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ABSTRACT

Thyroid disorders rank among the most prevalent endocrine conditions and arise from a multifactorial
interplay between genetic, environmental, and nutritional determinants. This work outlines the
anatomy and physiology of the thyroid gland and reviews the major clinical conditions —
hypothyroidism, hyperthyroidism, thyroid nodules, and neoplasms — together with their
epidemiology, thereby defining the biological and clinical context of thyroid dysfunction. Building
on this foundation, it examines the influence of nutrition on thyroid function and disease progression,
with specific attention to iodine, selenium, and vitamin D as key contributors to hormone synthesis,
oxidative balance, and immune regulation. The discussion also considers the contribution of the
Mediterranean and gluten-free diets to the modulation of thyroid autoimmunity and integrates
evidence-based nutritional strategies relevant to autoimmune and oncologic thyroid disorders,
including targeted supplementation and personalized dietary interventions. Within this framework, a
meta-analysis was conducted to evaluate iodine restriction prior to radioiodine therapy in adults with
differentiated thyroid carcinoma undergoing total or near-total thyroidectomy. The initial objective
was to determine whether a low-iodine diet enhances ablation success compared with the absence of
dietary preparation; however, the scarcity and heterogeneity of studies with standardized clinical
endpoints required focusing on biochemical indicators. Randomized and cohort studies comparing
more versus less restrictive pre-radioiodine diets were pooled, with post-diet urinary iodine values as
the primary outcome and ablation success summarized narratively. More restrictive diets achieved
greater iodine depletion, yet current clinical evidence remains insufficient to demonstrate consistent
improvements in ablation outcomes. Overall, the findings position nutrition as a central, modifiable
component of thyroid medicine, illustrating how micronutrients, dietary patterns, and targeted
interventions intersect with endocrine, immune, and oncologic pathways across thyroid diseases. The
meta-analysis suggests a specific but limited role for pre-ablation iodine restriction: the data support
short, guideline-aligned protocols to ensure adequate biochemical preparation, while not justifying
more stringent or prolonged regimens. Taken together, these results endorse physiologically
grounded, proportionate, and patient-centered nutritional approaches and highlight the need for
better-designed studies integrating dietary interventions into research on thyroid autoimmunity and

differentiated thyroid carcinoma, with clinically meaningful endpoints.



RIASSUNTO

Le malattie tiroidee rappresentano uno dei disturbi endocrini piu diffusi e riconoscono un’eziologia
multifattoriale, che coinvolge I’interazione tra fattori genetici, ambientali e nutrizionali. Questa
ricerca descrive I’anatomia e la fisiologia della ghiandola, esamina le principali condizioni cliniche -
ipotiroidismo, ipertiroidismo, noduli e neoplasie - e la loro epidemiologia, delineando il contesto
biologico e clinico della disfunzione. Su queste basi analizza il ruolo della nutrizione nella
modulazione della funzione tiroidea e dell’evoluzione delle patologie, con particolare attenzione a
iodio, selenio e vitamina D, elementi chiave per la sintesi ormonale, il bilancio ossidativo e la
regolazione immunitaria. La discussione considera inoltre il contributo della dieta mediterranea e
della dieta senza glutine nella modulazione dell’autoimmunita tiroidea e integra le principali strategie
nutrizionali basate sulle evidenze per le manifestazioni autoimmuni e oncologiche del distretto
endocrino, includendo sia la supplementazione mirata sia gli interventi dietetici personalizzati. In
questo quadro ¢ stata condotta una meta-analisi sulla restrizione iodica prima della terapia con
radioiodio in adulti con carcinoma tiroideo differenziato sottoposti a tiroidectomia totale o quasi
totale. L’obiettivo iniziale era valutare se una dieta a basso contenuto di iodio migliorasse il successo
ablativo rispetto all’assenza di preparazione dietetica, ma la scarsita e I’eterogeneita degli studi con
esiti clinici standardizzati hanno reso necessario concentrare 1’analisi su indicatori biochimici. Sono
stati quindi aggregati studi randomizzati ¢ di coorte che confrontavano diete pre-radioiodio piu o
meno restrittive, con lo 1odio urinario post-dieta come esito principale e il successo ablativo riportato
in forma narrativa. Le diete piu restrittive hanno determinato una deplezione iodica pit marcata, ma
le evidenze cliniche disponibili non sono sufficienti a dimostrare un miglioramento riproducibile
degli esiti di ablazione. I risultati collocano la nutrizione come dimensione centrale e modificabile
della medicina tiroidea, mostrando come micronutrienti, modelli alimentari e interventi mirati si
intreccino con le vie endocrine, immunitarie e oncologiche delle diverse patologie. La meta-analisi
indica un ruolo specifico ma limitato della restrizione iodica prima dell’ablazione con radioiodio: i
dati supportano protocolli brevi, in linea con le linee guida, per garantire un’adeguata preparazione
biochimica, senza giustificare regimi piu severi o prolungati. Nel loro insieme, questi risultati
sostengono approcci nutrizionali fisiopatologicamente fondati, proporzionati e attenti al carico per il
paziente, e sottolineano la necessita di studi meglio progettati che integrino interventi dietetici nella

ricerca sull’autoimmunita e sul carcinoma tiroideo differenziato, con esiti clinicamente significativi.



1. Introduction

1.1 Thyroid diseases overview

1.1.1 Anatomy and physiology of the thyroid gland

The thyroid gland is located in the lower anterior region of the neck, just below the larynx, at the level
of the second and third tracheal rings. Its name derives from the thyroid cartilage, a shield-shaped
structure of the larynx (from the Greek word “thyreos”, meaning shield) [1]. The gland is composed
of two lobes, situated on either side of the trachea (right and left), connected by a thin band of tissue
called the isthmus, which spans the anterior surface of the trachea (Fig. 1). Each lobe generally
measures 3-4 cm in length, 2 cm in width, and varies in thickness from a few millimeters to over a
centimeter. The isthmus typically measures a few millimeters in thickness but may extend up to 15
mm in height. In some individuals, a pyramidal lobe extends superiorly from the isthmus, representing
a remnant of the thyroglossal duct, a structure that develops during thyroid embryogenesis in the first
trimester of gestation. Thyroid development begins around the fourth week of gestation at the floor
of the primitive pharynx, near the base of the tongue. Emerging evidence suggests that crucial
molecular events involved in the development of the thyroid gland occur even before the
establishment of the thyroid anlage, its earliest developmental stage. The expression of essential
transcription factors, such as NK2 homeobox [Nkx2]-1 and paired box [Pax]-8, is vital for this process
[2]. While the precise molecular pathways governing thyroid development remain largely undefined,
genetic mutations in these transcription factors are linked to conditions such as thyroid dysgenesis
and syndromes characterized by reduced thyroid hormone sensitivity [3,4]. As embryonic
development progresses, the thyroid gland descends into the neck while maintaining its transient
connection to the tongue via the thyroglossal duct. By the seventh week of gestation, the gland reaches
its definitive position, and in most cases, the thyroglossal duct is completely resorbed by the tenth
week. Several important anatomical structures surround the thyroid gland. The parathyroid glands,
typically only a few milligrams in weight, are found behind each thyroid pole (upper and lower, on
both sides). Although functionally independent of the thyroid, their close anatomical proximity has
significant clinical implications. Proper identification during thyroid surgery is crucial, as accidental
removal can lead to permanent hypoparathyroidism, a condition that may lead to severe, lifelong
complications. Additionally, the recurrent laryngeal nerves run along the posterior aspect of the
thyroid gland, innervating the intrinsic muscles of the larynx responsible for vocal cord movement.
Surgical damage to these nerves can result in serious complications, ranging from hoarseness if one
nerve is affected to respiratory distress requiring a permanent tracheostomy if both nerves are injured.
The thyroid gland is highly vascularized, receiving blood from two major arteries on each side. The

superior thyroid arteries, branching from the external carotid artery, enter the upper poles of the



thyroid gland alongside the superior laryngeal nerve. The inferior thyroid arteries, originating from
the thyrocervical trunk, run near the recurrent laryngeal nerves. Occasionally, an additional artery, the
thyroidea ima, may supply the thyroid, arising from either the thyrocervical trunk or the aortic arch.
Venous drainage is achieved through the superior, middle, and inferior thyroid veins. The superior
and middle thyroid veins drain into the internal jugular vein, while the inferior thyroid veins
anastomose anteriorly to the trachea and drain into the brachiocephalic vein. The lymphatic system
of the thyroid drains into the central cervical lymph nodes (level VI), with additional drainage into
the paratracheal nodes. These nodes are of clinical importance as they are often the first sites affected

in the metastatic spread of various thyroid cancers, necessitating their removal during oncologic

surgery [5].
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Fig. 1 Anatomy of the thyroid gland.
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At the microscopic level, the thyroid follicle is the fundamental structural unit of the gland (Fig. 2).
Each follicle consists of a single layer of thyrocytes, surrounded by a basement membrane. Inside,
the follicle is filled with colloid, a thick, honey-like substance that contains thyroglobulin, a large
glycoprotein (660 kDa) that serves as the precursor and storage form of thyroid hormones. The
follicles vary significantly in size, with an average diameter of approximately 200 um. Fibrous septa
separate and organize them into clusters of 20 to 40 follicles. Additionally, calcitonin-secreting C-
cells are dispersed between the thyroid follicles, generally forming small clusters within the middle

and upper thirds of the thyroid parenchyma [5].

iy 3 Bl i

4+ -2

Fig. 2 Thyroid histology: (1) Thyroid follicle. (2) Follicular cells. (3) Parafollicular (C-) cells.

The thyroid gland plays a fundamental role in regulating key physiological processes, such as
metabolic rate, energy balance, and the function of critical organs, including the heart and brain. Its
primary hormone, thyroxine, is synthesized from two tyrosine molecules, each bound to two iodine
atoms. To maintain adequate hormone production, thyroid follicular cells employ specialized
mechanisms to absorb, concentrate, and store iodide from the bloodstream, even against a steep
concentration gradient. A key component of this process is the sodium-iodide symporter (NIS),
located on the basolateral membrane of follicular cells (Fig. 3). Rather than directly consuming ATP,
NIS utilizes the sodium gradient maintained by the Na*/K*-ATPase, an ATP-dependent pump, to
actively transport iodide into the cell. This results in intracellular iodide concentrations 20 to 40 times
higher than those in the blood, ensuring an adequate reservoir for hormone biosynthesis [5]. Once
inside the cell, iodide is transported across the apical membrane into the follicular lumen by several

channels, including pendrin, CFTR (cystic fibrosis transmembrane conductance regulator), and
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anoctamin 1 (ANO1), which is a calcium-activated anion channel [6]. Within the lumen, iodide is
oxidized by thyroid peroxidase (TPO) in the presence of hydrogen peroxide, which is generated by
dual oxidase 2 (DUOX2). This reaction converts iodide into reactive iodine species that rapidly
iodinate tyrosine residues on the glycoprotein thyroglobulin. Depending on the number of iodine
atoms added, these residues form either monoiodotyrosine (MIT) or diiodotyrosine (DIT). In a
subsequent step, TPO catalyzes the coupling of iodinated tyrosines: the combination of two DIT
residues forms thyroxine (T4), whereas the coupling of one MIT and one DIT yields triiodothyronine
(T3). These hormonally active molecules remain bound to thyroglobulin and are stored extracellularly
in the follicular lumen, within the colloid. Upon stimulation by thyroid-stimulating hormone (TSH),
iodinated thyroglobulin is endocytosed back into the follicular cell and directed to lysosomes, where

proteolytic enzymes cleave thyroglobulin, releasing free T3 and T4 into the circulation [5].
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Fig. 3 Thyroid cell physiology, organification of inorganic iodide concentrated from the circulation: NIS
sodium (Na)-iodide symporter, TPO thyroid peroxidase, Tg thyroglobulin, DIT diiodothyronine, MIT
monoiodothyronine.

The thyroid gland primarily releases levothyroxine (T4), accounting for approximately 90% (75-100
ug/day) of its output, while triitodothyronine (T3) constitutes about 10% (6 pg/day). Thyroid
peroxidase (TPO) is a key enzyme involved in thyroid hormone synthesis but also a target of the
immune system in thyroid autoimmune diseases. The presence of antibodies against TPO (anti-TPO
antibodies) in patient serum serves as a diagnostic marker for these conditions. However, it remains

unclear whether these antibodies are a direct cause of the autoimmune response or merely a
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consequence of the disease. Additionally, mutations in pendrin, a transporter essential for iodine
organification, lead to Pendred syndrome, a rare genetic disorder characterized by sensorineural
hearing loss, goiter, and hypothyroidism. Thyroid-stimulating hormone (TSH), also known as
thyrotropin, is the primary regulator of thyroid activity (Fig. 4). This peptide hormone is produced by
the anterior pituitary gland (adenohypophysis), and its secretion is regulated by thyrotropin-releasing
hormone (TRH), produced in the hypothalamus, as well as by circulating thyroid hormone levels.
TSH regulation follows a classic negative feedback loop, where small fluctuations in thyroid hormone
levels lead to logarithmic changes in TSH secretion, a hallmark of endocrine regulation. Elevated
thyroid hormone levels inhibit TRH production, which in turn suppresses TSH synthesis and release
from the pituitary. Consequently, this reduces thyroid gland stimulation, lowering iodine uptake and

thyroid hormone production [5].

Hypothalamus

<
P Negative
Pituitary
Gland Feedback
TSH Thyroid
Hormone(s)
+

Thyroid Gland

Fig. 4 Hypothalamic-pituitary-thyroid axis: negative feedback loop.

Measuring serum TSH is widely regarded as the most sensitive method for assessing thyroid function
and serves as the first-line test for diagnosing common thyroid disorders, such as hypothyroidism and
hyperthyroidism [7]. However, pituitary or hypothalamic dysfunction can constitute exceptions to
this pattern, as these conditions represent more complex forms of thyroid axis pathology [8,9]. The
thyroid gland produces two primary hormones: thyroxine (T4) and triiodothyronine (T3). These

hormones are predominantly carried in the bloodstream by specific proteins, including thyroid-
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binding globulin (TBG), transthyretin, and albumin [10]. Additionally, thyroid hormones can bind to
thyroid hormone autoantibodies and lipoproteins [11,12]. These carrier proteins not only facilitate
hormone transport but also regulate hormone availability and protect tissues from excess free
hormones. By acting as reserves, they ensure that thyroid hormones are readily available when
needed, while preventing harmful overexposure. Genetic mutations in these carrier proteins can alter
their binding capacity, potentially leading to abnormal thyroid function test results [13]. Early
identification of such mutations is essential, as individuals with this condition are typically clinically
euthyroid and do not require treatment. Thyroid hormone transport into cells is also mediated by
specific proteins. While it was once believed to occur through simple diffusion, it is now recognized
that transporters such as MCT8, MCT10, OATP1C1, and LAT1/2 play a crucial role in this process.
Mutations in these proteins can impair thyroid hormone sensitivity, highlighting their clinical
significance [5]. As mentioned above, thyroxine (T4) is the main metabolic product of the thyroid
gland, containing four iodine atoms. However, T4 functions primarily as a precursor, requiring
conversion into triiodothyronine (T3) which contains three iodine atoms and serves as the biologically
active form that regulates peripheral thyroid hormone effects. This conversion occurs outside the
thyroid gland and is catalyzed by selenium-containing deiodinase enzymes. There are three
deiodinase isoforms, each with distinct functions. Type I deiodinase (D1) is often described as a
scavenger enzyme due to its role in clearing reverse T3 (rT3), an inactive thyroid hormone derivative.
However, emerging evidence suggests that rT3 may have biological activity [14]. The primary
enzyme responsible for converting T4 into active T3 is type II deiodinase (D2), which also regulates
intracellular T3 levels, ensuring proper activation of thyroid hormone receptors. In contrast, type III
deiodinase (D3) functions as the main inactivator of thyroid hormones by converting T4 into reverse
T3 (rT3) and T3 into 3,3’-diiodothyronine (T2), both of which are metabolically inactive [15].
Thyroid hormones exert their effects through both genomic and non-genomic mechanisms. The
genomic pathway involves binding to nuclear receptors, primarily thyroid receptor alpha (TRa) and
beta (TRP), which regulate gene expression and play a key role in metabolism, growth, and
development. These receptors have distinct isoforms with tissue-specific functions: TRal is highly
expressed in cardiac and skeletal muscle, TRa2 is widely distributed, TRB1 is predominant in the
brain, liver, and kidney, while TRB2 is mainly found in the hypothalamus and pituitary gland. Beyond
this classical pathway, thyroid hormones also exert non-genomic effects through membrane receptors,
such as a truncated TRa variant and integrin avp3. These interactions activate signaling pathways
like MAPK and PI3K, influencing processes such as cytoskeletal organization and intracellular
protein trafficking. Interestingly, some non-genomic actions also lead to gene expression changes,

highlighting a complex interplay between these mechanisms [5].
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1.1.2 Common thyroid diseases

Following an overview of the thyroid gland’s anatomy and physiology, it is essential to examine the
disorders that can impair its function, given their broad impact on overall health. Hypothyroidism
results from insufficient hormone production, leading to metabolic slowdown, whereas
hyperthyroidism arises from excessive secretion, accelerating metabolic processes. Structural
abnormalities, such as thyroid nodules, are also common and may, in some cases, indicate
malignancy. These conditions disrupt physiological homeostasis, influence multiple organ systems,
and require careful evaluation and management to mitigate their impact on quality of life and long-

term health outcomes.

1.1.2.1 Hypothyroidism

Hypothyroidism is a common endocrine disorder caused by insufficient thyroid hormone production.
It is classified as overt hypothyroidism when thyroid-stimulating hormone (TSH) levels exceed the
upper reference limit, accompanied by reduced free thyroxine (fT4) levels. The reference range is
statistically determined, covering the 2.5th to 97.5th percentiles of circulating thyroid hormone levels
in healthy individuals. Subclinical hypothyroidism is characterized by elevated TSH levels with
normal fT4 levels. If left untreated, hypothyroidism, especially in its overt form, can have widespread
effects on multiple organ systems, leading to significant health complications. Given the essential
role of thyroid hormones in early growth and neurological development, many developed countries
have implemented neonatal screening programs for congenital hypothyroidism, along with public
health initiatives to prevent severe iodine deficiency. Hypothyroidism is classified into four types:
primary, secondary, tertiary, and peripheral. Central hypothyroidism (secondary and tertiary) and
peripheral hypothyroidism are rare, comprising less than 1% of cases.

e Primary hypothyroidism, the most common form, results from intrinsic thyroid dysfunction.
Hashimoto’s thyroiditis, a chronic autoimmune condition, is the leading cause. It involves
immune dysregulation, wherein antigen-presenting cells activate autoreactive T and B cells,
leading to lymphocytic infiltration of the thyroid. TH1 cells release pro-inflammatory
cytokines such as IL-1, TNF, and IFNYy, contributing to thyroid follicular damage. Chemokines
further recruit immune cells, perpetuating the inflammatory process. High levels of anti-
thyroid antibodies (anti-TPO, anti-thyroglobulin) are characteristic, though they may also be
present in euthyroid individuals. Hashimoto’s thyroiditis is influenced by genetic
predisposition and environmental factors, including micronutrient imbalances, infections, and
immune defects. Other causes of primary hypothyroidism include iodine imbalance (both

deficiency and excess), certain medications (e.g., lithium, amiodarone), postpartum
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thyroiditis, radiation exposure, and thyroidectomy. The prevalence of primary hypothyroidism
is elevated in individuals with other autoimmune disorders, such as type 1 diabetes, celiac
disease, and autoimmune gastritis. These conditions emphasize the immune-mediated
mechanisms that contribute to hypothyroidism, further supporting the notion that autoimmune
dysfunction plays a fundamental role in its development. Congenital primary hypothyroidism
may result from thyroid dysgenesis (underdeveloped, absent, or ectopic thyroid gland) or
dyshormonogenesis (defective thyroid hormone synthesis). Mutations in TSHR, FOXEI,
NKX2-1, PAX8, and NKX2-5 have been implicated in thyroid dysgenesis, while mutations
in SLC5AS5, TPO, DUOX2, DUOXA2, SLC6A4, and DHEAL1 are associated with
dyshormonogenesis. Although most cases of congenital hypothyroidism arise from thyroid
ectopy rather than single-gene mutations, these genetic factors highlight the heritable
component of thyroid dysfunction, influencing thyroid development, differentiation, and
hormone production.

e Central hypothyroidism is a rare disorder caused by pituitary (secondary) or hypothalamic
(tertiary) dysfunction, leading to inadequate TSH and TRH production, respectively, and
consequently, low thyroid hormone levels. It is often associated with pituitary adenomas,
trauma, surgery, radiotherapy, genetic mutations, infiltrative diseases, or medications affecting
the hypothalamic-pituitary-thyroid axis (e.g., dopamine, somatostatins, glucocorticoids).

e Peripheral hypothyroidism encompasses rare disorders where defects in cellular transport or
metabolism reduce thyroid hormone effectiveness. These include consumptive
hypothyroidism (e.g., DIO3 upregulation in tumor cells) and tissue-specific hypothyroidism
due to reduced hormone sensitivity.

Hypothyroidism presents with a broad spectrum of symptoms, ranging from asymptomatic cases with
abnormal blood tests to severe, life-threatening manifestations such as myxedema coma. Common
symptoms include fatigue, lethargy, cold intolerance, weight gain, dry skin, constipation, and
hoarseness, all resulting from a generalized reduction in metabolic processes. However, these
symptoms are often nonspecific, particularly in older adults, making diagnosis challenging.
Hypothyroidism impacts nearly all organ systems, with particularly significant effects on the
cardiovascular system, including increased vascular resistance, reduced cardiac output, and impaired
left ventricular function. Hypothyroid patients frequently exhibit features of metabolic syndrome,
including hypertension, abdominal obesity, and dyslipidemia (elevated total cholesterol and LDL
levels). In severe cases, hypothyroidism can cause myocardial dysfunction or pericardial effusion.
The most extreme form, myxedema coma, is a life-threatening endocrine emergency characterized

by hypothermia, bradycardia, altered mental status, and multiorgan failure. It requires immediate
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thyroid hormone replacement and intensive care due to its high mortality rate (~50%).
Hypothyroidism is primarily diagnosed by measuring TSH and fT4 levels. In primary
hypothyroidism, TSH levels exceed the reference range (0.4-4.0 mIU/L), while fT4 is low. Since TSH
naturally increases with age (reaching up to 7.5 mIU/L in older adults), age-specific reference ranges
are crucial to prevent overtreatment. Central hypothyroidism is diagnosed based on low fT4 with
inappropriately normal or low TSH, necessitating additional pituitary hormone evaluation. Testing
for thyroid peroxidase antibodies (TPO-Ab) may support the diagnosis of autoimmune
hypothyroidism, though it is not always necessary. Thyroid ultrasound, which may show a
hypoechogenic pattern, is only indicated when clinical signs, such as abnormal thyroid palpation,
suggest structural abnormalities. Several factors can interfere with thyroid function tests, leading to
misleading results. These include human anti-animal antibodies, heparin therapy, and excessive biotin
intake. While universal screening for hypothyroidism remains debated, targeted testing is
recommended for high-risk individuals, including those with autoimmune diseases, infertility,
dementia, hypercholesterolemia, or a family history of thyroid disorders. Individuals taking
amiodarone or lithium, or those at risk of iatrogenic hypothyroidism, may also benefit from regular
thyroid function monitoring. The primary treatment for hypothyroidism is levothyroxine (LT4)
monotherapy, which is safe, effective, and widely used. The standard dose is 1.5-1.8 pg/kg/day, with
lower doses for older adults or those with cardiovascular disease. LT4 should be taken on an empty
stomach to ensure optimal absorption. Treatment aims to normalize TSH levels, with regular
monitoring to adjust dosing as needed. While most patients achieve biochemical euthyroidism with
LT4, some continue to experience persistent symptoms, prompting ongoing research into alternative

therapies [16,17,18].

1.1.2.2 Hyperthyroidism

Thyrotoxicosis refers to the clinical state resulting from excessive thyroid hormone activity at the
tissue level, whereas hyperthyroidism specifically denotes conditions characterized by increased
synthesis and secretion of thyroid hormones. Although often used interchangeably, these terms are
distinct. Hyperthyroidism disrupts metabolic homeostasis, leading to diverse systemic effects ranging
from mild symptoms to severe complications. Biochemically, overt hyperthyroidism is defined by
suppressed serum thyroid-stimulating hormone (TSH) levels, with elevated free thyroxine (fT4)
and/or triiodothyronine (fT3) concentrations. In contrast, subclinical hyperthyroidism is characterized
by suppressed TSH levels with normal free T4 and T3 concentrations. The severity of
hyperthyroidism varies, ranging from mild symptoms to profound systemic effects. Thyrotoxicosis is

classified into two main types: one caused by hyperthyroidism, where thyroid hormone synthesis and
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secretion are increased, and another independent of hyperthyroidism, where excess hormones
originate from stored reserves or extrathyroidal sources. The primary causes of hyperthyroidism
include autoimmune activation of the TSH receptor (TSHR), autonomously functioning thyroid
nodules, and thyroid follicular destruction leading to hormone leakage.

e (raves’ disease, the most common cause of hyperthyroidism, results from autoantibody-
mediated activation of the TSHR. Thyroid-stimulating immunoglobulins (TSIs), a subset of
IgG autoantibodies, aberrantly stimulate the cyclic adenosine monophosphate (cAMP)-
protein kinase A (PKA) pathway, driving excessive thyroid hormone synthesis, follicular
hyperplasia, and diffuse goiter formation. The loss of immune tolerance to thyroid antigens
underlies its autoimmune pathogenesis. A Th2-skewed immune response promotes B-cell
activation and autoantibody production, with genetic predisposition playing a crucial role.
Key susceptibility loci include immune-regulatory genes (HLA-DR3, CTLA4, CD40,
PTPN22) and thyroid autoantigen-encoding genes (TSHR, Tg). Environmental triggers, such
as iodine exposure, stress, smoking, and infections, further contribute to disease onset in
genetically predisposed individuals. Epigenetic modifications, including DNA methylation,
influence immune gene expression, linking environmental factors to disease pathogenesis.

e Toxic nodular goiter (TNG) arises from autonomously functioning thyroid nodules that
hypersecrete thyroid hormones independent of TSH regulation. Functional autonomy
develops in approximately 5% of thyroid nodules, manifesting as either a solitary toxic
adenoma or a multinodular goiter. This process is driven by activating mutations in genes such
as TSHR and GNAS, resulting in sustained cAMP-PKA pathway activation and unregulated
hormone synthesis. Chronic TSH stimulation, often due to iodine deficiency, promotes nodule
formation, while additional genetic alterations enhance their autonomy. In multinodular
goiter, multiple hyperfunctioning nodules contribute to excess hormone secretion, whereas
solitary toxic adenomas represent a localized variant. Unlike Graves’ disease, which is
immune-mediated, TNG results from intrinsic nodular hyperactivity.

e Thyroiditis-induced hyperthyroidism results from inflammatory destruction of thyroid
follicles, leading to the passive release of stored thyroid hormones. This condition is typically
transient and self-limiting. Silent (lymphocytic) thyroiditis, an autoimmune variant, involves
T-cell-mediated thyrocyte apoptosis without significant autoantibody stimulation. It shares
immunological features with postpartum thyroiditis, which occurs due to immune
reconstitution following pregnancy-induced immunosuppression. Subacute (granulomatous)
thyroiditis, often triggered by viral infections, is characterized by follicular disruption,

mononuclear and giant cell infiltration, and systemic inflammatory symptoms. Unlike Graves’
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disease and TNG, thyroiditis does not involve increased thyroid hormone synthesis. Less

commonly, drug-induced thyroiditis, triggered by immune checkpoint inhibitors or interferon-

o, may also result in thyrotoxicosis.
Hyperthyroidism manifests with a broad spectrum of symptoms resulting from hypermetabolism and
heightened B-adrenergic activity. Common symptoms include anxiety, insomnia, palpitations,
unintentional weight loss, diarrhea, excessive sweating, heat intolerance, and menstrual irregularities.
In Graves’ disease, thyroid enlargement may cause compressive symptoms, such as dysphagia or
voice changes. Approximately 25-40% of patients develop Graves’ ophthalmopathy, which ranges
from mild periorbital edema to severe proptosis and diplopia (Fig. 5). Less common manifestations
include thyroid dermopathy and acropachy. In rare cases, hyperthyroidism may progress to thyroid
storm, a life-threatening condition characterized by fever, tachycardia, altered mental status, and
multi-organ dysfunction, often triggered by infection, surgery, or physiological stress. If untreated,
hyperthyroidism increases the risk of severe complications, including atrial fibrillation, heart failure,

embolic stroke, and osteoporosis-related fractures, particularly in postmenopausal women.

Fig. 5 Multinodular goiter on the left. Graves’ ophthalmopathy on the right.

Hyperthyroidism is diagnosed based on thyroid function tests. Overt thyrotoxicosis is characterized
by elevated serum free T4 and/or T3 with a markedly suppressed TSH concentration (<0.01 mIU/L).
In subclinical hyperthyroidism, TSH is low, but thyroid hormone levels remain within the reference
range. The measurement of TSH receptor antibodies (TRAD) is crucial in diagnosing Graves’ disease,
particularly in the absence of pathognomonic features such as ophthalmopathy. When the etiology is
uncertain, thyroid scintigraphy using iodine-123, iodine-131, or technetium-99m pertechnetate can

distinguish among causes. Graves’ disease typically shows diffusely increased radiotracer uptake,
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whereas thyroiditis and iodine-induced hyperthyroidism exhibit low or absent uptake. In TNG, uptake
is focal or heterogeneous. Doppler ultrasound may serve as an alternative imaging modality,
particularly in pregnancy, demonstrating increased vascularity in Graves’ disease and reduced flow
in thyroiditis. Laboratory results can be affected by external factors, such as biotin supplementation,
which may lead to falsely suppressed TSH and elevated free T4/T3 levels due to immunoassay
interference. Additionally, rare conditions, such as TSH-secreting pituitary tumors or thyroid
hormone resistance, should be considered in cases of discordant laboratory findings. Hyperthyroidism
management focuses on symptom control and euthyroid restoration via pharmacological, radioactive,
or surgical interventions. B-blockers provide symptomatic relief but do not correct the underlying
thyroid dysfunction. Definitive treatments, antithyroid drugs, radioactive iodine, and thyroidectomy,
are selected based on etiology and patient factors. Antithyroid drugs are the first-line therapy for
Graves’ disease, with increasing evidence supporting long-term, low-dose regimens as viable
alternatives to definitive treatments. Radioactive iodine is preferred for toxic adenoma and
multinodular goiter, while thyroidectomy is reserved for refractory cases, large goiters, or suspected
malignancy. Challenges persist, including relapse with antithyroid drugs and post-treatment
hypothyroidism. Minimally invasive techniques, such as radiofrequency ablation, offer alternatives
for select patients; while emerging immunomodulatory therapies hold promise for more personalized

and durable disease management [19,20].

1.1.2.3 Thyroid nodules and neoplasms

Thyroid nodules are discrete lesions within the thyroid gland, frequently detected due to the
widespread use of high-resolution imaging techniques, particularly ultrasonography. Their prevalence
increases with age, affecting approximately 50-60% of the population by late adulthood. Most
nodules are asymptomatic and incidentally discovered. While 90% are benign, commonly presenting
as follicular nodular disease, follicular adenomas, or oncocytic adenomas, the primary clinical
challenge lies in distinguishing benign from malignant lesions. Malignant nodules comprise 5-10%
of detected cases, with papillary thyroid carcinoma (PTC) being the most prevalent subtype, followed
by follicular, medullary, and anaplastic carcinomas. Despite the benefits of early detection, the rising
incidence of thyroid cancer raises concerns regarding overdiagnosis and overtreatment. The key
objective is to identify clinically significant malignancies while minimizing unnecessary
interventions. To achieve this, a structured diagnostic approach integrating laboratory evaluation,
imaging, and cytological analysis is essential. Laboratory testing serves as the initial step in the
assessment of thyroid nodules, primarily through thyroid-stimulating hormone (TSH) measurement.

A suppressed TSH suggests potential autonomous nodule function and hyperthyroidism, necessitating
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further evaluation with free thyroxine (fT4), free triiodothyronine (fT3), and radionuclide scanning.
Hyperfunctioning (“hot”) nodules identified on radionuclide scans are virtually always benign.
Thyroglobulin measurement is not recommended as a preoperative marker due to its low specificity;
however, it is a critical component of postoperative surveillance for thyroid cancer recurrence. For
medullary thyroid carcinoma (MTC), serum calcitonin, produced by parafollicular C-cells, is the most
reliable diagnostic biomarker. However, its routine use in initial nodule evaluation is debated due to
concerns regarding cost-effectiveness and specificity. When fine-needle aspiration cytology yields
indeterminate results, calcitonin testing can enhance diagnostic accuracy, particularly for detecting
occult MTC. High-resolution ultrasonography (=12 MHz) remains the cornerstone of thyroid nodule
assessment, offering detailed visualization to guide malignancy risk stratification. Certain
sonographic features correlate strongly with malignancy (Fig. 6), including:

- Solid composition

- Marked hypoechogenicity (darker than surrounding thyroid tissue)

- Irregular or infiltrative margins

- Presence of microcalcifications

- Disrupted rim calcifications with soft tissue extension

Marked hypoechogenicity Punctate hyperechoic foci

The echogenicity of the nodule (A) Hyperechoic foci within the solid
is eqgual to or less than that components of & nodule, with no
observed in the strap muscles {B) acoustic shadowing, measuring
less tham 1 mm [arrow)
Taller-than-wide Irregular margin

Marging

The anteroposterior diametar (A)
is greater than its transverse spiculations (A) and/or
diameter (B} lobulations (B)

Margins demonstrate multiple

Fig. 6 Cardinal sonographic features of malignant nodules with guidance for recognition and description.
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Conversely, purely cystic nodules or those with a spongiform appearance (comprising >50%
microcystic spaces) carry an extremely low malignancy risk (<2%). Similarly, isoechoic or
hyperechoic solid nodules with smooth margins and no calcifications exhibit a malignancy risk of
<5-10%. However, no single ultrasound feature provides absolute diagnostic certainty, and
interobserver variability remains a challenge. To standardize malignancy risk assessment and guide
biopsy recommendations, structured risk stratification systems (RSSs) have been developed. The
International Thyroid Nodule Ultrasound Working Group developed the I-TIRADS system to
enhance diagnostic consistency. Additionally, artificial intelligence (Al), particularly deep learning
algorithms, is emerging as a promising tool for improving diagnostic accuracy and minimizing
observer variability. Fine-needle aspiration biopsy (FNAB) remains the gold standard for diagnosing
thyroid nodules, offering a minimally invasive and highly reliable diagnostic tool. FNAB is typically
indicated for high-risk nodules based on ultrasound features or those exceeding predefined size
thresholds. Cytological analysis follows the Bethesda System for Reporting Thyroid Cytopathology
(2017 revision), which categorizes FNAB results into six groups:

- Category 1: Non-diagnostic/insufficient

- Category 2: Benign

- Category 3: Atypia of undetermined significance (AUS)/Follicular lesion of undetermined

significance (FLUS)

- Category 4: Follicular neoplasm/Suspicious for follicular neoplasm

- Category 5: Suspicious for malignancy

- Category 6: Malignant
Bethesda categories 2, 5, and 6 provide high predictive accuracy, with negative and positive predictive
values exceeding 95%. However, 20-30% of FNAB results fall into indeterminate categories
(Bethesda 3 and 4), where malignancy risk ranges from 10-40%, complicating clinical decision-
making. Traditionally, repeat FNAB has been recommended, particularly for Bethesda category 3
nodules, to refine diagnostic accuracy before considering surgical intervention. However, given that
most of these nodules are ultimately benign, overly aggressive management may result in unnecessary
surgeries. To enhance risk stratification and reduce overtreatment, molecular testing has become
integral to thyroid nodule evaluation. Advanced genetic assays, such as ThyroSeq v3 and Afirma
Genomic Sequencing Classifier (GSC), utilize next-generation sequencing and RNA expression
profiling to assess malignancy risk in indeterminate nodules.

- ThyroSeq v3 detects oncogenic mutations (e.g., BRAF, RAS), gene fusions, and copy number

variations.
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- Afirma GSC evaluates RNA expression signatures to differentiate benign from malignant
nodules.

Although these tests demonstrate high sensitivity and specificity, concerns remain regarding cost,
accessibility, and their impact on thyroidectomy rates. Furthermore, emerging biomarkers, including
microRNA expression signatures, are under investigation to further refine diagnostic precision.
Thyroid nodule management follows a risk-adapted approach, integrating ultrasound, cytological,
and molecular data to guide clinical decisions.

- Benign nodules are typically managed conservatively, with periodic ultrasound surveillance
recommended for stable lesions.

- Malignant or highly suspicious nodules (Bethesda categories 5 and 6) often require surgical
intervention, with lobectomy or total thyroidectomy being standard approaches. The extent of
surgery depends on tumor size, extrathyroidal extension, lymph node involvement, and
histopathological subtype.

Minimally invasive, non-surgical techniques, such as radiofrequency ablation (RFA) and laser
ablation, are increasingly considered for benign symptomatic nodules or patients ineligible for
surgery. These methods provide effective nodule volume reduction with lower complication rates
compared to traditional surgery. As thyroid cancer management evolves, a personalized, evidence-
based approach integrating advanced imaging, cytology, molecular diagnostics, and minimally
invasive interventions is essential for optimizing outcomes while avoiding unnecessary procedures.
Ongoing advancements in genomics, artificial intelligence, and biomarker discovery will further
revolutionize thyroid nodule management, enhancing diagnostic precision while reducing

overtreatment [21,22].

1.1.3 Epidemiology

Thyroid disorders rank among the most prevalent endocrine conditions globally, affecting individuals
of all ages and both sexes. Recent epidemiological studies have highlighted dynamic shifts in both
prevalence and incidence, influenced by environmental exposures, genetic predispositions, evolving
diagnostic criteria, and advancements in healthcare practices [23]. For example, the 2002 U.S.
National Health and Nutrition Examination Survey III, which screened over 13,000 individuals with
previously unrecognized thyroid disease, identified an overall hypothyroidism prevalence (including
subclinical cases) of approximately 4.6%, a rate 3.5 times higher than that observed for
hyperthyroidism [24]. A decade later, the American Association of Clinical Endocrinologists
estimated that hypothyroidism affected roughly 13 million Americans (4.78% of the population), and

a European meta-analysis of 17 studies reported prevalence rates of 4.94% for hypothyroidism and
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1.72% for hyperthyroidism [25,26]. In the United States, the epidemiology of hypothyroidism has
demonstrated a notable upward trajectory over the past decade. A retrospective analysis using the
Optum administrative claims database indicated that from 2009 to 2012 the overall prevalence of
hypothyroidism reached nearly 9.6% of the U.S. population [27]. Moreover, prevalence among
females increased from 14.1% in 2012 to 17.0% in 2019, while the corresponding figures for males
rose from 4.4% to 5.9% during the same period. Age stratification further revealed that individuals
under 50 maintained a relatively stable prevalence between 2012 and 2019, whereas those aged 50-
59 exhibited a modest increase from 10.4% to 11.2%, and subjects aged 60 and older saw an increase
from 16.2% to 17.8%. Although the study did not distinguish between overt and subclinical
hypothyroidism, it noted an increase in the proportion of untreated cases, from 11.8% to 14.4%,
suggesting that a rise in subclinical hypothyroidism may be a principal contributor to the overall
diagnostic increase. These observations are supported by additional data showing a substantial
escalation in thyroid-stimulating hormone (TSH) testing between 2006 and 2020, with testing rates
nearly doubling among women compared to men and increasing with age [28]. In contrast,
hyperthyroidism remains less prevalent than hypothyroidism across epidemiological surveys. In
iodine-sufficient regions, Graves’ disease (GD) is the primary etiological factor, while in iodine-
deficient areas, nodular thyroid disease predominates. GD exhibits a pronounced female
predominance, with an 8:1 female-to-male ratio, and is most frequently diagnosed between the ages
of 20 and 40, although it spans all age groups [23]. Notably, recent epidemiological trends suggest an
evolution in the clinical presentation of GD. A 2016 Italian study demonstrated that newly diagnosed
patients exhibit milder phenotypes, characterized by smaller thyroid gland volumes and lower clinical
severity scores compared to those diagnosed two to three decades earlier [29]. A meta-analysis of
studies from 1980 to 2017 further confirmed that patients diagnosed before 2000 had higher mean
serum levels of free thyroxine (fT4) and triiodothyronine (fT3) than those diagnosed after 2000,
alongside a significant decline in goiter prevalence, from 87% to 56%, likely reflecting earlier
detection and improved management, as well as reduced smoking rates, a recognized environmental
risk factor [30]. Thyroid nodules are also highly prevalent, with ultrasonography detecting them in
up to 68% of individuals, although only about 5% are clinically palpable in iodine-replete
populations. Concurrently, thyroid cancer incidence has steadily increased both in the United States
and worldwide. In the U.S., incidence nearly tripled from 4.5 to 14.3 cases per 100,000 individuals
between the 1970s and 2010s, while mortality has remained stable at approximately 0.5 per 100,000
individuals and the 5-year relative survival rate has consistently been around 98.4%. This divergence
is largely attributable to the increased detection of low-risk papillary thyroid cancers (PTCs),

particularly those measuring less than 1.0 cm or between 1.1 and 2.0 cm. Although thyroid cancer is
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more common in women, with incidence nearly four times that in men (14.9 vs. 3.8 per 100,000
individuals), this disparity may be partly due to higher healthcare utilization and more frequent
thyroid imaging among women, contributing to overdiagnosis [23]. Large-scale analyses using
databases such as SEER, Medicare, Veterans Affairs, and US Cancer Statistics have demonstrated a
strong correlation between increased imaging and heightened detection rates, noting an annual 1.1%
rise in incidence-based mortality predominantly driven by advanced-stage PTC [31,32,33,34].
Moreover, environmental factors and demographic shifts, particularly the rising prevalence of obesity,
have been implicated in these trends. In the U.S., obesity rates increased from 30.5% in 1999-2000
to 42% in 2017-2020, with severe obesity (BMI > 40) nearly doubling [23]. Studies, including those
using data from the NIH-AARP Diet and Health Study, have shown a positive association between
higher BMI and increased PTC risk, with overweight and obese individuals experiencing 1.26- and
1.30-fold higher risks, respectively [35]. Obesity has also been linked to aggressive tumor
characteristics (extrathyroidal extension and persistent or recurrent disease), although detection bias
may contribute given that individuals with higher BMI typically undergo more frequent medical
evaluations [36]. Since the early 2010s, U.S. thyroid cancer incidence has stabilized, with a decline
in small tumors (<1 cm) observed from 2014 to 2018, likely reflecting efforts to reduce overdiagnosis,
while incidence rates for aggressive thyroid cancers, such as medullary thyroid cancer (MTC) and
anaplastic thyroid cancer (ATC), have remained stable or modestly increased [23]. MTC, which
accounts for approximately 1.6% of thyroid cancers (around 252 new cases annually), predominantly
affects older Black males, with nearly 40% presenting with regional metastases [37,38]. In contrast,
ATC incidence has increased slightly from 0.2 to 1.2 per 1,000,000 individuals between 1973 and
2014, primarily affecting older females (mean age ~70.5 years) and associated with a poor prognosis,
as evidenced by a median survival of approximately four months and 1-year and 5-year survival rates
of 20.7% and 11%, respectively [39,40]. Notably, updated outcome data following the introduction
of targeted BRAF-V600E therapies have not yet been reported. In summary, the evolving
epidemiology of thyroid diseases has not only transformed patient management but also underscored
critical areas for future investigation. A comprehensive understanding of these epidemiological trends
is imperative for identifying clinical patterns, informing practice modifications, and guiding high-
quality research. Future studies should focus on elucidating the roles of emerging risk factors, such
as obesity and endocrine disruptors, while developing strategies to mitigate overdiagnosis and
overtreatment. Additionally, a deeper examination of epidemiological variations among diverse
populations, considering the interplay between biological factors, social determinants of health, and
healthcare practices, is essential for refining diagnostic, screening, and treatment guidelines in thyroid

disease management.
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1.2 The role of nutrition in thyroid health

1.2.1 Essential micronutrients

Building on the preceding overview of thyroid anatomy, physiology, and disease epidemiology, it
becomes clear that nutrition plays a central role in maintaining thyroid health. The thyroid is
especially sensitive to micronutrient availability, with specific nutrients directly influencing hormone
synthesis, activation, and immune function. Among these, iodine and selenium are fundamental:
iodine serves as the structural component of thyroxine (T4) and triiodothyronine (T3), while selenium
supports deiodinase activity and protects the gland from oxidative stress. Other nutrients, including
iron, zinc, copper, magnesium, and vitamins A, B12, and D, contribute to hormone regulation, cellular
signaling, and immune balance. In particular, vitamin D has received growing attention for its
immunomodulatory effects, especially in autoimmune thyroid disorders. In parallel, emerging
evidence suggests that the gut-thyroid axis, through modulation of micronutrient absorption and
immune homeostasis by intestinal microbiota, may influence thyroid function. These
interconnections form an integrated network in which nutrient status, immune tolerance, and
endocrine feedback are tightly linked (Fig. 7). Due to their key biochemical roles and clinical
significance, this section focuses on iodine, selenium, and vitamin D. Even suboptimal levels, above
the threshold of clinical deficiency, may impair hormone production, disrupt feedback mechanisms,
and contribute to autoimmunity. Understanding the impact of these essential micronutrients is critical

for developing effective preventive and therapeutic nutritional strategies in thyroid disease.

?Inc(ease

Fig. 7 The overall effects of known nutrients and micronutrients on thyroid function. NIS sodium (Na)-iodide
symporter, DUOX dual oxidase, TPO thyroperoxidase, TG thyroglobulin, GPX glutathione peroxidase, TH
thyroid hormones, MIT monoiodotyrosine, DIT diiodotyrosine, D1,2,3 deiodinase.
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1.2.1.1 lodine

Iodine is an essential trace element required for the synthesis of thyroid hormones. Following its
absorption in the gastrointestinal tract as iodide (I"), it is transported through the bloodstream to the
thyroid gland, where follicular cells actively concentrate it via the sodium-iodide symporter (NIS).
Within these cells, iodide undergoes enzymatic oxidation and is covalently bound to tyrosine residues
on thyroglobulin, forming monoiodotyrosine (MIT) and diiodotyrosine (DIT). The subsequent
coupling of these iodinated residues yields the biologically active hormones triiodothyronine (T3)
and thyroxine (T4), which are secreted in accordance with the body’s metabolic demands (Fig. 8).

Optimal iodine intake is crucial for maintaining euthyroidism and normal systemic metabolism [41].
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Triiodothyronine (T3) Thyroxine (Ta)

Fig. 8 Chemical structure of thyroid hormones.

Dietary iodine availability exhibits substantial variability, shaped by a complex interplay of
environmental, agricultural, and trophic factors. Soil iodine content, proximity to marine
environments, and the application of iodine-containing fertilizers and animal feed supplements
critically influence iodine concentrations in water, crops, and livestock-derived products. Among
dietary sources, dairy products are particularly significant, reflecting both the physiological
concentration of iodine during lactation and common iodine fortification practices in dairy
production. Marine organisms, especially fish and macroalgae, represent the most iodine-dense
natural foods, whereas their freshwater counterparts typically contain far lower levels. The increasing
incorporation of iodine-rich seaweeds into Western diets holds promise for addressing population-
level deficiencies; though this approach must be balanced with awareness of the considerable
variation in seaweed iodine content, which may elevate the risk of excessive consumption. These dual
risks of deficiency and excess underscore the importance of evidence-based dietary guidelines and

robust regulatory oversight [42]. The European Food Safety Authority (EFSA) recommends age-

27



specific daily intakes ranging from 70 pug in infants to 150 pg in adolescents, with a target urinary
iodine concentration (UIC) of at least 100 pg/L, a threshold linked to a minimal prevalence of iodine-

deficiency-related goiter among school-aged children (Table 1) [43,44,45].

Age Adequate Intake Recommended lodine Intake
& (ug/Day) REF * for EFSA (ug/Day) REF ** for WHO

(6 months old - 90
7-12 months old 70 90
1-6 vears old 90 90
7-10 years old 90 120

11-14 years old 120 120-150
15-17 years old 130 150
=18 years old 150 150
During pregnancy 200 250
During lactation 200 250

Table 1 Comparison of age-specific adequate and recommended daily iodine intake levels according to
EFSA and WHO guidelines.

Iodine deficiency during pregnancy can impair both maternal and fetal thyroid function, with
potentially serious consequences for fetal neurodevelopment. lodine insufficiency in utero has
profound adverse effects on central nervous system ontogeny, constituting one of the most significant,
yet preventable, causes of neurocognitive impairment. Moreover, thyroid hormones synthesized from
adequate maternal iodine availability are indispensable for guiding neuronal migration and
orchestrating myelin sheath formation from the fetal period into early postnatal life [42]. In regions
affected by chronic and severe iodine deficiency, early gestational hypothyroidism may result in
irreversible cerebral damage, intellectual disability, and other neurological sequelae, the most severe
of which is congenital hypothyroidism, historically termed “cretinism”. However, in cases of mild-
to-moderate deficiency, typically defined by a median UIC below 100 pg/L, current evidence remains
inconclusive regarding the efficacy and safety of routine iodine supplementation. Further research is
needed to clarify the risk-benefit profile of such interventions, particularly in relation to maternal
intrathyroidal iodine status [41]. Emerging evidence from regions such as Tasmania and the United
Kingdom links inadequate maternal iodine intake during early gestation to measurable deficits in
children’s language, literacy, numeracy, and verbal 1Q at school age [46,47,48]. These findings
highlight the enduring influence of maternal iodine status on offspring neurodevelopment, even when
postnatal iodine intake is adequate. Excessive iodine intake can also disrupt thyroid function through
the well-characterized Wolff-Chaikoff effect, a transient autoregulatory response in which
supraphysiological iodine levels inhibit thyroid hormone synthesis. This inhibition occurs via reduced

thyroid peroxidase activity and impaired iodide oxidation, thereby limiting iodine organification
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within the thyroid gland. Under normal physiological conditions, the gland escapes this inhibitory
state through downregulation of the sodium-iodide symporter (NIS), which decreases intrathyroidal
iodine concentrations and restores hormone production. However, in individuals with pre-existing
thyroid dysfunction or impaired autoregulation, this escape mechanism may fail, resulting in iodine-
induced hypothyroidism. Conversely, in the presence of autonomous thyroid tissue, such as that found
in multinodular goiter or latent Graves’ disease, excess iodine may trigger the Jod-Basedow
phenomenon, characterized by unregulated hormone synthesis and hyperthyroidism. The fetal thyroid
is particularly vulnerable; its capacity to escape the Wolff-Chaikoff effect develops only after
approximately 36 weeks of gestation, making it susceptible to iodine-induced hypothyroidism when
exposed to high maternal iodine levels. These dynamics underscore the critical importance of tightly
regulated iodine intake during pregnancy to prevent iatrogenic thyroid dysfunction and its potential
neurodevelopmental consequences. Despite these clear effects of iodine imbalance, the upper safety
thresholds for iodine intake during pregnancy, lactation, and infancy remain inadequately defined,
with current recommendations varying across regulatory bodies [41]. While universal salt iodization
has effectively reduced iodine deficiency disorders globally, its implementation is inconsistent, and
in many regions, it falls short of meeting the heightened demands of high-risk populations,
particularly pregnant and lactating women. These demands are driven by increased thyroid hormone
synthesis, enhanced transplacental iodine transfer, and elevated renal clearance. In response, leading
health organizations, including the American Thyroid Association, the Endocrine Society, the
European Thyroid Association, and the World Health Organization, recommended targeted
supplementation strategies. A daily intake of 250 png/day, typically as potassium iodide, is advised in
settings where iodized salt coverage is below 90% or the median UIC is under 100 pg/L. Optimally,
supplementation should commence at least three months prior to conception and continue throughout
pregnancy and lactation [47,49,50,51]. Beyond the prenatal period, adequate iodine intake during
infancy and early childhood is essential for thyroid hormone synthesis and optimal
neurodevelopment, particularly throughout the weaning period. The iodine concentration of breast
milk, determined by maternal iodine status, regional dietary intake, and supplementation practices,
may not consistently meet the infant’s requirements. This concern is compounded by the increasing
prevalence of low-iodine infant foods, including many organic formulations. lodine deficiency during
this critical developmental window has been linked to persistent cognitive impairments and an
elevated risk of thyroid dysfunction. These findings underscore the urgent need for coordinated public
health strategies, including healthcare provider education, parental awareness, and fortification of
complementary foods, to ensure sufficient iodine nutrition in early childhood. Adolescence represents

another vulnerable period for iodine imbalance, during which both deficiency and excess can
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adversely affect thyroid health. Inadequate iodine intake has been linked to the development of
nodular goiter, whereas excessive consumption, particularly through overly aggressive fortification,
may increase the risk of autoimmune thyroiditis. Although the precise mechanisms remain
incompletely defined, one leading hypothesis suggests that iodine excess induces oxidative stress
within thyroid follicular cells, promoting the release of pro-inflammatory cytokines and chemokines.
This inflammatory milieu enhances the antigenicity of thyroglobulin, potentially altered by surplus
iodine, facilitating its recognition by autoreactive lymphocytes and initiating an autoimmune cascade
[41]. Epidemiological data support this association: following three years of universal salt iodization
in China, the prevalence of autoimmune thyroid disorders rose in parallel with iodine exposure, from
0.5% in mildly deficient regions to 2.8% in areas of excess [52]. In contrast, Denmark experienced
improved iodine status and a concurrent decline in autoimmune thyroid disease after implementing
mandatory fortification in a previously iodine-deficient population [53]. These findings underscore
the need for carefully calibrated iodine policies, with UIC above 100 pug/L generally considered
sufficient to minimize goiter risk while avoiding excess that may trigger autoimmunity. In an
increasingly globalized food environment, adolescent dietary patterns are shifting in ways that
complicate iodine nutrition and raise broader public health concerns. In Italy, a study of children and
adolescents revealed that iodine requirements were largely met through excessive salt consumption,
averaging over 10.2 grams per day, far exceeding the recommended limit of 5 grams per day for salt
intake. This presents a paradox: although salt intake is high, iodine intake remains inadequate for
many individuals. This discrepancy is primarily attributable to two factors: much of the salt consumed
is not iodized, and iodized salt is insufficiently used in processed foods or within the food service
sector [54]. In addition to imbalances in iodine intake, various exogenous compounds, collectively
termed goitrogens, can adversely affect thyroid physiology by interfering with iodide transport and
hormone synthesis. These agents include naturally occurring substances in staple foods such as
sorghum, soy, millet, and cassava, as well as glucosinolate-rich cruciferous vegetables from the
Brassicaceae family (e.g., cabbage, broccoli, Brussels sprouts). Environmental contaminants,
including perchlorate and nitrate, common in drinking water and the broader food supply, also
contribute to this inhibitory burden. Goitrogens primarily disrupt thyroid hormone biosynthesis via
two mechanisms: competitive inhibition of iodide uptake at the sodium-iodide symporter (NIS) and
inhibition of thyroid peroxidase-catalyzed iodide organification. These effects are especially
detrimental in iodine-deficient populations, where co-exposure may precipitate or exacerbate
hypothyroidism and goiter, particularly among neonates and young children, who possess elevated
hormonal demands and limited compensatory reserves. Among the most extensively characterized

goitrogens are thiocyanates, derived endogenously from the metabolism of cyanogenic glycosides
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and glucosinolates, and exogenously from cigarette smoke exposure. Thiocyanates not only impede
iodide uptake but also promote transmembrane efflux, culminating in net intrathyroidal iodide
depletion. Notably, obesity may further amplify goitrogenic effects by enhancing oxidative stress and
disrupting normal thyroid hormone metabolism. These observations highlight the need for integrated
public health interventions, including universal iodine fortification, dietary diversification, and
environmental risk mitigation, to protect thyroid function across sensitive life stages. Concurrent
evidence indicates that iodine may exert biologically relevant extrathyroidal actions, particularly via
redox-mediated antimicrobial activity and potential antineoplastic mechanisms. Though these
pathways remain incompletely defined, their emerging relevance underscores the need to broaden

current conceptions of iodine biology beyond its classical endocrine functions [41,42].

1.2.1.2 Selenium

Selenium is an essential micronutrient that complements iodine in thyroid physiology by supporting
hormone activation, redox balance, and antioxidant defense. The thyroid gland contains the highest
selenium concentration per gram of tissue in the human body, reflecting the critical role of
selenoproteins in endocrine homeostasis. Within thyrocytes, iodothyronine deiodinases type I and II
(DIO1, DIO2) catalyze the outer-ring deiodination of thyroxine (T4) to produce biologically active
triiodothyronine (T3). In contrast, deiodinase type III (DIO3), absent from thyrocytes but active in
peripheral tissues such as the placenta and developing brain, inactivates T4 and T3 via inner-ring
deiodination to limit T3 exposure. Simultaneously, several selenoproteins counteract the oxidative
stress generated during hormonogenesis. Glutathione peroxidases (GPX1, GPX3, GPX4),
thioredoxin reductases (TXNRDI1, TXNRD2, TXNRD3), and endoplasmic reticulum-resident
proteins (SELENOF, SELENOM, SELENOS) provide intracellular and extracellular protection.
GPX3, secreted into the follicular lumen, detoxifies hydrogen peroxide (H-0:), a reactive oxygen
species required for thyroid peroxidase (TPO)-mediated iodination, but potentially damaging if
unregulated. GPX1 limits intracellular H-O- diffusion, while GPX4 safeguards mitochondrial and
cellular membranes from lipid peroxidation. SELENOS, located in the endoplasmic reticulum (ER),
facilitates retrotranslocation of misfolded proteins for proteasomal degradation and modulates pro-
inflammatory cytokine transcription, functions especially relevant in autoimmune thyroiditis.
Collectively, these selenoproteins govern thyroid hormone metabolism, oxidative defense, and
immune regulation, making selenium indispensable for thyroid integrity. Dietary selenium
availability varies widely across regions, primarily influenced by soil selenium content, chemical
speciation, and agricultural practices. Selenium enters the food chain through plant-based foods,

seafood, and selenium-enriched animal products. High-selenium areas include parts of North
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America, Japan, and Venezuela, while extensive regions of China exhibit both extreme deficiency
and excess (Fig. 9). A well-documented selenium-deficient belt spans northeast to southwest China,
historically associated with Keshan disease, a cardiomyopathy linked to selenium deficiency [55]. In
Europe, a significant portion of the population fails to meet recommended intake levels, 55 pg/day
according to the US Institute of Medicine and 70 pg/day as set by the European Food Safety Authority
(EFSA) [56,57]. Selenium is primarily ingested as selenomethionine, which is efficiently absorbed
and nonspecifically incorporated into body proteins, and as selenocysteine, which is selectively
utilized in selenoprotein synthesis. Dietary sources rich in selenium include organ meats (e.g., liver,
kidney), seafood, and Brazil nuts, though the latter are rarely consumed regularly. The selenium
content of cereals and grains is highly variable, depending on regional soil concentrations. To improve
selenium status, supplementation with selenium-enriched yeast or selenomethionine is common.
Selenomethionine leads to higher plasma selenium levels than inorganic forms due to albumin
binding and incorporation into general protein pools, but it requires proteolytic release for use in
selenoprotein synthesis. This slower turnover increases the risk of tissue accumulation and potential
toxicity at high doses. In contrast, inorganic forms (e.g., sodium selenite, sodium selenate) are either
incorporated directly into selenoproteins or rapidly excreted, limiting long-term buildup. These
pharmacokinetic differences highlight the importance of assessing selenium status before initiating
supplementation. Plasma selenium remains the standard biomarker, while functional indicators such
as glutathione peroxidase (GPX) activity and selenoprotein P (SELENOP) levels offer additional
insight into bioavailability and utilization [55]. In Europe, mean serum selenium levels range from
79 to 90 pg/l, markedly lower than typical US values (~137 pg/l) [58,59]. Since optimal GPX activity
is reached at approximately 90 pg/l and maximal SELENOP expression requires about 120 pg/l, these
values suggest that marginal selenium deficiency remains prevalent in European populations [60,61].
Oxidative stress plays a central role in the pathogenesis of autoimmune thyroid disorders, including
autoimmune thyroiditis (AIT) and Graves’ disease. By regulating redox balance and immune
function, selenium offers a compelling mechanistic basis for therapeutic exploration. Experimental
studies have shown that selenium supplementation enhances glutathione peroxidase (GPX) activity,
thereby limiting oxidative tissue damage and dampening pro-inflammatory cytokine production. In
selenium-deficient states, repletion promotes regulatory T cell function and suppresses autoreactive
lymphocyte activity. Preclinical models further support its role in autoimmunity modulation,
demonstrating reduced lymphocytic infiltration and diminished thyroidal autoantibody production

following selenium repletion [55].
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Fig. 9 Selenium intake in different countries. GPX glutathione peroxidase, SELENOP selenoprotein P.

Building on this mechanistic and preclinical rationale, selenium’s clinical impact on thyroid hormone
metabolism has been investigated, with findings suggesting that benefits are most pronounced in
deficiency states [55]. In regions with concurrent selenium and iodine deficiency, low-dose
selenomethionine supplementation has been associated with reductions in circulating thyroxine (T4)
without a compensatory increase in thyroid-stimulating hormone (TSH), implying both intra and
extrathyroidal mechanisms of action [62]. Subsequent trials in selenium-deficient individuals
reported modest decreases in TSH and free T4 levels following supplementation, whereas selenium-
replete populations showed no significant hormonal changes, highlighting the importance of baseline
micronutrient status [63,64]. Beyond endocrine regulation, selenium may also influence thyroid
morphology. Although iodine remains the primary determinant of thyroid size, emerging evidence
suggests that selenium contributes to glandular structure, particularly in iodine-sufficient populations.

Low selenium status has been linked to increased thyroid volume and higher prevalence of goitre,
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with some studies indicating sex-specific effects [65,66]. Autoimmune thyroiditis (AIT) exemplifies
organ-specific autoimmunity, marked by lymphocytic infiltration of the thyroid gland and circulating
autoantibodies against thyroid peroxidase (TPO) and/or thyroglobulin. Its etiology reflects a
multifactorial interplay of genetic susceptibility and environmental triggers [55]. Patients with AIT
often exhibit marginally lower selenium levels compared to healthy controls, a pattern supported by
a large population-based study from China, where AIT prevalence was significantly lower in
selenium-adequate regions [66]. Since 2002, multiple trials and meta-analyses have evaluated
selenium supplementation in AIT, generally showing modest reductions in TPO antibody titers.
However, these immunologic improvements have not consistently translated into clinical benefits
such as slower disease progression, reduced levothyroxine dependence, or improved quality of life,
challenging the therapeutic value of selenium in this context [67]. Interindividual differences in
response may reflect genetic variability. For instance, the SELENOP rs7579 polymorphism appears
to modulate immunologic outcomes, with AA homozygotes exhibiting greater reductions in TPO
antibody titers than heterozygous or GG individuals [68]. Broader immunomodulatory effects of
selenium have also been investigated. Some studies report decreased levels of pro-inflammatory
cytokines (e.g., IL-2, IFNy, TNF) and systemic markers such as C-reactive protein. Yet findings
remain inconsistent: while certain trials have shown downregulation of IFNy-inducible chemokines
(e.g., CXCL9, CXCL10), others observed no significant changes in T cell activation or antibody
production. These discrepancies likely reflect variations in selenium formulation, baseline status,
genetic background, and concurrent levothyroxine therapy [69]. Parallel findings have emerged in
Graves’ disease, another autoimmune thyroid disorder characterized by stimulating autoantibodies
targeting the thyrotropin receptor. Like AIT, its pathogenesis reflects a multifaceted interplay of
genetic, immunologic, and environmental factors [55]. Observational studies consistently report
lower serum selenium levels in patients with newly diagnosed Graves’ disease compared to healthy
controls, and higher selenium concentrations in patients achieving remission compared to those who
relapse [70,71]. Selenium deficiency has also been linked to an increased risk of Graves’ orbitopathy,
although its association with disease severity remains inconclusive [72]. Clinical trials investigating
selenium supplementation in Graves’ disease have yielded mixed results. Some studies suggest that
co-administration with methimazole may accelerate biochemical normalization, whereas others
report no significant effect on disease control or relapse rates. A 2018 meta-analysis of ten randomized
trials noted modest reductions in free T4 and T3 levels at three to six months, but no significant
change at nine months, underscoring the need for larger, methodologically rigorous trials before
selenium can be routinely recommended in this context [73]. One well-designed European

randomized controlled trial reported improved quality of life, reduced ocular involvement, and slower
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disease progression in patients with mild Graves’ orbitopathy receiving daily selenium
supplementation. However, the lack of baseline selenium status assessment limits interpretability, and
independent replication is warranted [74]. Despite its essential physiological functions, selenium can
be toxic when consumed in excess. Chronic overexposure may lead to selenosis, a clinical syndrome
characterized by alopecia, nail dystrophy, gastrointestinal disturbances, and, in severe cases,
peripheral neuropathy. Epidemiological data have also linked high selenium intake to adverse
outcomes, including type 2 diabetes, squamous cell carcinoma, and, in select cohorts, high-grade
prostate cancer (Fig. 10). These associations underscore the importance of limiting supplementation
to individuals with confirmed or strongly suspected deficiency [55]. Tolerable upper intake levels
have been established at 400 pg/day by the US National Academy of Sciences and 300 pg/day by the
European Food Safety Authority (EFSA), inclusive of both dietary and supplemental sources [56,75].
Notably, these thresholds have been called into question by a Danish randomized controlled trial,
which reported an 11.3% increase in all-cause mortality over a 10-year period among participants

receiving 300 ug/day of selenium, despite baseline plasma levels averaging just 89 ug/l [76].
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In summary, selenium supports thyroid hormone activation, antioxidant defense, and immune
regulation through an integrated network of selenoproteins. While observational studies suggest a

protective association between adequate selenium levels and autoimmune thyroid disease,
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randomized trials have not consistently demonstrated clinical benefit [55]. For example, the
CATALYST trial reported no significant improvement in quality of life with selenium
supplementation in patients with AIT, and results from the GRASS trial on remission in Graves’
disease remain pending [77,78]. These findings underscore the need to identify subpopulations most
likely to benefit from targeted interventions. Emerging data indicate that genetic polymorphisms in
selenoprotein-related genes, baseline selenium levels, and sex-specific metabolic differences may
shape individual responses. Nonetheless, selenium is often prescribed in clinical practice without
prior evaluation of micronutrient status. Future studies should adopt stratified designs incorporating
genetic, biochemical, and demographic variables to optimize efficacy and minimize risk. Such
individualized, evidence-based approaches will be essential to guide the appropriate use of selenium

in autoimmune thyroid disease [55].

1.2.1.3 Vitamin D

Although iodine and selenium are firmly established as essential micronutrients in thyroid physiology,
increasing evidence suggests that vitamin D also plays a regulatory role in thyroid function and
immune-mediated thyroid disorders. Traditionally recognized for its role in calcium and phosphate
metabolism, vitamin D is now understood to function as a pleiotropic hormone with wide-ranging
endocrine and immunomodulatory effects. Its biological activity is mediated by the vitamin D
receptor (VDR), a nuclear receptor expressed in numerous tissues, including thyroid epithelial cells
and diverse immune cell subsets. Upon ligand binding, VDR heterodimerizes with the retinoid X
receptor (RXR) and modulates the transcription of genes involved in cellular proliferation,
differentiation, apoptosis, angiogenesis, and inflammatory signaling. These mechanisms position
vitamin D as a micronutrient of increasing relevance at the intersection of endocrine regulation and
immune tolerance. Vitamin D is a secosteroid hormone that exists primarily in two forms: vitamin Ds
(cholecalciferol), synthesized in the skin from 7-dehydrocholesterol upon exposure to ultraviolet B
(UVB) radiation, and vitamin D: (ergocalciferol), derived from plant and fungal sources. While
vitamin Ds is also found in dietary sources such as fatty fish and fortified foods, cutaneous synthesis
remains the principal determinant of overall vitamin D status. Both forms undergo hepatic 25-
hydroxylation, primarily via CYP27A1 and CYP2RI, to generate 25-hydroxyvitamin D [25(OH)D],
the main circulating metabolite and most reliable biomarker of vitamin D status [79]. Although
thresholds vary slightly across clinical guidelines, vitamin D deficiency is commonly defined as
serum 25(OH)D levels below 50 nmol/l, with insufficiency ranging from 50 to 75 nmol/l [80]. To
exert biological activity, 25(OH)D is further hydroxylated in the kidneys by la-hydroxylase
(CYP27B1), yielding 1,25-dihydroxyvitamin D [1,25(OH):D or calcitriol], the hormonally active
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form. This enzymatic conversion is tightly regulated by parathyroid hormone (PTH) and subject to
negative feedback by elevated levels of 1,25(OH).D and fibroblast growth factor 23 (FGF23).
Importantly, extrarenal tissues, including various immune cells, also express CYP27B1, enabling
localized production of calcitriol independent of systemic control. Inactivation of 1,25(OH)D is
mediated by 24-hydroxylase (CYP24A1), which converts it into inactive metabolites to maintain
hormonal homeostasis. Circulating 25(OH)D levels are the primary determinant of both systemic and
tissue-specific vitamin D bioavailability. In the bloodstream, vitamin D metabolites are
predominantly bound to vitamin D binding protein (DBP), with a smaller proportion carried by
albumin; only a minimal free fraction is available for cellular uptake. Vitamin D is also sequestered
in adipose tissue, from which it may be gradually mobilized, contributing to its relatively long half-
life. Approximately 88% of circulating 25(OH)D and 85% of 1,25(OH).D are bound to DBP. Upon
cellular entry, 1,25(OH).D binds to VDR, which heterodimerizes with the retinoid X receptor (RXR)
and engages vitamin D response elements (VDRESs) in target genes to regulate transcription. In
addition to these classical genomic effects, non-genomic mechanisms mediated by membrane-
associated VDRs have also been proposed. Notably, genetic variation within the vitamin D metabolic
and signaling pathways has been linked to altered susceptibility to autoimmune and malignant
diseases, including those involving the thyroid. Polymorphisms in genes encoding VDR (e.g., Apal,
Bsml, Fokl, Tagql), DBP, and key hydroxylase enzymes (CYP27B1, CYP2R1, CYP24A1) may
influence individual responsiveness to vitamin D and modulate endocrine and immune outcomes
accordingly. Vitamin D deficiency, highly prevalent worldwide, has been associated with a broad
spectrum of pathological conditions, including autoimmune, metabolic, cardiovascular, and
neoplastic diseases. In the context of thyroid health, both observational and experimental studies have
linked low serum 25-hydroxyvitamin D levels to autoimmune thyroid disorders such as Hashimoto’s
thyroiditis (HT) and Graves’ disease (GD), while dysregulated vitamin D signaling has also been
implicated in thyroid carcinogenesis. Given the broad expression of the vitamin D receptor (VDR) in
immune cells and the hormone’s immunoregulatory properties, considerable attention has focused on
its role in modulating thyroid-specific autoimmunity. HT and GD are characterized by disrupted
immune tolerance, involving an imbalance among T helper (Th) cell subsets and dysregulated antigen
presentation. HT is typically marked by a Thl-dominant cytotoxic response that mediates thyroid
epithelial destruction, whereas GD is associated with a Th2-skewed humoral response driving the
production of stimulatory antibodies against the TSH receptor. Vitamin D, via its active metabolite
1,25-dihydroxyvitamin D, modulates innate and adaptive immune pathways relevant to these
conditions. VDR is expressed in dendritic cells, macrophages, T lymphocytes, and B cells, and its

activation influences the expression of genes involved in antigen presentation and cytokine signaling.
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In antigen-presenting cells, vitamin D downregulates MHC class II and co-stimulatory molecule
expression, thereby attenuating T cell activation. It also suppresses the secretion of pro-inflammatory
cytokines such as IL-12 and IL-23, while enhancing IL-10 production, promoting a shift from pro-
inflammatory Thl and Th17 profiles toward a more tolerogenic Th2 phenotype. These effects are
reinforced by the direct inhibition of Th1 cytokines (e.g., IL-2, IFN-y) and Th17 cytokines (e.g., IL-
17, IL-21), along with upregulation of Th2-associated cytokines such as IL-4, IL-5, and IL-10.
Additionally, vitamin D promotes the development and function of regulatory T cells (Tregs), further
supporting immune homeostasis. At the humoral level, vitamin D inhibits B cell proliferation, plasma
cell differentiation, antibody secretion, and memory B cell generation (Table 2). Collectively, these
immunomodulatory actions underscore vitamin D’s potential to mitigate autoreactivity and promote

immune tolerance in autoimmune thyroid disease.

Target Effect of Vitamin D Immunological Outcome

Antigen-Presenting Cells

| MHC class II and co-
stimulatory molecules

| T cell activation
| Thl and Th17

1 IL-4, IL-5, IL-10 (Th2
cytokines)

(APCs) | IL-12 and IL-23 differentiation
| DC maturation and survival | 1 Immune tolerance
1 IL-10
| IL-2, IFN-y (Thl cytokines) | Shift from Th1/Th17 to Th2
| IL-17, IL-21 (Th17 phenotype.
T Helper Cells cytokines) Reduced cytotoxic and pro-

inflammatory activity

Regulatory T Cells (Tregs)

1 Differentiation and
suppressive function

Enhanced self-tolerance and
suppression of autoreactive
responses

B Cells

| Proliferation

| Plasma cell differentiation
| Immunoglobulin secretion
(e.g., autoantibodies)

| Memory formation

1 Apoptosis

Reduced humoral
autoimmunity and antibody-
mediated tissue damage

Table 2 Immunomodulatory effects of vitamin D in autoimmune thyroid diseases.

Beyond its immunomodulatory properties, vitamin D also exerts significant influence on thyroid
tumorigenesis through multiple molecular mechanisms. Acting primarily via its active form, 1,25-
dihydroxyvitamin D (calcitriol), vitamin D displays diverse anti-neoplastic effects within the thyroid

tumor microenvironment. By binding to the vitamin D receptor (VDR), which is expressed in both
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normal and malignant thyroid tissues, calcitriol modulates signaling pathways implicated in cell cycle
regulation, apoptosis, differentiation, inflammation, invasion, and angiogenesis. One of its hallmark
anti-proliferative actions involves the upregulation of cyclin-dependent kinase inhibitors p21 and p27,
leading to retinoblastoma (Rb) protein dephosphorylation and GO/G1 phase cell cycle arrest.
Additionally, 1,25(OH).D suppresses mitogenic signaling through downregulation of the insulin-like
growth factor 1 (IGF-1) and epidermal growth factor (EGF) pathways, while promoting the
expression of growth-inhibitory cytokines such as transforming growth factor-p (TGF-B). Calcitriol
also attenuates oncogenic intracellular kinase cascades, including p38, MAPK, ERK, and PI3K/Akt
pathways, and suppresses key transcriptional drivers such as ¢c-MYC and telomerase reverse
transcriptase (TERT). Its pro-apoptotic activity is mediated by downregulation of anti-apoptotic
proteins (BCL-2, BCL-XL) and induction of pro-apoptotic mediators including BAX, BAD, BAK,
and caspase activation. As a differentiation-promoting agent, calcitriol regulates over 60 genes
involved in cellular maturation and modulates pathways such as Wnt/B-catenin, AP-1, and NF-«kB. Its
anti-inflammatory effects are also notable, including suppression of cyclooxygenase-2 (COX-2)
expression, inhibition of prostaglandin signaling, and blockade of NF-kB-mediated cytokine
production. Furthermore, vitamin D reduces tumor invasiveness by inhibiting matrix
metalloproteinases (e.g., MMP-9), modulating the plasminogen activator system, and enhancing cell-
cell adhesion through upregulation of fibronectin and E-cadherin. Angiogenesis is likewise impeded
via downregulation of vascular endothelial growth factor (VEGF) (Table 3). Preclinical models of
differentiated thyroid cancer (DTC) have corroborated these findings, demonstrating reduced
proliferation, enhanced cell cycle arrest, and improved intercellular cohesion following
administration of vitamin D or its analogs. Collectively, these data highlight the multifaceted anti-
tumor potential of vitamin D in thyroid malignancies, although translational application remains

challenged by inter-tumoral heterogeneity and variability in VDR expression [79].

Target Effect of Vitamin D Antitumor Outcome
1 p21, 1 p27 GO/GI cell cycle arrest
Cell Cycle Regulation | CDK activity | Cell proliferation
| Rb phosphorylation
Mitogenic Signaling | IGF-1, | EGF pathways Inhibition of growth factor-
1 TGF-p driven proliferation
Oncogene Expression l c-MYC | Oncogenic drive
| TERT expression | Telomerase activity
| BCL-2, | BCL-XL
Apoptosis 1 BAX, BAD, BAK 1 Programmed cell death
1 Caspase activation
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Regulation of >60 genes. 1 Cellular maturation
Cell differentiation Modulation of Wnt/B-catenin, | | Tumor dedifferentiation
AP-1, NF«B
1 COX-2 | Tumor-promoting
Inflammation | Prostaglandin signaling inflammation
| NF-xB cytokines
| MMP-9
Invasion & Metastasis | Plasminogen activator | Invasiveness
system | Metastatic potential
1 Fibronectin, 1 E-cadherin
Angiogenesis | VEGF expression | Tumor vascularization

Table 3 Anti-neoplastic mechanisms of Vitamin D in thyroid cancer.

Several well-designed human studies suggest a potential role for vitamin D in the pathogenesis of
autoimmune thyroid diseases (AITD), with the most consistent associations observed in Hashimoto’s
thyroiditis (HT). One investigation reported that vitamin D deficiency was significantly more
prevalent among individuals with AITD (72%) and HT (79%) compared to healthy controls (30.6%
and 52%, respectively), with an inverse correlation between serum 25-hydroxyvitamin D [25(OH)D]
concentrations and thyroid autoantibody levels [81]. Another study found that 92% of patients with
HT were vitamin D insufficient, compared to 63% of controls [82]. In a larger cohort of HT patients,
circulating 25(OH)D levels were significantly lower than in matched healthy subjects and were
negatively associated with thyroid volume, antibody titers, and disease duration, implicating vitamin
D status not only in disease susceptibility but also in its clinical progression [83]. In addition to its
association with Hashimoto’s thyroiditis, suboptimal vitamin D status has also been implicated in the
clinical features and progression of Graves’ disease (GD). Reduced serum 25(OH)D levels have been
documented in newly diagnosed female patients with GD and were significantly associated with
greater thyroid volume. Notably, levels were even lower in individuals who did not achieve remission
after one year of therapy [84,85]. Moreover, anti-TSH receptor antibody-positive patients exhibited
significantly lower 25(OH)D concentrations, with an inverse correlation between vitamin D status
and antibody titers [86]. While interventional data remain limited, early evidence points to therapeutic
relevance: in one trial involving HT patients, vitamin D supplementation (1200-4000 IU/day for four
months) in deficient individuals led to a 20.3% reduction in anti-TPO antibody levels [87]. Finally, a
meta-analysis of 20 case-control studies confirmed significantly lower 25(OH)D levels in both HT
and GD patients compared to healthy controls, reinforcing a broader link between vitamin D
deficiency and thyroid autoimmunity [88]. Beyond autoimmunity, the relationship between vitamin

D status and thyroid cancer has also been investigated, although findings remain inconclusive. Several
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observational studies have reported an association between vitamin D deficiency and increased risk
or severity of thyroid malignancy. In a retrospective analysis of patients undergoing thyroidectomy,
vitamin D deficiency was linked to a significantly higher malignancy rate compared to sufficiency
(75% vs. 37.5%), corresponding to a twofold increased risk of thyroid cancer [89]. Another study
observed significantly lower serum 25(OH)D levels in patients with papillary thyroid carcinoma
(PTC) relative to healthy controls (42.4 vs. 47.4 nmol/l), along with a greater prevalence of vitamin
D deficiency and a positive association between tumor size and log-transformed vitamin D
concentrations [90]. Similarly, lower preoperative 25(OH)D levels have been correlated with tumor
size >1 cm, lymph node metastases, and advanced stage in PTC patients [91]. However, a large cross-
sectional study found no significant relationship between serum 25(OH)D concentrations and thyroid
cancer prevalence [92]. Taken together, these mixed results suggest a potential but unconfirmed role
for vitamin D in thyroid tumorigenesis. While emerging evidence supports an association between
low vitamin D status and adverse thyroid cancer features, causality remains unproven, underscoring
the need for large-scale prospective and interventional studies. Although emerging evidence suggests
a potential link between vitamin D deficiency and thyroid disorders, including autoimmune thyroid
diseases and malignancies, current data remain largely observational and do not establish causality.
It is unclear whether low serum 25-hydroxyvitamin D [25(OH)D] levels contribute to thyroid
dysfunction or are simply a consequence of chronic illness, reduced sun exposure, or lifestyle changes
associated with thyroid disease. Moreover, vitamin D status may reflect overall health, being
influenced by factors such as age, body composition, physical activity, and nutrition, many of which
are not consistently accounted for across studies. Interpretation is further limited by methodological
challenges, including single-timepoint vitamin D measurements, seasonal fluctuations, assay
variability, and differing thresholds for deficiency. Variation in study design, sample size, and
diagnostic criteria for Hashimoto’s thyroiditis, Graves’ disease, and thyroid cancer complicates cross-
study comparisons. While some interventional studies indicate that vitamin D supplementation may
reduce thyroid autoantibody levels, these findings are preliminary and require validation in large,
long-term randomized controlled trials. Future research should prioritize rigorous study designs,
standardized vitamin D assessment methods, and advanced analytical tools to determine whether
improving vitamin D status meaningfully influences thyroid disease outcomes. Mechanistic
investigations into tissue-specific effects may further clarify its role in thyroid pathophysiology.
Subgroup analyses and integrated multi-nutrient models could also yield more nuanced insights. Until
then, vitamin D remains a promising, but not yet proven, adjunct in the management of thyroid disease

[79,93].
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1.2.2 Dietary patterns

Following the established importance of specific micronutrients in thyroid physiology, research has
increasingly focused on the role of overall dietary patterns. These represent habitual combinations of
foods and nutrients that interact in complex ways to influence endocrine function, immune regulation,
and metabolic homeostasis. Unlike isolated nutrients, dietary patterns exert cumulative effects that
extend beyond nutrient intake, modulating oxidative stress, inflammatory pathways, energy
metabolism, and gut microbiota composition. These mechanisms are particularly relevant in
autoimmune thyroid diseases, where chronic immune activation interacts with long-term dietary
exposures. Among the most studied patterns for their impact on thyroid health are the Mediterranean
diet and the gluten-free diet. Each exhibits a unique nutritional profile and composition of bioactive
compounds that may influence thyroid hormone dynamics, immune tolerance, and disease
progression. This section examines their potential to support thyroid function, modulate

autoimmunity, and contribute to long-term endocrine stability.

1.2.2.1 Mediterranean diet

The Mediterranean diet (MD) is a well-established and culturally embedded model of healthy eating,
originating from the traditional dietary practices of populations in the olive-growing regions of the
Mediterranean basin. Its scientific relevance was first highlighted by the seminal “Seven Countries
Study” led by Ancel Keys, which revealed significantly lower cardiovascular mortality rates among
Mediterranean populations, an outcome largely attributed to their dietary habits, particularly the
limited intake of saturated fats and the predominant use of extra virgin olive oil (EVOO) as a primary
source of monounsaturated fats [94]. Today, the MD is recognized globally not only as a dietary
pattern but as a comprehensive lifestyle, officially designated by UNESCO as an Intangible Cultural
Heritage of Humanity. This designation reflects its emphasis on shared meals, seasonality,
sustainability, and a holistic relationship with food and health. From a nutritional perspective, the MD
is characterized by high consumption of vegetables, fruits, legumes, whole grains, nuts, and seeds;
moderate intake of fish and dairy products; low to moderate wine consumption, typically with meals;
and minimal intake of red and processed meats. EVOO serves as the main fat source, contributing a
rich profile of polyphenols and other bioactive compounds with well-documented anti-inflammatory,
antioxidant, and immunomodulatory properties. The MD supports a favorable monounsaturated-to-
saturated fat ratio, an optimal ®-6 to ®-3 polyunsaturated fatty acid balance, and delivers high levels
of dietary fiber and essential micronutrients such as selenium, zinc, iodine, and iron. Importantly, its
health benefits arise from the synergistic interaction of its various constituents, rather than from

isolated nutrients, a distinguishing feature that sets it apart from reductionist dietary models. Although
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traditionally associated with cardiovascular protection, emerging evidence supports the role of the
MD in modulating key pathophysiological mechanisms involved in autoimmune thyroid diseases
(AITDs), particularly Hashimoto’s thyroiditis. In this context, the MD appears to influence systemic
inflammation, oxidative stress, and the composition of the gut microbiota, three interrelated factors
implicated in thyroid autoimmunity. By promoting immune tolerance and preserving intestinal barrier
integrity, the MD may help attenuate environmental and dietary triggers that contribute to the
development and progression of AITDs. In contrast, the Western diet (WD) is typified by high
consumption of ultra-processed foods, red and processed meats, saturated fats, refined sugars, and
synthetic additives, alongside a relative deficiency of fiber, antioxidants, and essential micronutrients.
This pattern, increasingly prevalent in industrialized societies and among younger populations,
fosters chronic overnutrition, obesity, and immune dysregulation. Additives such as emulsifiers and
artificial sweeteners disrupt the gut microbiome and compromise intestinal permeability, promoting
chronic low-grade inflammation and oxidative stress, both central to the pathogenesis of autoimmune
diseases, including those affecting the thyroid. By counteracting these detrimental pathways, the MD
offers a biologically plausible and clinically meaningful strategy for the prevention and adjunctive

management of AITDs (Fig. 11) [95].
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Fig. 11 Dietary influences on thyroid autoimmunity: contrasting protective effects of the Mediterranean diet
with the proinflammatory impact of the Western diet. PUFA polyunsaturated fatty acids, ROS reactive oxygen
species.

Although the mechanistic links between dietary patterns and AITDs remain incompletely defined,
converging evidence suggests that the MD may exert immunoregulatory effects through multiple,

interconnected biological pathways. Its composition, rich in anti-inflammatory lipids, polyphenols,
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fermentable fibers, and low in pro-oxidant compounds, appears particularly suited to modulate key
processes implicated in thyroid autoimmunity (Fig. 12). A central feature of the MD is the limited
intake of red and processed meats, which may reduce systemic oxidative stress and dampen pro-
inflammatory signaling by lowering the intake of nitrates, saturated fats, and advanced glycation end
products. In contrast, the inclusion of small oily fish, such as sardines and anchovies, provides a
bioavailable source of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), long-chain
omega-3 fatty acids known to attenuate cytokine-mediated immune responses and promote the
resolution of inflammation through the synthesis of specialized pro-resolving mediators. These
compounds, including resolvins and protectins, are particularly relevant in the context of Hashimoto’s
thyroiditis, where chronic inflammation and immune cell infiltration are prominent features.
Moreover, the preferential consumption of small oily fish, rather than larger predatory species, limits
dietary exposure to heavy metals and persistent organic pollutants, which tend to concentrate through
bioaccumulation and biomagnification. The MD’s lipid profile is further enriched by the exclusive
use of extra virgin olive oil (EVOO), which supplies oleic acid alongside a diverse array of phenolic
compounds such as hydroxytyrosol and oleocanthal. These bioactives modulate redox-sensitive
transcription factors, including NF-kB and Nrf2, thereby reducing oxidative damage and restoring
immune balance. Notably, these effects may help preserve thyroid epithelial integrity and limit the
autoimmune cascade triggered by environmental insults. In parallel, moderate consumption of red
wine, when integrated into meals, contributes resveratrol, a stilbene polyphenol with potential to
modulate T cell activity, downregulate pro-inflammatory cytokines, and protect against oxidative
injury. While not pharmacologically active in isolation, its role within the broader phytochemical
matrix of the MD may reinforce immunotolerance in genetically predisposed individuals. These
benefits must be understood in the context of moderate intake, as typically practiced within traditional
Mediterranean meals, rather than as a rationale for alcohol consumption per se. Finally, the high intake
of dietary fiber from legumes, whole grains, and vegetables promotes a diversified gut microbiota,
which plays a pivotal role in maintaining intestinal barrier function and regulating mucosal immunity.
By supporting the production of short-chain fatty acids and modulating microbe-derived signaling
pathways, the MD may counteract dysbiosis, a common finding in AITD patients, and reduce
systemic exposure to luminal antigens that could breach tolerance thresholds. Preserving intestinal
barrier integrity may help prevent the onset of “leaky gut”, a condition implicated in the translocation
of microbial products and dietary antigens, further promoting systemic immune activation. While
biological mechanisms provide a compelling rationale, their clinical relevance is increasingly

supported by observational studies linking dietary patterns to AITDs [95].
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Fig. 12 Typical foods from Mediterranean diet and their possible role in the prevention of autoimmunity and
inflammation.

Emerging evidence reinforces a protective association between the MD and autoimmune thyroid
conditions, particularly Hashimoto’s thyroiditis (HT). Patients with HT consistently demonstrate
lower adherence to the MD compared to healthy controls, favoring diets higher in animal-derived and
processed foods and lower in vegetables, legumes, and plant-based fats. Notably, the PREDIMED
score, a validated measure of MD adherence, has been identified as an independent predictor of
thyroid autoantibody positivity, suggesting a direct link between dietary quality and thyroid
autoimmunity [96,97]. Additional studies show that greater consumption of extra virgin olive oil and
plant-based fats correlates with modest reductions in circulating free T3 and T4 levels, while pro-
inflammatory diets rich in saturated fats and refined carbohydrates are associated with higher total
T3 and T4 levels, particularly in the context of obesity and iodine deficiency. These variations remain
within physiological limits, likely reflecting changes in peripheral hormone metabolism or transport
rather than overt dysfunction [98,99]. Although the MD does not exclude animal products, its
emphasis on plant-forward, anti-inflammatory foods appears to confer immunological benefits that
may mitigate autoimmune responses in genetically predisposed individuals. In addition to its nutrient
profile and demonstrated clinical benefits, the MD may further support thyroid health by reducing
exposure to environmental contaminants, a consideration increasingly relevant in modern food
systems. These include endocrine-disrupting chemicals such as heavy metals, pesticide residues,
plasticizers like bisphenol A and phthalates, and synthetic additives, all of which can interfere with
thyroid function and immune regulation. These compounds exert their effects through various
mechanisms, including oxidative stress, disruption of gut barrier integrity, immune dysregulation, and

epigenetic modifications. The Mediterranean dietary model, characterized by limited consumption of
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ultra-processed foods, red and processed meats, and large predatory fish, may help reduce dietary
exposure to many of these harmful substances. Furthermore, its richness in polyphenols and
flavonoids may enhance detoxification pathways and counteract the biological effects of these
contaminants. Nonetheless, environmental pollutants can enter the food chain at multiple stages, and
even plant-based foods typical of the MD may carry residues depending on cultivation methods and
environmental conditions. For this reason, the protective potential of the MD is best realized when it
is coupled with careful food selection, prioritizing high-quality, seasonal, organic, and sustainably
sourced ingredients whenever possible. In summary, the Mediterranean diet emerges as a
comprehensive dietary pattern with potential to modulate key mechanisms involved in autoimmune
thyroid diseases. Through its anti-inflammatory, antioxidant, and immunomodulatory properties, it
may help counteract systemic inflammation, preserve intestinal barrier integrity, and reduce exposure
to environmental triggers, including dietary contaminants. Although further research is required to
fully elucidate its effects on thyroid autoimmunity, current evidence supports the adoption of a
predominantly plant-based Mediterranean diet as a promising nutritional strategy for the prevention

and complementary management of autoimmune thyroid conditions [95].

1.2.2.2 Gluten-free diet

Gluten, a structural protein complex naturally found in wheat, barley, and rye, has been a dietary
staple for over 10,000 years. Composed of gliadin and glutenin subunits, prolamins enriched in
glutamine and proline, gluten imparts the viscoelastic properties widely exploited in modern food
processing. In recent decades, however, it has come under growing scrutiny as a potential trigger for
immune-mediated disorders. The spectrum of gluten-related disorders (GRDs) includes autoimmune
entities such as celiac disease (CD), dermatitis herpetiformis, and gluten ataxia; IgE-mediated
conditions like wheat allergy; and non-autoimmune forms such as non-celiac gluten sensitivity
(NCGS). Among these, CD remains the most extensively studied, with a rising prevalence across both
pediatric and adult populations. At present, strict lifelong adherence to a gluten-free diet (GFD)
remains the only effective therapy for individuals diagnosed with GRDs. A central pathogenic feature
of CD is the immune system’s aberrant response to gliadin peptides, which resist complete enzymatic
digestion due to their proline-rich structure. In genetically predisposed individuals, particularly those
carrying HLA-DQ2 or HLA-DQS alleles, these peptides undergo deamidation by tissue
transglutaminase (tTG), increasing their immunogenicity. The resulting fragments, including the
well-characterized 33-mer and a shorter 25-amino acid peptide, accumulate in the intestinal
epithelium, where they stimulate both innate and adaptive immune responses. These processes

involve interleukin-15 (IL-15) signaling, activation of intraepithelial lymphocytes, and CD4+ T cell-
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mediated inflammation, culminating in villous atrophy and mucosal damage. While the
manifestations of CD are primarily intestinal, its underlying immune dysregulation and genetic
susceptibility provide a rationale for investigating potential associations with extraintestinal
autoimmune conditions. Given these findings, growing attention has turned to the potential
immunological links between gluten exposure and autoimmune thyroid diseases (AITDs). Beyond its
established role in CD, gluten has been increasingly recognized as a potential contributor to broader
autoimmune pathogenesis through multiple interconnected mechanisms. Its intrinsic immunogenicity
can provoke both humoral and cellular immune responses, including the production of anti-gliadin
antibodies and activation of T lymphocytes, even in individuals without overt enteropathy.
Additionally, gluten exerts pro-oxidative effects, elevating reactive oxygen and nitrogen species that
disrupt cellular redox balance and promote inflammatory processes. This oxidative stress impairs the
proteasomal degradation of tissue transglutaminase 2 (tTG2), leading to its accumulation and
potential amplification of autoimmune signaling. Gliadin peptides have also demonstrated cytotoxic
and pro-apoptotic effects in various cell lines, compromising cellular viability and differentiation and
inhibiting macromolecular synthesis (RNA, DNA, glycoproteins). Furthermore, gluten can adversely
alter the gut microbiota, reducing microbial diversity and fostering a pro-inflammatory metabolic
milieu. Emerging evidence also points to gluten-induced epigenetic modifications, such as altered
DNA methylation, which may contribute to immune dysregulation even in the absence of clinical
CD. Together, these processes provide a compelling framework for understanding gluten’s potential
role in autoimmune diseases beyond the intestine. Specifically, gluten may contribute to the onset and
progression of AITDs through mechanisms such as gut dysbiosis, increased intestinal permeability,
and molecular mimicry, each of which is explored in the following sections (Fig. 13).

e The intestinal microbiota plays a central role in regulating immune homeostasis, forming a
dynamic and reciprocal interface with the host’s immune system. Under physiological
conditions, this relationship coordinates both innate and adaptive responses, promoting
immune tolerance and preventing inappropriate activation. However, gluten exposure may
disrupt this balance by altering microbial composition and compromising intestinal integrity,
factors increasingly implicated in the pathogenesis of AITDs. Gliadin peptides, due to their
unique three-dimensional structure, may facilitate the selective adhesion and colonization of
specific bacterial taxa, promoting a shift toward dysbiosis. This transition typically involves
a reduction in beneficial Gram-positive genera, such as Lactobacillus and Bifidobacterium,
alongside an expansion of pro-inflammatory Gram-negative organisms like Bacteroides and
Enterobacteriaceae, as observed in CD. Similar microbial imbalances have been reported in

AITDs, where reduced diversity and compositional shifts correlate with disease progression,
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thyroid autoantibody profiles, and treatment response. Changes in microbiota composition
have also been associated with alterations in the expression of thyroid-specific antibodies,
suggesting a functional interplay between microbial ecosystems and host immune activity.
Molecular mimicry may contribute further, as certain bacterial peptides share sequence
homology with thyroid autoantigens, potentially triggering the generation of cross-reactive
antibodies. In parallel, gluten and microbial products can impair the intestinal barrier. Zonulin,
a key modulator of epithelial tight junctions, is upregulated in response to such stimuli,
resulting in increased intestinal permeability. This “leaky gut” state permits the systemic
translocation of luminal antigens, toxins, and microbial components capable of activating
autoreactive immune pathways. Structural similarities between microbial peptides and thyroid
proteins, such as the TSH receptor, may promote antigenic mimicry and break immunological
tolerance. Notably, pathogens like Yersinia enterocolitica and Helicobacter pylori have been
implicated as environmental cofactors in this process due to their antigenic overlap with
thyroidal structures. Dysbiosis may further shape immune responses by favoring post-
translational modifications of host proteins and shifting lymphocyte polarization from Thl
toward Th2 dominance, alongside the activation of pattern recognition receptors such as Toll-
like receptor 4. These changes may enhance autoantibody synthesis and sustain inflammatory
loops in susceptible individuals. Beyond immunological mechanisms, the gut microbiota also
contributes to thyroid function by regulating the absorption and bioavailability of essential
micronutrients. Trace elements such as iodine, selenium, iron, zinc, and copper are critical for
thyroid hormone synthesis, antioxidant defense, and immune modulation. Their uptake may
be impaired in the context of microbial imbalance. Collectively, these findings suggest that
gluten-induced dysbiosis may serve as a pivotal environmental catalyst in the multifactorial
pathogenesis of AITDs, particularly in genetically predisposed individuals.

As previously noted, gliadin, the immunostimulatory component of gluten, can compromise
the integrity of the intestinal epithelial barrier in predisposed individuals. This disruption
increases paracellular permeability, a condition commonly referred to as “leaky gut”, allowing
luminal antigens, microbial byproducts, and inflammatory metabolites to translocate into the
systemic circulation. This barrier dysfunction has been implicated in immune dysregulation
and increasingly linked to the development and progression of autoimmune thyroid
conditions. A central regulator of epithelial permeability is zonulin, a physiological modulator
of tight junction dynamics. Beyond regulating epithelial barrier function, zonulin also plays a
protective role in the proximal intestine by limiting microbial colonization, thereby

contributing to innate immunity and maintaining the balance between immune tolerance and
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activation. Gluten exposure has been identified as a stimulus for zonulin release, and elevated
circulating levels of zonulin, as well as other indicators of intestinal barrier compromise, such
as lipopolysaccharide (LPS), D-lactate, and intestinal fatty acid-binding protein (I-FABP),
have been observed in individuals with AITDs. Some of these markers have shown potential
not only for risk stratification but also for distinguishing affected individuals from healthy
controls. While the mechanistic link between barrier dysfunction and thyroid-specific
autoimmunity is biologically plausible, the immunological consequences of sustained

epithelial leakiness remain to be fully elucidated [100].
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e The potential for cross-reactivity between dietary antigens and host tissues represents a
plausible immunological link between gluten exposure and thyroid autoimmunity. In
genetically predisposed individuals, antibodies directed against gluten-derived peptides,
particularly those targeting tissue transglutaminase 2 (tTG2), may exhibit affinity for
structurally similar epitopes within thyroid tissue. This mechanism, commonly referred to as
molecular mimicry, is thought to contribute to the breakdown of immune tolerance and the
emergence of organ-specific autoimmunity. Given the widespread expression of tTG2 across
extraintestinal tissues, including the thyroid gland, anti-tTG2 antibodies generated in the
context of CD may aberrantly interact with thyroidal antigens. Such interactions are
hypothesized to contribute to the initiation or amplification of autoimmune thyroid processes,
potentially involving both humoral and cellular immune components. Although the precise
molecular targets and immunological pathways remain to be fully defined, the convergence
of shared antigenic structures and systemic immune activation supports the broader concept
of gluten-induced extraintestinal autoimmunity through antibody-mediated tissue cross-
reactivity.

Taken together, the interplay between gluten-induced dysbiosis, compromised intestinal permeability,
and molecular mimicry provides a compelling immunopathogenic rationale for investigating the
potential clinical benefits of a gluten-free diet in AITDs. The primary aim of a gluten-free diet (GFD)
is the complete elimination of gluten-containing cereals such as wheat, barley, and rye. While
therapeutically indispensable in gluten-related disorders, a GFD can be nutritionally and socially
restrictive, as gluten is widely used in processed foods, malt-based additives, and to enhance the
texture and elasticity of baked products. Its successful implementation therefore requires significant
dietary vigilance and sustained behavioral commitment [100]. Emerging evidence indicates that a
GFD may exert immunomodulatory effects in AITDs, particularly Hashimoto’s thyroiditis. Reported
benefits include reductions in serum concentrations of anti-thyroperoxidase (anti-TPO) and anti-
thyroglobulin (anti-Tg) antibodies, as well as improvements in thyroid function tests, such as lower
TSH and increased free thyroxine [101,102,103,104]. These outcomes are likely mediated through
restoration of intestinal barrier integrity, modulation of gut microbiota, attenuation of systemic
immune activation, and improved bioavailability of micronutrients critical for thyroid homeostasis.
Nonetheless, the available data remain preliminary, with limitations including small sample sizes,
heterogeneous study designs, and short intervention durations. At present, there is insufficient
evidence to recommend a GFD as standard care in all AITD patients. Future randomized controlled
trials with robust methodology and longer follow-up are essential to clarify the therapeutic scope of

gluten exclusion, define responsive subgroups, and evaluate long-term safety. Until then, the adoption
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of a GFD in AITDs should be individualized, particularly in patients with coexisting CD or
biomarkers indicative of increased intestinal permeability. In conclusion, gluten, an established
trigger in celiac disease, appears to influence the pathogenesis of autoimmune thyroid diseases in
genetically susceptible individuals through multiple, interrelated mechanisms, including gut
dysbiosis, increased intestinal permeability, and molecular mimicry. Emerging data suggest that a
gluten-free diet (GFD) may offer clinical benefits in selected patients with AITDs, particularly in
terms of immunological and functional thyroid parameters. However, these findings must be
interpreted with caution, as outcomes are potentially confounded by variables such as age, nutritional
status, adherence, and the degree of dietary restriction. The evolving understanding of the gut-thyroid
axis underscores the need for personalized dietary interventions aimed at mitigating immune
dysregulation in predisposed populations. Future research should prioritize large-scale,
geographically diverse studies with robust methodological designs to better elucidate the mechanisms
driving gluten-mediated thyroid autoimmunity. Particular attention should be paid to underexplored
pathways, including zonulin-mediated barrier disruption and antigenic cross-reactivity, which may

hold the key to novel therapeutic strategies in autoimmune endocrinology [100].

1.3 Clinical nutritional strategies in thyroid diseases

Building on the physiological and dietary foundations outlined above, this section examines how
nutritional principles are translated into clinical practice. In autoimmune thyroid diseases, dietary and
supplement-based strategies are explored for their potential to modulate immune activity and
complement pharmacologic therapy, whereas in thyroid cancer, nutrition assumes a primarily
supportive role, aimed at optimizing treatment tolerance, preserving functional capacity, and
enhancing therapeutic efficacy. Taken together, these approaches illustrate the context-specific yet

essential contribution of nutrition as an adjunct to comprehensive, evidence-based thyroid care.

1.3.1 Evidence-based nutritional interventions in AITDs

Among autoimmune thyroid diseases (AITDs), Hashimoto’s thyroiditis (HT) has received the most
sustained research attention in the context of clinical nutrition. Its chronic course, high global
prevalence, and clear autoimmune profile have made it a focal point for studies investigating whether
dietary and supplement-based strategies can modulate disease activity or enhance conventional
treatment outcomes. While pharmacologic management remains the primary therapeutic modality,
nutritional interventions are increasingly being evaluated for their potential to reduce antibody levels,
improve quality of life, and support thyroid function. A recent network meta-analysis by Peng et al.

(2024) synthesized data from randomized controlled trials assessing nutritional supplements in HT,
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offering both direct and indirect comparisons across interventions. Supplementation with selenium,
vitamin D, and myo-inositol was consistently associated with significant reductions in thyroid
autoantibodies, particularly anti-thyroid peroxidase (TPOADb) and anti-thyroglobulin (TgAb), with
combination therapies outperforming monotherapies. Selenium demonstrated the strongest individual
effect, likely through its antioxidant and immunomodulatory actions. Vitamin D benefits were most
pronounced in patients with baseline deficiency, and myo-inositol showed synergistic potential when
paired with other agents. Notably, the meta-analysis excluded patients on levothyroxine,
strengthening causal inferences [105]. Building on the supplementation-focused findings, a
systematic review by Osowiecka and Myszkowska-Ryciak (2023) evaluated controlled dietary
interventions, including gluten-free and lactose-free diets, caloric restriction, iodine modulation, IgG-
guided food eliminations, and nutraceuticals such as Nigella sativa. Several approaches demonstrated
potential benefits. Gluten-free diets in individuals with confirmed gluten sensitivity were associated
with reduced thyroid antibody titers, lower TSH, and higher fT4, while lactose exclusion in
levothyroxine-treated patients with intolerance led to decreased TSH levels, likely by improving
hormone absorption. The combination of caloric restriction and IgG-based food elimination improved
both immunological and metabolic markers, including thyroid hormone parameters. Nigella sativa
(black cumin), a medicinal plant with antioxidant and anti-inflammatory properties, was associated
with reductions in TSH and thyroid antibodies, increases in T3 and T4, and improvements in lipid
profile and weight parameters. Modest benefits of iodine restriction were also observed in iodine-
replete populations. Despite variability in study designs, these findings suggest that dietary strategies
may offer clinical benefit when individualized [106]. Integrating and extending these insights, Santos
et al. (2025) reviewed additional case studies and pilot trials that underscore the multifaceted role of
nutrition in HT management. Micronutrient deficiencies, particularly in selenium, vitamin D, iron,
and zinc, are prevalent in this population and may contribute to immune dysregulation. Targeted
supplementation, especially with selenium and in cases of documented insufficiency, has been
associated with reductions in antibody levels, TSH, and, in some cases, improvements in symptoms.
Importantly, several studies suggest additive benefits when micronutrient repletion is paired with
dietary modifications such as gluten exclusion, especially in patients with coexisting celiac disease
or non-celiac gluten sensitivity. More restrictive dietary patterns, including paleo or autoimmune
protocols, which typically eliminate gluten, grains, legumes, and dairy, have shown promise in
reducing systemic inflammation and improving gastrointestinal symptoms, fatigue, and quality-of-
life scores, although effects on thyroid hormones and antibodies remain inconsistent. Finally, small
trials and case reports highlight the relevance of gut health, linking intestinal dysbiosis and

permeability to impaired nutrient absorption and autoimmune activation. While restrictive diets may
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not be sustainable for all patients, these findings collectively support a personalized, anti-
inflammatory, and nutritionally adequate approach. Individualized dietary planning, centered on
correcting micronutrient deficits, optimizing metabolic health, and alleviating symptom burden,
represents a promising, evidence-informed complement to standard HT therapy [107]. In contrast to
Hashimoto’s thyroiditis, Graves’ disease (GD) has received comparatively limited investigation in
the context of clinical nutrition, and high-quality evidence remains scarce. As a hypermetabolic
autoimmune condition characterized by excess thyroid hormone production and systemic immune
dysregulation, GD presents unique nutritional challenges, including increased energy requirements,
altered micronutrient status, and risk of muscle wasting, particularly in prolonged or severe cases.
Preliminary research has explored potential roles for vitamin D, selenium, and antioxidant-rich
interventions in modulating immune function and disease severity, but findings are inconsistent and
derived largely from small, heterogeneous studies. No consensus currently supports the use of any
specific dietary pattern or supplement as a standard adjunctive therapy in GD. Clinical
recommendations therefore emphasize individualized nutritional assessment, with attention to
restoring metabolic balance, addressing potential deficiencies, and supporting overall resilience
during active disease and treatment. Further rigorous trials are needed to elucidate the therapeutic
potential of nutritional strategies in Graves’ disease and support the development of evidence-based

clinical guidelines.

1.3.2 Evidence-based nutritional interventions in thyroid cancer

In contrast to autoimmune thyroid diseases, where nutritional strategies have been explored as
potential modulators of immune activity, the role of clinical nutrition in thyroid cancer is primarily
supportive rather than therapeutic. In this setting, nutritional interventions do not aim to modify the
course of malignancy, but instead function as adjuncts, supporting surgical recovery, enhancing the
efficacy of radioiodine therapy, reducing treatment-related complications, and addressing the needs
of patients with advanced or refractory disease. This distinction highlights the importance of
evidence-based, context-specific nutritional strategies tailored to the complex demands of thyroid
oncology. While no clinical nutrition guidelines currently exist specifically for thyroid cancer,
evidence-based recommendations from broader oncology frameworks, most notably the European
Society for Clinical Nutrition and Metabolism (ESPEN; 2021) practical guideline on clinical nutrition
in cancer, provide a foundational perspective on the role of nutrition across oncologic care.
Malnutrition, including cancer-associated syndromes such as cachexia and anorexia, commonly
arises in oncology patients not only from the tumor itself but also as a consequence of cumulative

surgical and medical treatments. It is a frequent contributor to functional decline, treatment-related
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toxicity, and poor clinical outcomes, including diminished tolerance to therapy, extended
hospitalization, and reduced survival. ESPEN therefore recommends that all patients with cancer,
irrespective of tumor type, undergo early nutritional screening using validated tools, followed by
individualized assessment and structured intervention when indicated. Even in malignancies not
typically associated with cachexia, such as differentiated thyroid carcinoma, the cumulative burden
of surgery, radioiodine exposure, and, in advanced cases, prolonged systemic therapy can compromise
nutritional status and impair functional capacity. The guidelines emphasize the preservation of lean
body mass, support for metabolic resilience, and prevention of unintentional weight loss as core
objectives of nutritional care. Despite its clinical significance, cancer-related malnutrition remains
underrecognized and undertreated in routine practice, often overlooked in oncologic pathways that
focus primarily on disease-directed therapies. ESPEN accordingly stresses that nutritional assessment
and intervention should begin at the time of diagnosis and continue in parallel with antineoplastic
treatments. These guidelines were developed to support multidisciplinary teams in identifying and
addressing reversible components of malnutrition, reinforcing the centrality of nutrition within
multimodal cancer management. Specific recommendations include optimizing energy and protein
intake to meet individual requirements, increasing dietary energy density in patients with insulin
resistance, and avoiding the routine use of vitamin or antioxidant supplements unless clinically
indicated by documented deficiencies. No dietary strategy is known to reproducibly cure cancer or
prevent its recurrence, and restrictive or non-evidence-based diets, particularly ketogenic or fasting
regimens, may increase the risk of insufficient energy, protein, and micronutrient intake. While
dietary patterns such as the Mediterranean or predominantly plant-based diets have been associated
with reduced cancer incidence in epidemiological studies, they are not therapeutic in the context of
established malignancy and should not be misconstrued as curative. ESPEN therefore strongly
recommends against these approaches in patients with or at risk of malnutrition, emphasizing instead
the importance of evidence-based, nutritionally adequate support that ensures safety, metabolic
stability, and treatment compatibility. Within this framework, nutritional support is conceptualized
not as a disease-targeting intervention, but as a fundamental pillar of comprehensive cancer care,
designed to maintain physiological stability, preserve functional status, enable treatment continuity,
and promote overall quality of life [108]. A comprehensive narrative review by Agate et al. (2022)
translated the principles of oncology nutrition into the specific setting of advanced thyroid cancer
(TC), addressing the challenges imposed by systemic therapies with multikinase inhibitors (MKIs).
While these targeted agents have revolutionized the management of progressive or refractory disease,
they introduce a characteristic profile of adverse events, anorexia, diarrhea, stomatitis, and

unintentional weight loss, that directly compromise nutritional status. Beyond symptomatic burden,
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MKIs exert catabolic effects on skeletal muscle, thereby accelerating the onset of cancer-related
cachexia and sarcopenia. Importantly, these conditions are not merely sequelae of treatment but
independent prognostic determinants, with baseline sarcopenia associated with reduced progression-
free survival. In this context, nutritional management is not ancillary but integral to therapeutic
success. Early and repeated screening is therefore recommended, beginning prior to MKI initiation
and continuing throughout treatment. Comprehensive care encompasses individualized dietary
counseling, behavioral strategies to mitigate intake-limiting symptoms, and, when required,
escalation to oral supplementation or artificial nutrition. These interventions are consistent with the
emerging paradigm of oncologic prehabilitation, in which proactive nutritional support aims to
preserve muscle mass, sustain dose intensity, and forestall functional decline. Although no dietary
approach alters the malignant trajectory, nutrition remains the single domain in which patients retain
agency during systemic therapy. This dimension of control underscores its central role in maintaining
quality of life, fostering adherence, and enabling the full therapeutic benefit of MKI treatment [109].
Whereas nutritional management in advanced thyroid cancer focuses on mitigating the toxicities of
systemic therapies, in the peri-ablative setting after thyroidectomy, Li et al. (2016) identified the low-
iodine diet (LID) before radioactive iodine (RAI) ablation as the only intervention with direct
therapeutic relevance. By restricting daily iodine intake to below 50 pg for 1-2 weeks, primarily
through avoidance of seafood, dairy products, iodized salt, and processed foods, endogenous iodine
reserves are depleted. This reduction minimizes competition with RAI, thereby enhancing sodium-
iodide symporter (NIS)-mediated uptake in thyroid remnants and cancer cells, leading to improved
incorporation and ablation efficacy. In parallel, thyroid-stimulating hormone (TSH) elevation,
achieved through thyroid hormone withdrawal (THW) or recombinant TSH (thTSH), upregulates
NIS expression, providing a synergistic stimulus that maximizes radioiodine uptake. Adequacy of
preparation is typically assessed at the end of LID by measuring urinary iodine concentration (UIC)
and urinary creatinine, from which a urinary iodine-to-creatinine ratio (UICR) is calculated. Adequate
iodine depletion is defined as UIC <100 pg/L or UICR <100 pg/gCr, whereas values above 150 pg/L
or pg/gCr warrant caution before proceeding with ablation. While generally safe, adherence may be
difficult without structured education, and misinterpretation as a low-salt diet can predispose to
hyponatremia (low serum sodium), particularly in older patients, women, or those receiving thiazide
diuretics. In high-risk patients, serum sodium monitoring may therefore be considered. Although
biologically compelling and widely adopted, the clinical evidence supporting LID remains sparse and
inconsistent, leaving its true impact on ablation outcomes uncertain and underscoring the need for

well-designed prospective studies [110].
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2. Purpose of the study

Despite its widespread endorsement, the clinical benefit of the low-iodine diet (LID) before
radioactive iodine (RAI) ablation remains poorly defined. Existing studies are frequently
retrospective, employ heterogeneous dietary protocols, use variable criteria to define ablation success,
and inconsistently monitor urinary iodine, limiting the strength of their conclusions. The most
comprehensive effort to date, a mixed-methods systematic review and meta-analysis by Herbert et al.
(2022), integrated both quantitative and qualitative analyses, synthesized these disparate findings,
and provided valuable context. However, its broad methodological scope makes direct translation into
clinical decision-making less straightforward, and its evidence base is now limited by subsequent
publications beyond its cutoff [111]. To address these gaps, the present meta-analysis adopts a
focused, strictly quantitative approach. Its primary objective is to determine whether a more
restrictive LID, compared with a less restrictive or absent preparation, improves ablation success after
RAI To complement the clinical findings and assess mechanistic plausibility, secondary analyses will
evaluate urinary iodine concentration/excretion (UIC/UIE) as a biochemical marker of iodine
depletion and stimulated thyroglobulin (Tg) as an early functional indicator of ablation efficacy. By
isolating comparable outcomes, applying rigorous methodology, and incorporating the most recent
evidence, this study aims to provide an updated, methodologically transparent, and clinically relevant
synthesis of the role of LID in differentiated thyroid cancer (DTC) management, clarifying both its

efficacy and its limitations.
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3. Methods

3.1 Data sources and search strategy

A systematic literature search was conducted in PubMed/MEDLINE, Embase, and the Cochrane
Central Register of Controlled Trials (CENTRAL), covering the period from January 2000 to
September 2025. This timeframe was chosen because the early 2000s marked the standardization and
routine clinical adoption of LID protocols in preparation for RAI ablation. These databases were
selected as they together provide comprehensive coverage of clinical and translational research in
thyroid oncology. The search strategy combined controlled vocabulary (Medical Subject Headings
(MeSH) in PubMed and Emtree terms in Embase) with free-text keywords, using Boolean operators
(“AND”, ”OR”) to integrate alternative terms and optimize both sensitivity and specificity. The
primary search domains were: LID (“low-iodine diet” OR “iodine restriction” OR “iodine-restricted
diet” OR “iodine-depleted diet”) AND RAI (“radioactive iodine” OR “radioiodine” OR “I-131” OR
“radioiodine ablation” OR “I-131 ablation”) AND DTC (“differentiated thyroid cancer” OR
“differentiated thyroid carcinoma” OR “thyroid cancer” OR “papillary thyroid carcinoma” OR
“follicular thyroid carcinoma”). Only full-text articles published in English were included. Grey
literature and unpublished abstracts were excluded to avoid incomplete data and ensure

methodological rigor. The search and reporting process adhered to PRISMA 2020 guidelines.

3.2 Eligibility criteria and study selection

Eligibility criteria were pre-specified a priori according to the PICO framework. The population of
interest was adults with differentiated thyroid carcinoma (DTC), including papillary and follicular
subtypes, who had undergone total or near-total thyroidectomy and were scheduled for radioactive
iodine (RAI) ablation. The intervention was a low-iodine diet (LID), of any duration or degree of
restriction, administered in preparation for RAI ablation. Comparators included either no dietary
preparation or less restrictive iodine protocols. The primary outcome was ablation success, as defined
in the original studies. When both whole-body scan (WBS) and stimulated thyroglobulin (Tg) were
reported, priority was given to composite definitions requiring a negative diagnostic WBS together
with undetectable or low stimulated Tg (commonly <1-2 ng/mL), with or without supportive
ultrasound findings. Discordant cases (negative WBS with detectable Tg, or positive WBS with
undetectable Tg) were classified as ablation failure. If only one criterion was available, studies using
WBS-only or Tg-only definitions were included according to the authors’ original definition.
Secondary outcomes were predefined as urinary iodine concentration or excretion (UIC/UIE),
reflecting the degree of iodine depletion, and stimulated Tg, analyzed as an independent functional

marker when provided separately at the time of ablation or during early follow-up. Eligible study
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designs were randomized controlled trials and prospective cohort studies. Retrospective studies, case
series, case reports, reviews, editorials, conference abstracts without full text, non-human studies,
pediatric-only cohorts, and studies of non-DTC histologies (e.g., medullary or anaplastic thyroid
carcinoma) were excluded. Only full-text articles published in English between January 2000 and
September 2025 were considered. Study selection proceeded in two stages: first, titles and abstracts
retrieved from the database search were screened for relevance; second, potentially eligible articles
were reviewed in full text against the inclusion criteria. Reasons for exclusion at the full-text stage

were documented, and the overall selection process was summarized in a PRISMA flow diagram.

3.3 Data extraction, outcome measures, and risk of bias

Data extraction was performed by DP using a predefined template, with uncertainties resolved in
consultation with the supervisor. Extracted information included study characteristics (author, year,
country, design, sample size, and patient population), details of the intervention (LID protocol,
duration, degree of restriction), comparator strategy, RAI dose, TSH stimulation method, and reported
outcomes. Outcomes were extracted in accordance with the definitions specified in the eligibility
criteria. Binary outcomes (ablation success) were expressed as odds ratios (ORs) with 95%
confidence intervals (Cls), while continuous outcomes (UIC/UIE and stimulated Tg) were expressed
as mean differences (MDs) or standardized mean differences (SMDs), depending on unit consistency.
Risk of bias was assessed at the study level using validated tools appropriate to design: the Cochrane
Risk of Bias tool (RoB 2) for randomized controlled trials and the Risk Of Bias In Non-randomized
Studies of Interventions tool (ROBINS-I) for prospective cohort studies. Assessments were
performed by DP and summarized in tables and graphical displays to provide an overview of

methodological quality.

3.4 Data synthesis and statistical analysis

Quantitative synthesis was performed for outcomes reported by at least two eligible studies. Random-
effects models were applied using the DerSimonian-Laird method, which estimates between-study
variance to account for expected methodological and clinical heterogeneity. Statistical heterogeneity
was assessed with Cochran’s Q test and quantified using the I? statistic, with values of 25%, 50%, and
75% conventionally interpreted as low, moderate, and high heterogeneity, respectively. In cases of
substantial heterogeneity, results were interpreted with caution. Potential publication bias was
evaluated visually using funnel plots and formally with Egger’s regression test when ten or more

studies contributed to an outcome. All analyses were conducted using ProMeta 3 software.
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4. Results

We searched PubMed/MEDLINE, Embase (Ovid), and the Cochrane Central Register of Controlled
Trials (CENTRAL) for English-language human studies from January 2000 to September 2025 using
the prespecified PICO. Title and abstract screening and full-text eligibility assessment were
conducted within each database. In CENTRAL, 14 records were screened and 1 study was included.
In PubMed, 55 records were screened; 7 reports were sought, 2 were not retrieved (Park 2004; Lee
2014), 3 were excluded after full-text review (no comparator, historical control, wrong population),
and 2 studies were included. In Embase, 180 records were identified; after applying additional limits
to exclude conference abstracts, letters, editorials, and MEDLINE-indexed records, 72 unique records
were screened; 8 reports were sought, 1 was not retrieved (Lee 2014), 2 were excluded after full-text
review (no comparator, historical control), and 5 studies were included. At the conclusion of database-
level screening, the 8 potentially eligible studies were cross-checked between databases; given the
small yield, duplicates were removed manually at this final step, yielding 5 unique studies for the
review and, where feasible, the meta-analysis. The process is summarized in the PRISMA 2020 flow
diagram (Fig. 14). The main features of the included studies are summarized below (Table 4). Five
studies (two randomized controlled trials, three prospective cohorts) were conducted between 2015
and 2023 across Japan, South Korea, Brazil, Turkey, and Malaysia. In total, 700 thyroidectomized
patients were enrolled (45-306 per study); reported mean or median ages ranged from 37 to 56 years.
All participants had undergone total or partial thyroidectomy for differentiated thyroid carcinoma
(DTC) and were preparing for radioactive iodine (RAI) therapy. Dietary protocols prior to RAI varied
by stringency and duration. Stringency ranged from strict low-iodine diets (LID; target <50 ng/day,
<30 pg/day in one study) to restricted-iodine diets (RID; generally 50-100 pg/day, with one protocol
<50 pg/day), as well as flexible RID with limited allowances, self-managed LID under clinician
guidance, and unspecified LID. Duration spanned 1-30 days; 14 days was most common (three
studies), with other schedules of 7, 15, and 30 days, and a 4-week arm in one study. Of the five studies,
one varied both stringency and duration (LID vs. RID for 2 vs. 4 weeks), one varied duration only
(15 vs. 30 days), and three varied stringency only (strict vs. unspecified LID; strict vs. self-managed
LID; strict vs. flexible RID) with duration held at 1-2 weeks. Despite operational differences, all
protocols pursued the same biological objective, iodine depletion before RAI, supporting conceptual
comparability. Outcomes were heterogeneous. WBS ablation success (post-RAI whole-body
scintigraphy with or without stimulated thyroglobulin) was a primary endpoint in one cohort and a
secondary endpoint in a predefined subgroup in another. In contrast, all studies consistently assessed
urinary iodine as the principal biochemical marker of iodine depletion, though expressed in different

units (ug/L, pg/g creatinine, or pg/day).
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Identification of studies via databases
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Fig. 14 PRISMA 2020 flow diagram of study selection. *Embase initially yielded 180 records; after
additional database limits were applied, 72 records were eligible for screening.
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Ito et al. 2018
[112]

Lim et al. 2015
[113]

Padovani et al. 2015
[114]

Genc et al. 2023
[115]

Sohaimi et al. 2019
[116]

Japan Prospective cohort
Korea Prospective cohort
Brazil Prospective cohort
Turkey RCT
Malaysia RCT

45

101

306

144

104

Strict LID vs. Self-managed LID 2 weeks UI, WBS ablation success
LID vs. RID 2 weeks vs. 4 weeks Ul
RID vs. RID 15 days vs. 30 days Ul

Strict RID vs. Flexible RID 2 weeks UI, WBS ablation success*
Strict LID vs. Unspecified LID 1 week Ul

Table 4 Main characteristics of the included studies. *WBS ablation success assessed only in a subgroup (61/144).
Ul urinary iodine, WBS whole-body scan, LID low-iodine diet, RID restricted-iodine diet.
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Risk of bias was assessed at the study level using the Cochrane Risk of Bias tool, version 2 (RoB 2)
for randomized controlled trials and the Risk Of Bias In Non-randomized Studies of Interventions
(ROBINS-I) for prospective cohort studies. For the urinary-iodine outcome, methodological quality
ranged from some concerns in the randomized trials (Table 5) to moderate or serious risk in the
observational studies (Table 6). In both trials, limitations primarily reflected incomplete reporting of
the randomization process and allocation concealment, and unclear handling of adherence and
intention-to-treat analyses; by contrast, outcome measurement was objective with standardized
timing, and missing data were minimal. Among the cohorts, one study was judged moderate risk
owing to nonrandom group allocation and a per-protocol analysis without adjustment for baseline
differences, despite objective measurement and low missingness; two were judged serious risk, one
due to self-selected diet groups with exposure misclassification and lack of control for key
confounders, and another because of extensive, differential attrition prior to outcome assessment with
exclusion of non-adherent participants. Across all studies, outcome measurement for urinary iodine
was low risk (validated assays at prespecified time points), while selective reporting remained a
concern because none reported preregistration or a prespecified primary urinary-iodine analysis.
Taken together, these domain-level judgments indicate that confounding, selection of participants,
and classification of interventions are the principal potential sources of bias and were considered
when interpreting the pooled urinary-iodine estimates. As only one cohort and one RCT subgroup
reported WBS ablation success, RoB was summarized narratively. The cohort (Ito 2018; ROBINS-I)
showed serious risk due to self-selected diet exposure with misclassification, baseline imbalances
without adjustment, and pre-outcome exclusions at 6-8 months; outcome measurement was low risk.
The RCT subgroup (Genc 2023; RoB 2) was high risk, due to extensive, unexplained 6—8-month

WBS missingness and a non-prespecified subgroup, despite standardized outcome measurement.

Gence, 2023 Sohaimi, 2019

Bias arising from the randomization process

Bias due to deviations from intended interventions

Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

Table 5 Randomized controlled trials assessed with the Cochrane Risk of Bias 2 tool (RoB 2)
for the urinary-iodine outcome.
@ Low risk. Q Some concerns. @ High risk.
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Ito, 2018 Lim, 2015 Padovani, 2015

Bias due to confounding

Bias in selection of participants into the study

Bias in classification of interventions

Bias due to deviations from intended interventions
Bias due to missing data

Bias in measurement of outcomes

Bias in selection of the reported result

Overall risk of bias

Table 6 Prospective cohort studies assessed with the Risk Of Bias In Non-randomized Studies of
Interventions tool (ROBINS-I) for the urinary-iodine outcome.
@ Low risk. QModerate risk. @ Serious risk.

Whole-body scan (WBS) ablation success was prespecified as the primary clinical outcome for
quantitative synthesis. However, because only one complete study and one randomized controlled
trial (RCT) subgroup reported WBS outcomes, a meta-analysis was not feasible. Consequently, the
available evidence on this endpoint is presented narratively, with results interpreted in the context of
their respective risk-of-bias assessments. In the prospective cohort by Ito et al., patients received
fixed-dose I-131 (1,110 MBq) after a 2-week low-iodine diet (LID) allocated by self-selection to self-
managed (counseling-guided) versus strict (ready-made packaged meals, <30 pg/day) protocols.
WBS ablation success at 6-8 months (response-evaluation planar WBS with 185 MBq I-131, read by
two radiologists without SPECT/CT, using the same gamma camera; success = absence of thyroid-
bed uptake) occurred in 25/45 (56%); unadjusted success was higher with self-managed than strict
LID (16/25 [64%] vs. 3/12 [25%]; p=0.026). Age, urinary iodine-creatinine ratio, and TSH-stimulated
thyroglobulin (Tg) did not differ between the absence and residual groups (p=0.264, 0.253, and 0.234,
respectively); by contrast, the overall distribution of post-therapeutic thyroid-bed uptake intensities
(low/high/very high) differed (p=0.035), and thyroid-bed uptake remained an independent prognostic
factor for ablation success on multivariable analysis (p=0.038). Adherence was assessed by same-day
patient self-report, and TSH preparation was patient-selected (thTSH or 4-week withdrawal),
introducing potential exposure misclassification and confounding; together with pre-outcome
exclusions, this is consistent with a serious ROBINS-I judgment for this outcome [112]. In the RCT
by Genc et al., patients were assigned to strict (comprehensive prohibitions) versus flexible (limited

prohibitions) restricted-iodine diets (RID) for 2 weeks, both avoiding iodized salt and seafood, with
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thyroid hormone withdrawal before RAIT. A diagnostic WBS at 6-8 months was obtained in a non-
prespecified subgroup of 61/144; all scanned patients completed a uniform 2-week strict RID before
WBS, and ablation success was defined as absence of a radioiodine focus. Overall success among
scanned patients was 51/61 (84%). Unadjusted ablation success was 25/28 (89%) in the strict-RID
group and 26/33 (79%) in the flexible-RID group (p=0.270). Among scanned patients, RAIT activity
(median 1.85 GBq) and TSH at WBS did not differ between WBS-negative and WBS-positive
subgroups (p=0.368 and p=0.345, respectively). Interpretation is limited by high attrition and the non-
prespecified subgroup, consistent with a high RoB 2 judgment for this outcome [115]. Given that
WBS ablation success could not be meta-analyzed, the quantitative synthesis focused on urinary
iodine as a biochemical marker of pre-RAI iodine depletion. All five included studies reported post-
diet urinary-iodine indices, albeit using heterogeneous units, namely spot urinary-iodine
concentration (UIC; ng/L), creatinine-adjusted urinary iodine-to-creatinine ratio (UICR; pg/g Cr), or
24-h urinary-iodine excretion (UIE; pg/day). After examining the available data, post-diet arm-level
values reported as mean + standard deviation were identified as the only format suitable for statistical
pooling; three studies provided data in this format for a direct comparison between more- and less-
restrictive regimens (Table 7). In contrast, two studies reported urinary iodine only as median-based
summaries that were not statistically convertible to means and standard deviations. The latter datasets
and other non-poolable urinary-iodine data were reviewed descriptively but not included in the meta-
analytic models. Because of the heterogeneous measurement scales, effects were synthesized as
standardized mean differences (SMDs; Hedges’ g) under a random-effects model, with negative
values indicating lower post-diet urinary-iodine levels in the more-restrictive arm. For the primary
analysis, Lim’s 2-week assessment was pooled together with Genc and Sohaimi; a sensitivity analysis
additionally treated Lim’s 4-week assessment as a separate comparison [113, 115, 116]. These three
studies (k=3; 349 participants, 174 on more-restrictive and 175 on less-restrictive regimens)
contributed to the primary random-effects meta-analysis of post-diet urinary iodine. Study-specific
SMDs ranged from -0.26 to -0.14 and all favored the more-restrictive regimen. The pooled SMD was
-0.22 (95% CI -0.43 to -0.01; p=0.042), indicating lower post-diet urinary-iodine levels after more-
restrictive diets, with no evidence of between-study heterogeneity (Q=0.25, df=2, p=0.881; 1*=0%))
(Fig. 15). Leave-one-out sensitivity analyses yielded pooled SMDs between -0.19 and -0.25 with
overlapping confidence intervals and did not materially alter the magnitude or direction of the overall
effect. Cumulative meta-analysis, ordered by study weight, similarly showed consistently negative
pooled effects, with the confidence interval narrowing and becoming statistically significant only

when all three studies were included.
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Author, Year Metric Post-diet day Arm N Mean SD Unit Diet contrast
Lim et al. 2015 UICR 14 More-restrictive 47 28.6 23.6 ng/g Cr LID vs. RID
Lim et al. 2015 UICR 14 Less-restrictive 54 35.8 352 ng/g Cr LID vs. RID
Lim et al. 2015* UICR 28 More-restrictive 47 35.0 33.0 pg/g Cr LID vs. RID
Lim et al. 2015* UICR 28 Less-restrictive 54 35.0 31.0 pg/g Cr LID vs. RID
Genc et al. 2023 UIE 14 More-restrictive 72 43.0 333 pg/day Strict RID vs. Flexible RID
Genc et al. 2023 UIE 14 Less-restrictive 72 52.8 40.3 pg/day Strict RID vs. Flexible RID
Sohaimi et al. 2019 UIC 7 More-restrictive 55 56.8 50.0 pg/L  Strict LID vs. Unspecified LID
Sohaimi et al. 2019 UIC 7 Less-restrictive 49 63.8 51.2 pg/L  Strict LID vs. Unspecified LID

Table 7 Post-diet urinary iodine in studies contributing to the meta-analysis of more- vs. less-restrictive pre-RAI diets. *In Lim et al. 2015, the 28-day post-
diet assessments are from the same cohort as the 14-day arms and were included only in the sensitivity analysis. UICR urinary iodine-to-creatinine ratio,
UIC urinary-iodine concentration, UIE urinary-iodine excretion, N sample size, SD standard deviation, LID low-iodine diet, RID restricted-iodine diet.
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In a sensitivity analysis that treated Lim’s 4-week assessment as an additional comparison (k=4; 450
participants, 221 on more-restrictive and 229 on less-restrictive regimens), study-specific SMDs
ranged from -0.26 to 0.00, with three of four comparisons favoring the more-restrictive regimen. The
pooled SMD was -0.17 (95% CI -0.35 to 0.02; p=0.073), still suggesting lower post-diet urinary-
iodine levels with more-restrictive diets but no longer reaching conventional statistical significance.
Between-study heterogeneity remained negligible (Q=1.19, df=3, p=0.755; 1*=0%) (Fig. 16). Leave-
one-out sensitivity analyses yielded pooled SMDs between -0.12 and -0.22, all negative and similar
in magnitude, indicating that the overall pattern was not driven by any single comparison. Cumulative
meta-analysis, ordered by study weight, again showed persistently negative pooled estimates as

comparisons were added, while the 95% confidence intervals consistently crossed zero.

ES 95% Cl
Lim 2015 0,24 082,015 L
Schaimi 2018 0,14 0,522,025 L
Genc 2023 0,26 0.5, 0,08 B
Owerall random-effects model) 0,22 40,43 ,-001 +

Fig. 15 Forest plot of standardized mean differences in post-diet urinary iodine between more- and less-
restrictive pre-RAI diets from the primary analysis. ES effect size, CI confidence interval.

ES 95% Cl
Lim 2015a* 0,24 0,682,018 L
Lim 2015k~ 0,00 0,22, 0,28 N
Sochaimi 2018 0,14 -0,52,025 L
Genc 2023 026 -0,52 ., 008 L
Crwerall random-effects model) 017 40,365,002 +

Fig. 16 Forest plot of standardized mean differences in post-diet urinary iodine between more- and less-
restrictive pre-RAI diets from the sensitivity analysis. *Lim 2015a and Lim 2015b denote 2-week and 4-week
post-diet assessments, respectively, which were analyzed as separate study-level comparisons. ES effect size,

CI confidence interval.
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Outside the pooled analyses, the included trials reported additional urinary-iodine information that
could not be meta-analyzed, including baseline concentrations, post-diet medians with ranges or
interquartile ranges, and proportions of participants below predefined depletion thresholds. In Ito and
Padovani, these median-based summaries and threshold proportions consistently indicated lower
post-diet urinary-iodine status after the more-restrictive or longer dietary protocols than at baseline
or under the respective comparator regimens, qualitatively aligning with the direction of effect
observed in the pooled analyses. However, heterogeneity in reporting formats and cut-offs, together
with the lack of arm-level means and standard deviations, precluded their inclusion in the quantitative
synthesis [112, 114]. Finally, the small number of available comparisons did not permit a reliable

assessment of publication bias using funnel plots or formal tests.
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5. Discussion

This systematic review and meta-analysis examined whether dietary iodine restriction before
radioactive iodine (RAI) ablation improves treatment outcomes in differentiated thyroid carcinoma
(DTC). The initial research question focused on determining if a low-iodine diet (LID) confers higher
whole-body scan (WBS) ablation success compared with unrestricted intake; however, the
prospective evidence base contained no direct LID vs. no-LID trials and only two non-comparable
WBS reports, precluding a defensible pooled estimate. To maintain methodological integrity without
outcome-driven adjustments, the analysis was therefore structured around the contrasts actually
reported, more- vs. less-restrictive pre-RAI diets, and limited quantitative synthesis to the only
harmonizable endpoint: post-diet urinary iodine expressed as mean + standard deviation (SD). Under
this framework, stricter regimens consistently achieved biochemical iodine depletion, supporting
mechanistic plausibility, whereas translation to higher ablation success remains unproven, an
evidence boundary driven by endpoint scarcity and heterogeneity rather than contrary effects.
Although ablation success was the prespecified clinical endpoint, the available WBS data do not
demonstrate superiority of stricter dietary restriction. In Ito et al. (Japan), a higher unadjusted success
rate in the self-managed versus strict group (64% vs. 25%) is most plausibly attributable to serious
confounding, selection of participants before outcome assessment, and exposure misclassification
(self-selected diet, mixed/unclear dietary exposure, variable TSH preparation, pre-outcome
exclusions), with small group sizes further increasing imprecision, rather than a true benefit of a less-
restrictive protocol [112]. In Genc et al. (Turkey), the numerically higher ablation success observed
in the strict-diet arm (89% vs. 79%) cannot be interpreted as evidence of benefit, because any
randomized comparison is undermined by high attrition (WBS available in 61/144) and exposure
dilution, as both arms completed a uniform strict diet before the follow-up WBS [115]. The markedly
different absolute success rates between the two studies likely reflect context and protocol differences,
population iodine status, radioiodine activity and TSH preparation, and imaging criteria and timing,
rather than diet stringency per se. Taken together, these limitations indicate that the current WBS
evidence is insufficient for a causal claim that greater dietary restriction improves ablation success,
while not excluding a clinically meaningful effect under standardized conditions. While not
definitive, these studies remain informative for hypothesis generation and for refining future trial
methodology, underscoring the need for standardized dietary exposure, complete follow-up, and
prespecified WBS outcomes. In contrast to the uncertain WBS findings, the evidence on urinary
iodine showed a more coherent biochemical signal. Across the studies that could be pooled, more-
restrictive regimens consistently yielded lower post-diet urinary-iodine levels than less-restrictive
regimens, with small but directionally uniform standardized differences and essentially no between-

study heterogeneity, indicating a modest yet robust effect of dietary stringency on short-term iodine
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depletion. When Lim’s 4-week comparison was incorporated, the overall estimate was attenuated and
lost conventional statistical significance, a pattern expected when adding an essentially null contrast
from that arm, which both dilutes the pooled effect and increases uncertainty, and where similar post-
diet values across groups may reflect the practical difficulty of maintaining strict restriction over
longer intervals [113]. Non-poolable urinary-iodine data across the included studies likewise pointed
toward lower post-diet iodine status under stricter or longer protocols, qualitatively reinforcing the
meta-analytic pattern. Nevertheless, the limited number of comparisons and the methodological
constraints of the underlying studies mean that the quantitative estimate should be regarded as
approximate rather than definitive. Overall, the urinary-iodine findings strengthen the internal
plausibility that intensifying pre-RAI dietary restriction deepens biochemical iodine depletion,
although the magnitude of this effect appears modest, and the extent to which further depletion
translates into improved ablation outcomes remains uncertain. The biological rationale for pre-RAI
dietary iodine restriction derives from well-characterized principles of thyroidal iodine handling and
radioactive iodine (1311) kinetics. Thyroid follicular cells and DTC cells concentrate iodide via the
sodium-iodide symporter (NIS), whose activity is strongly upregulated under elevated TSH. Stable
dietary iodine and 1311 share this pathway and therefore compete at the level of transport and
organification; high iodine availability can saturate NIS-mediated uptake, reduce expression, and
diminish 1311 trapping. Conversely, iodine depletion lowers the extracellular iodide pool and
maintains NIS in a more avid, TSH-responsive state, thereby increasing the fraction of administered
1311 available for uptake by remnant or metastatic tissue [111]. The findings of this review, showing
that stricter diets reliably reduce urinary iodine, demonstrate that the intended biological effect of
iodine restriction, lowering the competing iodine pool before 1311 administration, is indeed achieved.
What remains uncertain is whether this modest additional depletion translates into materially
improved radioactive iodine kinetics or ablation efficacy, meaning that the mechanistic rationale
currently exceeds the strength of empirical clinical evidence. Against this mechanistic background, it
is relevant to consider how contemporary clinical guidelines operationalize pre-RAI iodine
restriction. The 2015 American Thyroid Association (ATA) guideline recommends that a LID for
approximately 1-2 weeks should be considered before RAI remnant ablation or treatment, grading
this as a weak recommendation supported by low-quality evidence [117]. The 2022 joint Society of
Nuclear Medicine and Molecular Imaging/European Association of Nuclear Medicine
(SNMMI/EANM) practice guideline similarly incorporates a 1-2-week LID into standard patient
preparation for therapeutic radioiodine administration [118]. In Italy, the current multidisciplinary
consensus developed by six national scientific societies likewise advocates a short (1-2-week) LID
before remnant ablation, together with avoidance of iodine-containing contrast agents and

medications [119]. Beyond guideline recommendations, the most comprehensive synthesis of the LID
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literature to date is provided by the mixed-methods review of Herbert et al. In their effectiveness
analysis, very low iodine status (<50 pg/L or ng/g Cr) was associated with higher ablation success
when compared with markedly elevated iodine levels (=250 pg/L or pg/g Cr), but comparisons of
deficient versus adequate iodine status (100-199 pg/L or pg/g Cr), LID versus no LID (regular diet),
and stricter versus less-strict LID generally showed similar ablation success, with overall certainty
rated as very low because of moderate-to-serious risk of bias, imprecision, and heterogeneity.
Evidence on long-term outcomes was sparse: no studies directly evaluated the impact of a LID on
cancer-specific mortality, and only preliminary abstract-level signals suggested a possible association
between higher pre-RAI urinary iodine and increased risk of recurrence or disease progression,
representing at best exploratory, low-certainty observations. By contrast, the evidence that LID advice
lowers iodine status before RAI therapy or diagnostic whole-body scanning was more consistent:
compared with usual diets, LID protocols substantially reduced urinary iodine; stricter regimens
produced deeper depletion than more liberal ones; and, for duration, the limited data indicate that 2-
week restriction lowers iodine more than 1 week, whereas 2- and 4-week regimens yield broadly
similar levels, all on the basis of very low-certainty evidence from small, methodologically limited
studies. Taken together, Herbert’s findings depict a broader context in which dietary iodine restriction
reliably induces biochemical iodine depletion, while robust demonstration of improved ablation
efficacy or long-term oncologic benefit remains lacking, a pattern that closely parallels the distinction
between biochemical and clinical effects observed in the present review [111]. Taken together, the
present review and the broader literature highlight a persistent tension: dietary iodine restriction has
a strong mechanistic rationale and consistently lowers urinary iodine, yet a clear and reproducible
improvement in ablation success has not been demonstrated. Several factors may account for this
discrepancy. First, most available ablation studies are small, underpowered for realistic between-diet
effect sizes, at non-negligible risk of bias, and heterogeneous in outcome definitions, imaging
protocols, preparation methods, and baseline iodine status. In addition, randomized contrasts are often
attenuated by protocol deviations, incomplete adherence to assigned diets, and convergence of actual
iodine exposure between groups, all of which can obscure modest true effects. Second, any
incremental benefit from shifting iodine status from “adequately low” to “very low” is likely modest
relative to other determinants of radioiodine kinetics, including administered activity, remnant
volume, and the intensity and duration of TSH stimulation. Moreover, urinary iodine is an imperfect
surrogate for intrathyroidal iodine content and radioiodine handling in remnant tissue, so deeper
biochemical depletion does not necessarily translate into a proportionate increase in absorbed dose at
the target. Third, ablation success is a relatively coarse, multifactorial endpoint influenced by RAI
activity, TSH preparation, disease burden, and imaging thresholds, such that even genuine

improvements in iodine depletion may be partially masked by variability in these other drivers of
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outcome. Overall, these considerations suggest that the existing evidence cannot yet distinguish
between the absence of a clinically important effect and the presence of a small, context-dependent
benefit that current studies are not powered or designed to detect, supporting a cautious interpretation
and underscoring the need for larger, rigorously conducted trials with standardized dietary protocols,
objective measures of iodine exposure, and prespecified ablation outcomes. Within this interpretive
framework, the present review has several methodological strengths and limitations that should guide
how its findings are applied. Strengths include a prospectively specified question with explicit
eligibility criteria, restriction to randomized trials and prospective cohorts to prioritize higher-quality
designs, and a structured risk-of-bias assessment using RoB 2 and ROBINS-I applied with predefined
domains. In addition, the decision to center the quantitative synthesis on the contrasts actually
reported in the primary studies, rather than modifying inclusion or analysis rules in response to the
observed results, helped preserve transparency and avoid outcome-driven inference. By harmonizing
urinary iodine as a standardized mean difference under a random-effects model, the review
maximized use of the limited comparable data while making uncertainty and endpoint scarcity
explicit. At the same time, important limitations remain. The search was restricted to English-
language publications and did not include grey literature, introducing potential language and
publication bias. The focus on prospective designs, while methodologically appropriate, further
reduced the number of eligible studies, and the small sample sizes of the included trials and cohorts
constrain statistical power and precision. Substantial clinical and methodological heterogeneity,
particularly in dietary protocols, background iodine exposure, and outcome definitions, limits
comparability across studies and narrows the generalizability of any pooled estimates. Furthermore,
variability in urinary-iodine measurement methods and reporting formats meant that only a subset of
the available data could be meta-analyzed. Taken together, these features support the internal
coherence of the review’s conclusions but imply that the corresponding effect estimates, especially
for urinary iodine, should be interpreted as approximate, context-dependent summaries rather than
definitive, broadly generalizable values. Against this backdrop, the clinical implications of the present
findings are necessarily cautious. For routine practice, the available data do not justify intensifying
pre-RAI dietary restriction beyond what is already recommended in major guidelines, nor do they
support prolonged, highly restrictive regimens as a means to reliably improve ablation success. A
short (1-2-week) iodine-restricted diet remains a reasonable, guideline-concordant strategy to achieve
biochemical depletion, but should be implemented pragmatically, with attention to baseline iodine
status, feasibility, and patient burden as part of the overall RAI preparation strategy rather than as an
end in itself. Given the modest and context-dependent nature of the observed biochemical effects,
clinicians should avoid overinterpreting small differences in urinary iodine or treating specific

numerical thresholds as rigid prerequisites for proceeding with ablation, particularly when other key
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determinants of outcome (RAI activity, TSH preparation, remnant burden) are appropriately
optimized. Future research should therefore prioritize adequately powered, preferably multicenter
randomized trials that compare clearly defined dietary strategies, such as standard versus more liberal
restriction, under standardized RAI protocols, incorporate objective and harmonized measures of
iodine exposure, and prespecify ablation and longer-term oncologic endpoints. Embedding
mechanistic components such as dosimetry or detailed radioiodine kinetic studies, alongside patient-
reported outcomes on acceptability and quality of life, would help clarify not only whether stricter
diets confer meaningful clinical benefit, but also for whom, under what conditions, and at what trade-

off in terms of complexity and burden.
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6. Conclusion

In this systematic review and meta-analysis of prospective studies, stricter pre-ablation iodine-
restricted diets generally produced greater biochemical iodine depletion than more liberal regimens,
but the available data do not demonstrate a reproducible improvement in ablation success. Once an
adequately low iodine status is achieved, further intensification of dietary restriction yields, at best,
modest additional reductions in urinary iodine, with uncertain relevance for clinically meaningful
outcomes. These findings support a proportionate approach to dietary preparation for radioactive
iodine ablation. A short (1-2-week) iodine-restricted regimen is a reasonable strategy to achieve
biochemical depletion, but it should be integrated with optimized TSH stimulation, radioiodine
activity, and remnant management rather than pursued as an isolated therapeutic target. Conversely,
highly restrictive or prolonged protocols, and rigid reliance on specific urinary-iodine thresholds as
absolute prerequisites for treatment, are not justified by current prospective evidence and may divert
attention from better-established determinants of outcome. Methodologically, this work confines the
evidence base to randomized trials and prospective cohorts directly comparing more- vs. less-
restrictive diets and focuses quantitative synthesis on harmonizable urinary-iodine endpoints, thereby
clarifying the magnitude of dietary effects and the current limits of the evidence base. Robust
estimates of ablation efficacy and long-term oncologic benefit remain unavailable. Future trials
should compare clearly defined, clinically realistic iodine-restriction strategies under standardized
ablation protocols, with prespecified ablation and follow-up outcomes, harmonized measures of
iodine exposure, and embedded assessments of patient burden. Until such data are generated, iodine-
restricted diets are best regarded as a biologically sound, moderately effective tool for iodine
depletion, to be used as a patient-centered adjunct within comprehensive differentiated thyroid cancer

care rather than as a primary driver of therapeutic success.
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