes mellitparely a weight-loss mediated TSH suppression, involving
has been accepted by the U.S. Food and Drug Administratiamlirect impact on the gland's synthetic capacity.
(Ibrahimet al, 2024).
Histological sections of the Low-Dose Semaglutide
Our investigation confirms this pharmacologicalGroup showed mild changes including congested blood
profile, as the body weight of the treated male albino ratessels and some follicles with a decrease in colloidal
decreased in a pronounced dose-dependent manner. Theaterial, while others appeared with an empty lumen. The
findings are consistent with previous research by Arearo Medium-Dose Group revealed more deterioration, with
al. (2022), who reported that clinical studies in individualgreater reduction in colloidal material. The High-Dose Group
with obesity demonstrate that semaglutide promotes weigdttowed the most severe deterioration, revealing exfoliated
loss through multiple biological mechanisms that collectivelfpllicular epithelium, follicular vacuolation, and severe
reduce overall energy intake. Similarly, Rakétzdl (2023), vascular congestion. This structural decline corresponded
mentioned that oral semaglutide gradually reduces foadth the morphometric data: the diameter of the follicles
intake with a notable reduction of body weight gain duringhowed a non-significant difference in the Low-Dose Group
a 3-day treatment period in mice, corroborating the centi@ = 0.13) but a highly significant decline in both the
appetite regulation effect. Medium-Dose Group and High Dose Group (P < 0.001)
when compared to the Control Group. This matches prior
In the current study, hormonal assays for thyroidnimal model studies which demonstrated that the use of
function revealed that the Low-Dose Semaglutide GroupLP-1 receptor agonists, such as liraglutide and exenatide,
showed a minimal decrease in T3, T4, and TSH, while@uses abnormal alterations in thyroid C cells (Martin-
more notable and highly significant decline was observadicaveet al, 2009). Moreover, prescribing guidelines for
in the Medium-Dose and High-Dose Groups when comparedmaglutide and other FDA-approved long-acting GLP-
with the Control Group. This observed decline may b&RAs indicate that these agents have been associated with
attributed to the drug's structural deteriorating effect on ththyroid C-cell tumors, including medullary thyroid
thyroid follicles, which was confirmed in the histologicalcarcinoma, in animal studies (Amagtal., 2022). However,
results. Capuccicet al (2024) reported that liraglutide and exenatide
lead to the gradual development of thyroid hyperplasia and
Scientific literature concerning the mechanism badenomas. Furthermore, the dose-dependent reduction in
which GLP-1 receptor activation affects thyroid function i$°AS staining intensity, which was weakest in the High-Dose
often conflicting and limited (Capuccéi al, 2024). While  Group, aligns with the findings of Mandoat al. (2022)
the precise process is still being determined, several studieat a decline in colloid immunohistochemical analyses could
indicate that GLP-1 receptor activation may affect thyroidnpair the functional integrity of the thyroid gland and
hormone levels and, more generally, thyroid functiosubsequently hinder the biosynthesis of thyroid hormones.
parameters.
Regarding the immunohistochemical analyses, the
Sencaet al (2019) examined 46 diabetic individualsresults provide evidence of dual cellular responses.
receiving exenatide and reported that serum TSH levels
significantly decreased without a significant alteration in free First; C-Cell Hyperplasia (On-Target Effect),
T4, T3, or calcitonin levels before and after treatment.  Calcitonin-stained sections showed a progression from a few
immunoreactive C-cells in the Control Group to a strong
Similarly, Ye et al. (2022) demonstrated that positive brown calcitonin immunoreaction in numerous C-
liraglutide treatment decreased TSH levels in a group of 4@lls forming part of the follicular lining and between
diabetic individuals. Crucially, this TSH reduction has beefollicles in the High-Dose Group. Madset al. (2012)
linked to metabolic improvement; Ted al. (2023) declared that prolonged GLP-1 receptor agonist activation
discovered that obese individuals with type 2 diabetes wiwlinked to elevated calcitonin levels and tumor development
lost 6.5 % of their body weight after receiving exenatide fan rats and mice. After investigating potential explanations,
a year had a significant but slight drop in mean TSH leveld)ey discovered a definite GLP-1 receptor agonist
but no change in free T4 levels. Their data further showeigpendence of the C-cell stimulatory effects, namely elevated
no alterations in TSH levels in those who did not lose weighalcitonin and C-cell hyperplasia. Rosol (2013) further
while on exenatide therapy (Seneaal, 2019). Our study's reported that GLP-1 receptor agonists have been
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demonstrated to promote C-cell hyperplasia and neoplagie|ucidating a dual cellular mechanism: a direct, expected
in both sexes of rats and mice, noting that rat C-cells af€cel| proliferative effect alongside a novel, indirect
more susceptible than those of mice to these effects.  fg|jicular cell degenerative effect marked by heightened

BAX-mediated apoptosis and failed regeneration. Given the

Second; Follicular Cell Stress and Apoptosis (Novelgtential for thyroid C-cell cancers in animals, these findings

Finding), Ki67-stained sections, which were negative in theacessitate careful consideration regarding the clinical use
Control Group, progressed from a weak positivgf this drug in human populations and warrant further

immunoreaction in the Low-Dose Group to a strong positivigsearch to elucidate the underlying cellular and molecular
immunoreaction in numerous follicular nuclei in the Highpathways and translational relevance.

Dose Group. Concurrently, BAX-stained sections progressed

frorr_l .negative expression in thg Contrpl Qroup to a stronghL AMA, R. M.; ESSAWY, A. S. & OMAR, M. A. Efectos
positive nuclear and cytoplasmic reaction in the High-Dostables del agonista del receptor del péptido similar al glucagén-1
Group. These findings suggest a state of high cellulan la glandula tiroides de ratas albinas madhio.J. Morphol.,
turnover and stress within the follicular epithelium. Whilet4(2)542-554, 2026.
Wanget al (2025) reported that semaglutide significantly )
decreased Ki67 expressions and encouraged apoptosis in oral RESUMEN: Se han observado efectos de los agonistas del
squamous cell carcinoma cells through the P38 MAPIeceptor del péptido similar al glucag6n-1 en la glandula tiroides,
particularmente en las células C parafoliculares, con formulaciones

signaling pathway, our finding in the thyroid follicular cellsIn ectables, pero la informacién completa sobre la nueva

Squ(?StS a Compgnsatory,pro!'ferat,'ve drive (Ki67) agaINGmylacion oral de semaglutida sigue siendo limitada. El objetivo
Qrug-lnduced toxicity, which is uI_tlmater overcome byge estudio fue investigar y cuantificar los efectos dependientes de
increased BAX-mediated apoptosis (Madseml, 2012). |3 dosis de la administracién oral cronica de semaglutida sobre la
This follicular degeneration, distinct from the C-cellfuncién endocrina, la morfologia y los marcadores celulares de
proliferation, is the primary source of the T3/T4 synthesisoliferacion y apoptosis en la glandula tiroides de ratas albinas
impairment. macho. Cuarenta (40) ratas macho adultas se dividieron en 4 grupos;
Un grupo control y tres grupos de tratamiento con semaglutida
The observed hormonal suppression and hiSt0|OgiC(‘§pSis, bz_aja, dosis media y dosis alta), que corresponden al rango
alterations following oral semaglutide administration magrapeutlco humano de 3 a 14 mg, fueron tratados durante 30 dias.

be explained by several potential mechanisms. Fir | estado endocrino se evalué mediante los niveles séricos de
P y P ' riyodotironina (T3), tiroxina (T4) y hormona estimulante de la

ngaglutlde, like other ,GLP'l recgptor agonists, may ?X(ﬁrr ides (TSH). El andlisis histolégico incluy6 tincién con
direct effects on thyroid parafollicular (C) cells, whichhematoxilina y eosina (Hx&E), reaccién de acido peryédico de
express functional GLP-1 receptors capable of modulatingniff (PAS) y cuantificacion inmunohistoquimica (IHC) de Ki67,
calcitonin secretion and local cellular activity. Secondalcitonina y BAX. Todos los grupos tratados mostraron una
indirect systemic mechanisms could contribute: GLP-1RAeduccion significativa y dependiente de la dosis en el peso corporal.
induced changes in glucose metabolism, insulin sensitivityps grupos de dosis media y alta mostraron una disminucion
and energy homeostasis may influence hypothalamiédla”_‘eme significativa (P<Q,O_Ol) en Ia§3hormorjastiroideas_séricas
pituitary—thyroid axis regulation, thereby reducinﬂ'”ed'das' El examen patoldgico reveld un deterioro proporcional a
#

circulating T3, T4, and TSH levels. Third, the concurrerf 40Sis: incluyendo atrofia folicular y exfoliacion epitelial. La
? . . - inmunohistoquimica confirmé un aumento altamente significativo
upregulation of Ki67 and BAX immunoreactivity suggests . . . ) . :
dependiente de la dosis en el nimero de células C inmunorreactivas

a disturbed proliferative—apoptotic balance within the thyroigl ;"4 citonina y la expresion de Ki67 y BAX en los grupos de

parenchyma, which may reflect adf':lptive or Stre_ss—relatggsis mas altas (P<0,001). La semaglutida oral induce efectos
cellular turnover rather than neoplastic transformation. Theggrjudiciales notables y dependientes de la dosis en la integridad

proposed pathways are consistent with recent repor®rfolégica y endocrina de la glandula tiroides de la rata,
describing species- and dose-dependent thyroid respongasicularmente en dosis equivalentes a 7 y 14 mg en humanos.
to GLP-1RAs in rodents and humans, underscoring ttsto exige mayor investigacién para dilucidar los mecanismos
importance of further mechanistic studies to delineaf@oleculares subyacentes.

receptor distribution and intracellular signaling cascades in
thyroid tissue.

PALABRAS CLAVE: Semaglutida; TSH; Ki67;
Calcitonina; BAX.
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