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Abstract
With obesity reaching epidemic proportions worldwide, its impact on thyroid 
function is gaining increasing attention. Epidemiological studies show an 
association between obesity, hypothyroidism, and circulating thyroid antibodies but 
experimental research is needed to investigate the mechanisms underlying these 
associations. This study aimed to investigate thyroid function indicators in male and 
female rats subjected to a high-calorie diet for 16 weeks. We assessed mass-metric 
indices, blood biochemical markers, thyroid morphometry, and tissue concentrations 
of triglycerides, malonic dialdehyde (MDA), and thyroperoxidase (TPO) activity. The 
results revealed biochemical features of metabolic syndrome, including elevated 
thyroxine (T4) levels in peripheral blood. Morphological analysis indicated steatosis 
and thyroid hypofunction, with increased triglyceride accumulation, decreased TPO 
activity, and lower MDA levels in the thyroid tissue. These findings suggest that 
visceral obesity in male and female rats promotes early signs of thyroid dysfunction, 
potentially leading to hypothyroidism.
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1. Introduction
The link between obesity and endocrine dysfunction, including thyroid pathology, 
has been well established in many studies. As obesity reaches epidemic proportions 
worldwide, this relationship has gained increasing clinical relevance.1 Thyroid hormones 
are known to play an important role in the regulation of metabolism. Elevated blood 
levels of thyroxine (T4) and triiodothyronine (T3) increase resting energy expenditure 
(REE), reducing fat accumulation. These hormones increase REE through sodium-
potassium adenosine triphosphatase activity and activate the adrenergic nervous system 
to enhance thermogenesis, particularly in cold conditions.2 This process, called “adaptive 
thermogenesis,” occurs in brown adipose tissue through the thyroid hormone receptors 
TRα and TRβ.2

Obese individuals usually exhibit slightly elevated thyroid-stimulating hormone 
(TSH) levels, which correlate positively with body mass index (BMI).3 A characteristic 
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hormonal pattern in obesity includes reduced free T4 
(fT4) levels and moderately elevated levels of total or free 
T3 (fT3) levels. In addition, the fT3/fT4 ratio has been 
positively associated with waist circumference and BMI in 
obese patients.3 The mechanisms underlying these changes 
remain controversial.

Leptin, an adipose tissue hormone, plays an important 
role in the regulation of the hypothalamic-pituitary-thyroid 
axis. It activates this system in response to excess caloric 
intake. This adaptive response to overnutrition results in a 
moderate increase in blood levels of thyrotropin-releasing 
hormone (TRH) and TSH. This is accompanied by a slight 
increase in circulating thyroid hormone levels within or 
slightly above the upper limit of normal.2

One theory explaining the relationship between obesity 
and thyroid function is increased deiodinase activity, 
leading to enhanced conversion of T4 to T3.2 This may 
serve as a compensatory mechanism to counteract fat 
accumulation by increasing energy expenditure.2 Another 
hypothesis suggests that obesity-induced reductions in 
TSH receptor expression in the thyroid and T4/T3 receptor 
expression in adipocytes drive compensatory increases 
in TSH and fT3 secretion.2 In addition, leptin influences 
thyroid function by stimulating the central conversion of 
prothyroliberin to TRH and, consequently, the synthesis 
of TSH. Leptin also increases the activity of deiodinases. 
Pro-inflammatory cytokines secreted by adipose tissue – 
such as tumor necrosis factor-alpha, interleukin-1 (IL)1, 
and IL-6 – may also contribute to thyroid dysfunction by 
inhibiting sodium/iodide symporter Na+/I-  symporter 
(NIS) mRNA expression and iodide uptake.2

Epidemiological studies suggest that the risk of obesity 
is associated with elevated TSH levels and reduced 
concentrations of the free T4 and T3 hormones.4,5 These 
data suggest that reduced levels of circulating thyroid 
hormones are a predictor of obesity. Hypothyroidism 
and thyroperoxidase antibodies (TPO-Ab) are highly 
prevalent in people with excess fat mass.6 A meta-analysis 
of 22 studies showed that obesity is associated with an 
increased risk of clinical and subclinical hypothyroidism.6 
Symptoms of hypothyroidism, including reduced physical 
activity, fatigue, sleepiness, memory loss, cold intolerance, 
weight gain, and constipation, often develop gradually. 
Another meta-analysis found that obesity was significantly 
associated with Hashimoto’s thyroiditis, but not with 
Graves’ disease. Weight gain correlated with TPO-Ab 
positivity but not with thyroglobulin antibodies (TG-
Ab).6 However, some studies have reported associations 
between subclinical hypothyroidism and both TPO-Ab 
and TG-Ab. A survey of 2,505 subjects showed that 11.5% 
of the subjects (289/2505) were obese, of whom 165 (57%) 

had subclinical hypothyroidism. Thyroid autoantibodies 
(TPO-Ab and TG-Ab) were found in 17.64% of the obese 
subjects.7 Thus, a large body of data in the literature 
highlights the role of autoimmune processes in obesity-
related thyroid glands. However, alternative mechanisms 
influencing thyroid hormone synthesis remain to be fully 
elucidated and warrant further investigation.

The aim of this study was to investigate indices of 
thyroid functional activity in diet-induced visceral obesity 
in male and female rats.

2. Materials and methods
2.1. Animals and diets

This study was conducted on 2-month-old sexually mature 
male and female Wistar rats. These rats were bred in-house 
in a certified vivarium at the Institute of Physiology of the 
National Academy of Sciences of Belarus. The rats were 
kept under controlled conditions (12/12 h light/dark cycle, 
22 ± 2°C temperature, and 60 – 65% humidity). The male 
(n = 27) and female (n = 27) Wistar rats were randomly 
divided into two experimental groups: control and high-
calorie diet (HCD). The control group, consisting of 
13 male and 14 female rats, received a standard diet (StD; 
the normal diet at the vivarium), while the HCD group, 
comprising 14 male and 13 female rats, was given an HCD 
for 16 weeks.

The HCD consisted of StD supplemented with animal 
fats (lard), consisting of 45% of daily caloric intake, along 
with a 10% fructose solution provided ad libitum in place 
of water.8 The caloric intake was 150 kcal/day for StD and 
228 kcal/day for HCD.

This study was approved by the Bioethics Committee of 
the Institute of Physiology, National Academy of Sciences 
of Belarus (Protocol No.1, January 22, 2021; Protocol No.2, 
February 2, 2022) and conducted in accordance with the 
guidelines set forth by the European Convention for the 
Protection of Vertebrate Animals (ETS No. 123).

Euthanasia was performed through decapitation under 
sodium thiopental anesthesia. Female rats were euthanized 
during the diestrus phase of the estrous cycle, determined 
by the type of cells present in vaginal swabs.9

Body weight of the rats was measured using a weighing 
scale (Saturn ST-KS7230, China). After euthanasia, the 
visceral fat was collected and weighed on a laboratory 
weighing scale (Scout Pro, China). For male rats, the 
visceral fat mass included paranephral and epididymal 
fat deposits, while for female rats, it included paranephral 
and periovarian fat deposits. The mass coefficient (MC) of 
the visceral fat was calculated using the following formula: 
(Visceral fat mass/body weight) ×100%.
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2.2. Morphological analysis

At necropsy, the thyroid gland was extracted from the 
animals for morphologic examination. Thyroid tissue 
fragments were subjected to rapid freezing in an HM 
525 cryostat (MICROM International GmbH, Germany). 
Cryostat sections (7 μm) were stained with hematoxylin-
eosin for structural analysis. Microstructure examination, 
morphometry, and microphotography were performed 
using a light microscope (Altami LUM-1, Altami LLC, 
Russia) equipped with a digital camera (1300D EOS Body, 
Canon, Japan).

Images were analyzed using ImageJ software (National 
Institutes of Health, USA). For thyroid follicles counted 
in ten fields of view at ×400 magnification, we measured 
follicle area (in μm2), inner follicle diameter (in μm), 
and follicular epithelium height (in μm). The colloid 
accumulation index (CAI) was calculated as the ratio of 
the inner follicle diameter to twice the follicular epithelium 
height.

2.3. Biochemical and hormonal parameters

Biochemical parameters in blood serum and thyroid 
homogenates (diluted 1:80 in 0.05 M PBS) were 
determined using a BS-200 biochemical automatic 
analyzer (Shenzhen Mindray Bio-Medical Electronics, 
China) and commercial kits (Production Unitary 
Enterprise “Diasens,” Belarus). Quality control was 
performed using control sera (Randox Laboratories, UK). 
Malonic dialdehyde (MDA) levels in thyroid homogenates 
were determined using the spectrophotometric method 
by reaction with thiobarbituric acid.10 Thyroid peroxidase 
(TPO) activity was estimated based on iodide oxidation 
reaction in the presence of hydrogen peroxide, producing 
molecular iodine and I3

- (periodide ion).11 The periodide 
concentration, determined spectrophotometrically at 
353  nm, was used to estimate TPO activity in thyroid 
tissue.12 The triiodothyronine (T3) and thyroxine 
(T4) levels in blood serum were determined by 
enzyme immunoassay using commercial kits (Xema Co., 
Russia).

2.4. Statistical analysis

Statistical analysis was performed using Statistica 10.0 
(Tibco, USA). Normality was assessed with the Shapiro–
Wilk test. Parametric variables were expressed as mean ± 
standard deviation and analyzed with Student’s t-test. Non-
parametric variables were expressed as 25th  percentiles, 
median, and 75th percentiles and analyzed using the Mann–
Whitney U-test. Correlation analysis was performed 
using the Pearson correlation coefficient. A  p<0.05 was 
considered statistically significant for all tests.

3. Results
3.1. Mass-metric parameters

At the start of the experiment, male and female rats 
(2 months old) weighed approximately 220 – 230 g. After 
16  weeks, the mean body weight of males in the control 
group was 433.46 ± 48.38  g, while those in the HCD 
group reached 471.14 ± 94.11 g. The mean body weight of 
females in the control group was 310.93 ± 25.43 g, while 
that of the HCD group was 316.31 ± 72.07 g. No significant 
differences in final body weight were observed between the 
control and HCD groups of the same sex.

Male rats in the control group had visceral adipose tissue 
that weighed 7.99 ± 2.64 g and had an MC of 1.82 ± 0.49%. 
In the HCD group, these values increased significantly to 
22.99 g ± 11.97 g (p<0.001) and 4.64 ± 1.67% (p<0.0001), 
respectively (Figure 1A and B). In female rats, visceral fat 
mass was 8.86 ± 4.86 g in the control group (MC: 2.78 ± 
1.31%) and significantly higher than in the HCD group 
(17.22 ± 9.07  g, p=0.006; MC: 5.15 ± 2.11%; p=0.002) 
(Figure  1A and B). These data indicate the development 
of visceral obesity in rats of both sexes following HCD 
administration.

3.2. Morphological analysis of the thyroid gland

The examination of thyroid gland preparations from control 
male and female rats revealed a well-developed follicular 
structure with thin connective tissue septa separating 
gland lobules (Figure 2A and C). The follicles were round 
or angular, lined with single-layer cuboidal epithelium, 
and larger at the gland periphery compared to the 
center. The follicular cavities contained colloid, including 
thyroglobulin. Thyrocytes had a cubic shape, with nuclei 
located in the basal part of the cell (Figure  2B and D). 
Their cytoplasm appeared oxyphilic, and the cells were 
tightly adherent. Interfollicular islets, consisting of poorly 
differentiated thyrocytes, were observed between follicles. 
These features indicate that the thyroid glands of rats 
maintained on a balanced diet were within physiological 
norms.

In the HCD group, male rats maintained the thyroid 
gland’s lobular structure (Figure  3A), but follicles 
enlarged with colloid accumulation (Figure  3A). 
The walls of follicles were thinned (Figure  3B) and 
thyrocytes appeared flattened, revealing pyknotic nuclei 
surrounded by a thin rim of cytoplasm. The number 
of interfollicular islets was insignificant, and moderate 
diffuse leukocytic infiltration was observed. Large lipid 
inclusions were frequently visualized near blood vessels 
(Figure 3A and B). Morphometric analysis relative to the 
control males showed a statistically significant increase 
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in follicle area (50.7%, p<0.0001), follicle inner diameter 
(14.0%, p=0.043), and CAI (67.9%, p<0.0001). The height 
of follicular epithelium was reduced by 37.0% (p<0.0001) 
(Table  1). These histological and morphometric changes 
are characteristic of thyroid hypofunction.

In the HCD female rats, the follicular structure of 
the thyroid was also preserved, with follicles enlarged, 
colloid accumulation, and flattened thyrocytes 
(Figure  3C). Moderate diffuse inflammatory infiltration 
was also evident, with large foci of lymphocytic 
infiltrate in some regions (Figure 3C). Large lipid inclusions 
were observed in connective tissue septa and perivascular 
spaces (Figure 3C and D). Morphometric analysis relative 
to the control revealed a statistically significant increase in 
follicular area (73.3%, p<0.0001), follicle inner diameter 
(36.6%, p<0.0001), and CAI (1.9-fold, p<0.0001). The height 
of follicular epithelium was reduced by 24.0% (p<0.0001) 

(Table 1). Similar to HCD male rats, these histological and 
morphometric alterations suggest thyroid hypofunction.

3.3. Biochemical and hormonal parameters of blood 
serum and thyroid gland

Biochemical analysis of blood serum from male rats in 
the HCD group revealed changes associated with liver 
dysfunction (Table  2). Compared to the control group, 
a statistically significant change in four liver function 
markers was observed: urea concentration (−36.3%, 
p<0.0001), aspartate aminotransferase activity (−12.2%, 
p=0.019), alkaline phosphatase activity (+80.8%, p=0.009), 
and total bilirubin level (+71.4%, p=0.007). The HCD 
female showed similar statistically significant alterations 
in urea concentration (−42.4%, p<0.0001), alanine 
aminotransferase activity (−33.3%, p=0.002), alkaline 

Figure 1. Mass-metric indices of visceral adipose tissue in experimental animals. Mass (A) and MC (B) of visceral adipose tissue in male and female rats. 
Data are presented as mean ± standard deviation. Statistically significant differences: ***p<0.001, ****p<0.0001 between male HCD and male control 
groups; ##p<0.01 between female HCD and female control groups.
Abbreviations: HCD: High-calorie diet; MC: Mass coefficient.

BA

Figure  2. Histological structure of hematoxylin-eosin-stained thyroid 
glands of control male rats (A and B) and female (C and D) rats. 
Magnification: A and C: ×100; B and D: ×400.

DC

BA

Figure  3. Histological structure of hematoxylin-eosin-stained thyroid 
glands in HCD male (A and B) and female (C and D) rats. Magnification: 
A and C: ×100; B and D: ×400.
Abbreviations: HCD: High-calorie diet; I: Inflammatory infiltration; L: 
Lipid inclusions.

DC

BA
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phosphatase activity (+79.4%, p<0.001), and total bilirubin 
level (+56.5%, p=0.037).

Rats with HCD-induced visceral obesity also 
showed abnormalities in carbohydrate metabolism and 
pancreatic function. In relation to control animals, HCD 
rats exhibited a statistically significant increase in serum 
glucose concentration (male: 29.8%, p=0.003; female: 
13.4%, p=0.047) and alpha-amylase activity (male: 28.6%, 
p<0.001; female: 13.0%, p=0.036) (Table 2).

In male rats with HCD-induced visceral obesity, a 
statistically significant increase in serum cholesterol 
concentration (31.5%, p=0.003), serum triglycerides 
(61.8%, p=0.029) (Table 2), and thyroid tissue triglycerides 
(2.5-fold, p=0.020) were observed compared to the control 
(Figure 4). Notably, these lipid disturbances were absent in 
female rats.

A statistically significant decrease in TPO activity in the 
thyroid tissue was observed in the HCD group compared to 
the controls: by 53.0% (p=0.018) in male rats and by 26.5% 
(p=0.017) in female rats (Figure  5A). Similarly, MDA 
content in thyroid tissue was lower in the HCD group 

(male: 30.4%, p=0.005; female: 36.0%, p=0.020) compared 
to the corresponding controls (Figure  5B). Correlation 
analysis showed a moderate positive correlation between 
TPO activity and MDA levels in male rats (r=0.54, p=0.014) 
but not in female rats.

Table 2. Biochemical indices of serum in experimental animals

Index Male rats Female rats

Control (n=13) HCD (n=14) Control (n=14) HCD (n=13)

Total bilirubin (µmol/L) 1.40 (1.20, 1.60) 2.40 (1.60, 3.00)** 2.30 (2.10, 2.90) 3.60 (2.40, 4.20)#

Aspartate aminotransferase (U/L) 196.00 (181.00, 217.00) 172.00 (146.00, 189.00)* 162.00 (144.00, 185.00) 159.00 (129.00, 164.00)

Alanine aminotransferase (U/L) 65.00 (62.00, 74.00) 57.50 (51.00, 68.00) 54.00 (43.00, 67.00) 36.00 (33.00, 41.00)##

Alkaline phosphatase (U/L) 373.00 (333.00, 423.00) 674.50 (371.00, 850.00)** 276.50 (219.00, 392.00) 496.00 (365.00, 661.00)###

Urea (mmol/L) 6.83 (6.45, 8.40) 4.35 (3.45, 4.77)**** 6.35 (5.83, 6.73) 3.66 (3.37, 4.21)####

Glucose (mmol/L) 5.81 (5.61, 7.37) 7.54 (7.10, 8.21)** 6.88 (6.07, 7.21) 7.80 (7.24, 8.03)#

Alpha amylase (U/L) 1508 (1426, 1712) 1940 (1788, 2124)*** 1556 (1418, 1748) 1758 (1580, 1860)#

Cholesterol (mmol/L) 1.43 (1.23, 1.61) 1.88 (1.50, 1.95)** 1.62 (1.47, 1.77) 1.67 (1.36, 1.90)

Triglycerides (mmol/L) 0.88 (0.63, 1.18) 1.18 (0.94, 2.21)* 1.37 (0.84, 1.80) 0.96 (0.66, 2.47)

Note: Data are presented as median (25th percentile, 75th percentile). Statistically significant differences: *p<0.05, **p<0.01, ***p<0.001, and 
****p<0.0001 between male HCD and male control groups; #p<0.05, ##p<0.01, ###p<0.001, and ####p<0.0001.
Abbreviation: HCD: High‑calorie diet.

Table 1. Morphometric indices of thyroid tissue in experimental animals

Index Male rats Female rats

Control (n=13) HCD (n=14) Control (n=14) HCD (n=13)

Follicle area (µm2) 3694.67 (2629.37, 5529.83) 5566.28 (4039.65, 7748.07)**** 2513.43 (1737.55, 3932.96) 4355.28 (2677.50, 6265.74)####

Inner follicle diameter (µm) 44.30 (33.27, 56.00) 50.51 (36.27, 65.20)* 39.84 (32.62, 51.49) 54.41 (41.15, 74.41)####

Follicle epithelium height (µm) 7.52 (6.47, 8.32) 4.74 (4.28, 5.27)**** 6.63 (6.15, 7.18) 5.04 (4.65, 5.53)####

Colloid accumulation index 3.08 (2.34, 4.05) 5.17 (3.69, 7.07)**** 2.95 (2.54, 3.83) 5.58 (4.27, 7.25)####

Note: Data are presented as median (25th percentile, 75th percentile). Statistically significant differences: *p<0.05, ****p<0.0001 between male HCD and 
male control groups; ####p<0.0001 between female HCD and female control groups.
Abbreviation: HCD: High‑calorie diet.

Figure  4. TG content in the thyroid tissue of experimental animals. 
Data are presented in boxplots showing the 25th  percentile, median, 
and 75th percentile. *p<0.05 indicates a statistically significant difference 
between male HCD and male control groups.
Abbreviations: HCD: High-calorie diet; TG: Triglyceride.
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After 16  weeks of HCD, a statistically significant 
increase in serum T4 levels by 34.2% (p=0.002) and 
29.5% (p=0.020) was observed in male and female rats, 
respectively, compared with the corresponding control 
groups (Figure 6A). No differences in serum T3 levels were 
observed between the experimental groups (Figure 6B).

4. Discussion
Our findings demonstrate that 16  weeks of HCD 
consumption resulted in a significant increase in visceral 
fat mass in both male and female rats, with male rats 
exhibiting an almost threefold increase and females a 
twofold increase compared to their respective controls. 
With increasing visceral fat mass, triglyceride levels in 
both serum and thyroid tissues increased in male but not 
in female rats. Analysis of serum biochemical parameters 
further indicated liver and pancreatic dysfunction in 
HCD-fed rats, consistent with our previous morphological 
studies, which confirmed fatty liver degeneration following 
prolonged HCD consumption.13 These findings align with 
established models of diet-induced visceral obesity8 and 

are comparable to those of Shao et al.,14 who observed 
similar metabolic and hepatic alterations in rats fed a high-
fat diet for 24 – 30 weeks.

Shao et al.14 also found an enlarged thyroid with lower 
echotexture and relatively heterogeneous features in 
ultrasound imaging of rats fed a high-fat diet. The authors 
showed that rats fed a high-fat diet exhibited focal colloid 
goiter, flattened follicular epithelium, and distended 
follicles, which are consistent with our data. Electron 
microscopy revealed dilated endoplasmic reticulum and 
twisted nuclei, as well as fewer microvilli and secretory 
vesicles, all of which indicate thyroid hypofunction.14 
Steatosis and reduced thyroid function have also been 
reported in diet-induced obese mice and genetically obese 
ob/ob and db/db mouse models.15

Our evaluation of TPO activity revealed a more than 
twofold reduction in HCD males and a 1.4-fold reduction 
in HCD females. Shao et al. further investigated the 
molecular mechanisms of thyroid hormone synthesis and 
showed that a high-fat diet downregulated the expression 
of thyroid transcription factor 1 and NIS, both of which 

Figure 5. TPO activity and MDA content in the thyroid tissue of experimental animals. TPO activity (A) and MDA content (B) in male and female rats. 
Data are presented as mean ± standard deviation. Statistically significant differences: *p<0.05, **p<0.01 between male HCD and male control groups; 
#p<0.05 between female HCD and female control groups.
Abbreviations: HCD: High-calorie diet; TPO: Thyroperoxidase; MDA: Malonic dialdehyde.

BA

Figure 6. Thyroid hormone levels in the serum of experimental animals. Serum levels of T4 (A) and T3 (B) in male and female rats. Data are presented as 
mean ± standard deviation. Statistically significant differences: **p<0.01 between male HCD and male control groups; #p<0.05 between female HCD and 
female control groups.
Abbreviations: HCD: High-calorie diet; T4: Thyroxine; T3: Triiodothyronine.

BA
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are essential for thyroid hormone synthesis.14 The authors 
suggested that the decrease in NIS activity could be due 
to lipotoxicity. The decrease in TPO activity in obesity 
may also be attributable to proinflammatory IL, including 
IL-6.2 Our previous studies revealed that IL-6 levels in 
thyroid tissue were significantly reduced almost twofold 
in HCD-fed rats compared to the control. However, upon 
switching to StD, IL-6 levels began to normalize, with the 
most substantial recovery observed in rats subjected to a 
combined intervention of StD and moderate treadmill 
exercise (“HCD/StD + running”).16 IL-6 is known to play 
a pleiotropic role in activating intracellular signaling 
pathways, including phosphatidylinositol 3-kinase, AMP-
activated protein kinase, and Janus kinase pathways, all 
of which are necessary for the regulation of intracellular 
metabolism.17 This suggests that IL-6 reduction may 
contribute to metabolic suppression in the thyroid gland, 
while dietary and physical interventions can restore 
metabolic function. Interestingly, our data indicate that 
exercise alone (even without dietary changes) led to partial 
normalization of IL-6 levels, suggesting that physical 
activity may directly stimulate energy metabolism within 
the thyroid gland, potentially mitigating HCD-induced 
hypofunction.

Our findings indicate that the decrease in TPO 
activity in thyroid tissue occurs against a background of 
reduced MDA levels, a fact that deserves special attention. 
Generally, obesity is associated with increased lipid 
peroxidation, leading to elevated MDA levels in various 
tissues. We previously demonstrated this phenomenon in 
muscle tissue homogenates of rats subjected to a 16-week 
HCD.18 However, in the thyroid gland, we observed the 
opposite trend—a decrease in MDA levels despite visceral 
obesity. This paradox can be explained by the specificity 
of TPO, a hemin peroxidase. Only the oxidized form of 
this enzyme can oxidize the substrate.19 Efficient thyroid 
hormone synthesis depends on the adequate production 
of hydrogen peroxide (H2O2), which serves as an oxidant 
in the synthesis of T4 and T3. H2O2 is produced by a 
member of the NADPH oxidase (NOX) family—double 
oxidase 2 (DUOX2). Studies indicate that a deficient 
reactive oxygen species production, due to insufficient 
NOX/DUOX activity, can lead to thyroid hypofunction in 
rodent models.20 In this study, the observed reduction in 
MDA content in thyroid tissue and the positive correlation 
between TPO activity and MDA levels in males suggest 
a potential decrease in H2O2 production at the apical 
membrane of thyrocytes. However, the precise mechanisms 
underlying reduced TPO activity in obesity remain poorly 
understood.

Analysis of thyroid status parameters revealed a 
statistically significant increase in blood T4 levels in rats 

receiving HCD. Previously, we demonstrated that 16 weeks 
of HCD led to increased serum TSH levels and heightened 
5′-deiodinase type 1 (DI-1) activity in the liver.21 Since DI-1 
catalyzes the conversion of T4 to the active hormone T3, 
these findings suggest an adaptive response to prolonged 
overnutrition, aimed at increasing metabolic activity under 
excessive caloric intake.22

Notably, thyroid follicles store large amounts of thyroid 
hormones,23 which can be released into the blood circulation 
under the influence of TSH, despite the inhibition of T4 
and T3 synthesis. However, a decrease in TPO activity, 
along with morphological signs of thyroid hypofunction, 
indicates an incipient trend towards hypothyroidism. 
A  prolonged high-fat diet may eventually lead to overt 
thyroid dysfunction, as demonstrated by Shao et al., who 
reported decreased T4 levels and persistently high TSH 
levels in rats fed a high-fat diet for 24 – 30 weeks.14 This 
reduction in T4 was accompanied by downregulation of 
thyroid hormone synthesis-related proteins in thyroid 
tissue, suggesting a progressive decline in thyroid function. 
Similarly, studies in genetically obese mouse models reveal 
pronounced thyroid dysfunction with reduced circulating 
thyroid hormone levels.15 Thyroid hypofunction has also 
been reported in obese rats with streptozotocin-induced 
type  2 diabetes (T2DM).24 Patients with T2DM often 
manifest hypothyroidism.25 Insulin resistance has been 
shown to play a crucial role in both T2DM and thyroid 
dysfunction.26

Several molecular mechanisms underlie the interplay 
between insulin resistance and thyroid dysfunction. 
Insulin resistance in subclinical hypothyroidism is linked 
to decreased insulin-stimulated glucose transport, likely 
caused by impaired translocation of glucose transporter 
type 2. The Thr92Ala polymorphism in the gene encoding 
DI-2 reduces T3 activation, leading to intrathyroidal 
deiodination defects and contributing to insulin 
resistance.27

According to Shpakov,28 altered adenylate cyclase 
signaling is the most important mechanism linking 
thyroid disorders to T2DM; in T2DM, there is reduced 
sensitivity of the thyrocyte adenylate cyclase signaling 
system in thyrocytes to TSH, along with decreased thyroid 
hormone receptor expression in peripheral tissues and 
dysregulated deiodinase activity. A  decreased activity of 
DI-2, a deiodinase that converts T4 into the active form 
of T3, is associated with insulin resistance. A  decreased 
activity of DI-3, a deiodinase that catalyzes T3 inactivation 
in pancreatic β-cells, suppresses insulin secretion and leads 
to insulin deficiency.28 Together, these findings highlight 
the bidirectional relationship between thyroid dysfunction 
and insulin resistance, where thyroid hormone imbalances 
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contribute to metabolic dysregulation, and insulin 
resistance exacerbates thyroid dysfunction.

From a clinical point of view, these findings underscore 
the long-term risk of developing hypothyroidism in obesity. 
Given the strong link between obesity, insulin resistance, 
and thyroid dysfunction, overweight individuals should 
undergo regular thyroid function assessments, including 
an ultrasound examination of the thyroid gland and 
determination of the thyroid hormonal status.

5. Conclusion
Our findings confirm the adaptive changes in the thyroid 
function in response to 16 weeks of HCD consumption in 
rats. While serum T4 increased, there was a concurrent 
trend toward thyroid hypofunction, as evidenced by a 
decrease in TPO activity. Morphological studies of the 
thyroid gland further support this emerging hypothyroid 
state, revealing lipid inclusions, enlarged follicles with 
colloid accumulation, and flattened thyrocytes in both 
male and female rats.
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