? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Lia Ginaldi,
University of L'Aquila, Italy

REVIEWED BY
Alessandro Tonacci,

National Research Council (CNR), Italy
Shailendra Dwivedi,

All India Institute of Medical Sciences
Gorakhpur, India

*CORRESPONDENCE

Junhui Wang
Junhui@lunenfeld.ca

Chunhai Zhang
chunhai@jlu.edu.cn

"These authors have contributed
equally to this work and share
first authorship

RECEIVED 18 November 2025
REVISED 31 December 2025
ACCEPTED 05 January 2026
PUBLISHED 26 January 2026

CITATION

Cheng K, Hu Y, Li Y, Zhang Y, Wang J and
Zhang C (2026) Vitamin D as a central
modulator of thyroid diseases:
mechanisms and clinical implications.
Front. Immunol. 17:1748648.

doi: 10.3389/fimmu.2026.1748648

COPYRIGHT

© 2026 Cheng, Hu, Li, Zhang, Wang and
Zhang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 26 January 2026
pol 10.3389/fimmu.2026.1748648

Vitamin D as a central modulator
of thyroid diseases: mechanisms
and clinical implications

Kewen Cheng™, Yue Hu?, Yuchuan Li*, Yi Zhang®,
Junhui Wang** and Chunhai Zhang™

‘Department of Thyroid Surgery, China-Japan Union Hospital of Jilin University, Jilin University,
Changchun, China, ?2Department of Biobank, China-Japan Union Hospital of Jilin University,
Changchun, China, *Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Toronto,
ON, Canada, “Thyropathy Hospital, Sunsimiao Hospital, Beijing University of Chinese Medicine,
Tongchuan, Shanxi, China

Thyroid diseases are common endocrine disorders, with the incidence of thyroid
cancer and autoimmune thyroid diseases rising worldwide. Vitamin D, a
multifunctional steroid hormone, primarily regulates bone metabolism and
calcium-phosphorus homeostasis. However, recent evidence increasingly
supports the hypothesis that vitamin D plays a central role in the onset and
progression of thyroid disorders, including both autoimmune and non-
autoimmune conditions. In the present review, we summarize the correlation
between vitamin D and thyroid disorders, elucidate the anticancer and
immunoregulatory mechanisms of vitamin D in thyroid diseases, and explore
its role in modulating gut microbiota. Additionally, we examine the applications in
clinical settings of the use of vitamin D supplements in thyroid disorders, such as
a preventive measure against cancer development and progression. Clarifying
the mechanisms of vitamin D action in the development and progression of
thyroid disease will support the design of interventional and early therapeutic
strategies that not only prevent disease onset but also serve as a secondary
chemopreventive approach to halt progression and enhance thyroid function.
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1 Introduction

Thyroid diseases, as common disorders of the endocrine system, include autoimmune
thyroid diseases (such as Hashimoto’s thyroiditis and Graves’ disease), thyroid dysfunction
(hyperthyroidism, hypothyroidism), and thyroid cancers. Their pathogenesis involves the
interaction of multiple factors, including genetics, environment, and immunity (1, 2). With
the advancement of molecular medicine, the regulatory role of nutritional vitamins in the
occurrence and progression of diseases has become a major research focus. In particular,
the understanding of vitamin D’s functions has expanded beyond its traditional role as an
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essential micronutrient. It has now been confirmed to act in
multiple capacities, such as a molecular cofactor, metabolic
regulator, gene expression modulator, and epigenetic modifier.
Through these diverse mechanisms, vitamin D helps coordinate
the maintenance of cellular homeostasis and modulates key
biochemical pathways involved in combating metabolic disorders,
inflammatory responses, and immune regulation (3). Among the
numerous vitamins, the research on vitamin D has attracted
particular attention. It not only participates in calcium-
phosphorus metabolism and bone health, but also plays
important roles in immune regulation, cell proliferation, and
differentiation. In recent years, the pathophysiological role of
vitamin D in thyroid diseases has attracted widespread attention
and the correlation between vitamin D deficiency and thyroid
diseases is well established (4). Vitamin D not only participates in
calcium-phosphorus metabolism and bone health but also plays
important roles in immune regulation, cell proliferation, and
differentiation. A large body of studies suggest that vitamin D
may be involved in the development and progression of multiple
thyroid diseases by inhibiting the proliferation and differentiation of
thyroid cancer cells, modulating immune balance, suppressing
autoantibody production, and affecting thyroid cell function (5-
8). Additionally, epidemiological data indicate a higher prevalence
of thyroid diseases in populations with vitamin D deficiency,
though the exact mechanisms remain unclear (9). Furthermore,
based on the concept of precision medicine, vitamin D has gradually
evolved into an important tool in this field. It contributes to
predicting, preventing, and delivering personalized treatments for
chronic conditions such as cardiovascular diseases, diabetes, cancer,
and neurodegenerative disorders. Among these advances,
innovations in precision nutrition, including personalized vitamin
D supplementation, have shown promise in improving treatment
adherence and enhancing therapeutic outcomes (3). Therefore, this
review aims to summarize the latest research progress on the
association between vitamin D and thyroid diseases, explore the
potential mechanisms of vitamin D deficiency in thyroid disorders,
and integrate precision medicine technologies to provide a
theoretical foundation for the clinical prevention and treatment of
thyroid diseases.

2 Thyroid disorders

The thyroid gland is a vital endocrine organ located in the neck,
just below the thyroid cartilage. Shaped like a butterfly, it is
responsible for the production and release of thyroid hormones,
thyroxine (T4) and triiodothyronine (T3), which play key roles in
regulating metabolism, growth, development, and other
physiological function (10). Thyroid disorders refer to a group of
diseases characterized by abnormal thyroid function or structural
changes. In the past few years, the prevalence of thyroid diseases has
gone up substantially, evolving into a crucial global health problem
(1). Thyroid disorders are broadly classified into the following
categories: hyperthyroidism, hypothyroidism, thyroid
autoimmune disorders, thyroid nodules, and thyroid cancers (11).
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Among them, the incidence of thyroid autoimmune disorders (e.g.,
Hashimoto’s thyroiditis, Graves’ disease) and thyroid cancer is
considerably higher among women than among men, which may
be related to estrogen levels and X-chromosome immunity genes
(12, 13). This sex-related disparity in the occurrence of thyroid
diseases further highlights the imperative need to enhance early
screening and develop personalized treatment approaches to reduce
the overall disease burden.

2.1 Thyroid cancer

Thyroid cancer (TC) is the ninth most common cancer in the
world and can occur at all ages, especially in adolescents and adults
under 40 years of age (14). There is a significant gender disparity in
the incidence of thyroid cancer, with females accounting for
approximately 75% of all thyroid cancer patients (15). In terms of
origin, TC primarily originates from two types of thyroid
parenchymal cells: follicular cells responsible for thyroid hormone
synthesis and parafollicular C cells that produce calcitonin (16).
Histologically, TC is classified into three main subtypes: 1)
Differentiated TC (comprising over 90% of malignant thyroid
tumors), such as papillary thyroid carcinoma (PTC) and follicular
thyroid carcinoma (FTC); 2) Undifferentiated TC (relatively rare),
encompassing poorly differentiated thyroid carcinoma (PDTC) and
anaplastic thyroid carcinoma (ATC); 3) Special types
(approximately 5% of TC cases), mainly medullary thyroid
carcinoma (MTC) originating from parafollicular C cells (17).

Patients with thyroid cancer typically exhibit with no specific
symptoms in the early stages. Clinically, most thyroid malignancies
are diagnosed based on ultrasound characteristics and fine-needle
aspiration cytology (14). Treatment usually involves surgical
resection, and the 5 years survival rate following surgery usually
is a high. Additionally, among the established risk factors including
age, gender, race/ethnicity, and family history of TC, family history
is the strongest predictor of disease risk. In addition to the above
risk factors, Vitamin D deficiency has been shown to be strongly
associated with thyroid cancer. A study lead by Zhao et al. indicated
that vitamin D deficiency and decreased serum 25 - hydroxyvitamin
D levels were related to an elevated risk of thyroid cancer compared
with healthy populations (18).

2.2 Thyroid autoimmune disorders

Autoimmune thyroid diseases (AITDs), which is an
autoimmune disorder specific to the thyroid gland, consists of
chronic autoimmune thyroiditis, namely Hashimoto’s thyroiditis
(HT), and Graves’ disease (GD) (2). AITDs are influenced by
multiple factors, genetic, non-genetic, and environmental, and are
considered familial disorders, with over 60% of cases exhibiting a
positive family history. Among the non-genetic factors,
Helicobacter pylori, hepatitis C virus (HCV), hantavirus,
Toxoplasma gondii, human immunodeficiency virus (HIV), and
alteration in intestinal microbiota are the most commonly
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implicated (19). Environmental risk factors associated with AITDs
include smoking, excessive iodine intake, deficiencies in selenium
and vitamin D, and certain occupational exposures (20). The
pathology of AITDs is characterized by: (I) lymphocytic
infiltration and the presence of thyroid autoantibodies in the
circulation, and (II) the formation of lymphoid follicles with
germinal centers and parenchymal atrophy, which represent the
histological hallmarks (21).

Hashimoto’s thyroiditis (HT) is a prevalent autoimmune
disorder affecting the thyroid gland, and it stands as the primary
cause of hypothyroidism in areas worldwide where iodine levels are
adequate. Incidence of AITDs is 7-10 times higher in women than
in men (22). The disease is mainly characterized by destruction of
thyroid cells due to lymphocytic infiltration, enhanced autoimmune
response mediated by anti-thyroid peroxidase (TPOAb) antibodies
and/or anti-thyroglobulin (TgAb) antibodies, and varying degrees
of hypothyroidism, which usually requires lifelong treatment with
levothyroxine (23).

Graves’ disease (GD) is one of the major AITDs and the most
common cause of hyperthyroidism. It usually develops between the
ages of 30 and 60, with women being 5-10 times more affected than
men (12). The clinical hallmark of GD is thyrotoxicosis, resulting
from breakdown of immune tolerance due to the binding of
thyroid-stimulating hormone receptor (TSH-R) by the circulating
antithyroid autoantibodies. This interaction stimulates the
production and release of thyroid hormones, promotes thyroid
cells proliferation, and lead to hypertrophy of the thyroid gland
(24). Long-term disease management typically involves antithyroid
medications such as propylthiouracil (PTU) and methimazole
(MMI), radioactive iodine therapy, or thyroidectomy (25).

Currently, epidemiologic studies have shown that vitamin D
influences the development of thyroid autoimmune diseases by
modulating the body’s innate and adaptive immune mechanisms.
Therefore, vitamin D deficiency is increasingly recognized as a key
factor for the development of autoimmune thyroid diseases.

3 Vitamin D

Vitamin D is a multifunctional steroid hormone that is
synthesized in the skin as a result of exposure to sunlight, and to
a smaller degree, it can be obtained from the food we consume. In
turn, skin and dietary vitamin D is converted to 25-hydroxyvitamin
D [25(0OH)D] or calcidiol by the liver enzymes 25-hydroxylase
(CYP27A1 and CYP2R1). The inactive 25(OH)D is the primary
circulating and storage form of vitamin D, which needs to be
converted to the circulating biologically active compound 1,25-
dihydroxyvitamin D (calcitriol) [1,25(OH)2D] by lo-hydroxylase
in the kidney to fulfill the physiological role of vitamin D (26, 27).
Traditionally recognized for its crucial role in governing bone
metabolism and maintaining calcium-phosphate balance,
emerging proof indicates that vitamin D also exhibits extra-
skeletal functions. These include modulating autoimmune
disorders, cancer, metabolic syndrome, cardiovascular diseases,
and diabetes (28, 29). Furthermore, 1, 25(OH)2D3 has been

Frontiers in Immunology

10.3389/fimmu.2026.1748648

demonstrated to play significant roles in immune function across
various cell types (e.g., lymphocytes, endothelial cells, osteoblasts,
and keratinocytes), as well as in the control of cell growth and
differentiation. Consequently, the pleiotropic functions of vitamin
D include growth and bone calcification, immune system
modulation, insulin secretion regulation, control of cellular
proliferation, stimulation of cell differentiation, induction of
apoptosis, safeguarding of calcium - phosphate stability, and
regulation of muscular calcium transport (30, 31). For example,
during the last few years, the relationship between vitamin D and
thyroid diseases has received widespread attention, and several
research findings have revealed that vitamin D inhibits the onset
and development of thyroid cancer through multiple mechanisms:
inhibiting tumor cell proliferation; triggering apoptosis; regulating
cell cycle progression; inhibiting oncogenic signaling pathways (e.g.,
Wnt/B-catenin) (32). Furthermore, in the field of molecular
genetics, studies have shown that the transcription factor VDR
serves as the sole high-affinity target for 1,25(OH),D. This finding
indicates that the functional characteristics of VDR are almost
identical to those of vitamin D. Moreover, vitamin D has been
proven to exert an impact on the epigenome by regulating
transcription factor binding, histone modification, chromatin
remodeling, and three-dimensional chromatin organization,
thereby altering the chromatin accessibility and transcription of
genes associated with immunity, inflammation, cell apoptosis, and
metabolism (33). In addition, it can also bind the vitamin D
receptor (VDR) to modulate the immune cells, inhibit Thl and
Th17 cell differentiation, and promote Th2 and Treg cell activity,
thus reducing the thyroid autoimmune response as well as affecting
thyroid function.

4 Correlation between vitamin D and
thyroid disorders

4.1 Correlation between vitamin D and
thyroid cancer

In recent years, accumulating experimental evidence
demonstrates that vitamin D exerts anti-cancer effects by directly
or indirectly inhibiting malignant tumor cell proliferation, invasion,
and metastasis through binding to the VDR or via interactions with
transcriptional regulators and cellular signaling pathways (9), as
summarized in Figure 1.

4.1.1 Cell cycle regulation

Vitamin D suppresses the expression of the proto-oncogene C-
MYC while promoting the accumulation of the cell cycle inhibitory
protein p27, thereby regulating the cell cycle and ultimately
blocking abnormal proliferation of tumor cells. For example, the
vitamin D receptor (VDR) directly binds to the C-MYC promoter
and collaborates with DNA methyltransferases to form a repressive
chromatin structure, thereby reducing C-MYC transcription.
Additionally, vitamin D induces tumor-suppressive miRNAs such
as miR-34a and let-7, accelerating the degradation of C-MYC
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A schematic diagram demonstrates the anti-cancer mechanisms of vitamin D in thyroid carcinoma.
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mRNA. It can also downregulate deubiquitinating enzymes (e.g.,
USP28), thereby promoting proteasomal degradation of C-MYC to
achieve profound suppression of C-MYC expression. Similarly, the
vitamin D receptor directly binds to the p27 gene promoter to
enhance its expression. Moreover, vitamin D inhibits the ubiquitin-
mediated degradation of p27, thereby increasing its protein stability
to arrest the cell cycle at the GI and S phases (26, 34, 35).

4.1.2 Epigenetic and stem cell regulation

As one of the core mechanisms of epigenomic regulation,
chromatin remodeling affects gene accessibility by altering
chromatin structure, thereby regulating the transcriptional
process. It plays a critical role especially in the differentiation and
therapeutic response of thyroid carcinoma. Studies have indicated
that histone methyltransferase (SETMAR) can bind to the promoter
region of the SMARCA2 gene, recruit histone acetyltransferases
(HATs), and increase the level of histone acetylation in the
promoter region, thereby activating the transcriptional expression
of SMARCA2. As a core component of the chromatin remodeling
complex, SMARCA2 can promote chromatin remodeling of
differentiation-related genes (e.g., thyroglobulin Tg, thyroid
peroxidase TPO, etc.), enhance the transcriptional accessibility of
these differentiation-related genes, and thus induce the
differentiation of thyroid carcinoma cells toward a mature
phenotype (36). However, whether vitamin D-VDR can act as an
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exogenous regulatory factor to affect the differentiation of thyroid
carcinoma by regulating histone modification, chromatin
remodeling, and other processes has not been confirmed by
relevant core studies, and further research is needed for further
guidance. In addition, vitamin D can also epigenetically regulate
microRNA (miRNA) expression, thereby interfering with the
transcription of tumor-associated genes. For example, studies
confirm vitamin D serves as a regulator of microRNA expression
and cancer stem cell biology, and that it has an inhibitory effect on
the growth and proliferation of cancer cells. The underlying
mechanisms include vitamin D-mediated upregulation of tumor-
suppressive microRNAs (e.g., miR-22, miR-34a, and let-7) and
downregulation of oncogenic microRNAs (e.g., miR-21 and miR-
155), thereby enhancing the expression of tumor suppressor genes
(such as PTEN) and pro-apoptotic factors to inhibit pro-
tumorigenic signaling pathways, and blocking the growth and
proliferation of cancer cells at the gene transcription level (7, 37).
Additionally, vitamin D can also target and inhibit cancer stem
cells, attenuating the stemness characteristics of tumor cells. For
instance, the vitamin D-VDR signaling pathway can exert an anti-
tumor effect by regulating the expression of stemness-associated
genes such as Oct4, Nanog, and Sox2 (38), and interfering with
signaling pathways including Wnt/f-catenin, AKT/ERK, Notch,
and Hedgehog to target and inhibit the proliferation of cancer stem
cells (39).
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4.1.3 Metastasis suppression

Vitamin D-activated VDR can alter the chromatin status of
epithelial-mesenchymal transition (EMT)-related genes by
recruiting chromatin remodeling complexes. For example, on the
one hand, it inhibits the expression of EMT-inducing factors such
as Snail, Slug, and Twist (36); on the other hand, it promotes the
expression of EMT-suppressing factors such as E-cadherin and ZO-
1, maintaining epithelial cell polarity and intercellular junctions
(40). In vitro studies have confirmed that vitamin D treatment can
significantly inhibit the expression of Snail, induce the expression of
E-cadherin, and reduce cell migration and invasion in the human
follicular thyroid carcinoma (FTC) cell line FTC-133 (41, 42).
Furthermore, through the PTEN/PI3 kinase pathway, vitamin D
enhances fibronectin expression and reverses the cadherin switch
(epithelial-mesenchymal transition, EMT), strengthening
intercellular junctions and consequently reducing cancer cell
invasion and metastasis. As a key tumor suppressor, PTEN
antagonizes the lipid kinase activity of PI3K, thereby suppressing
AKT expression. The downregulation of AKT leads to reduced
expression of EMT transcription factors, which in turn inhibits
mesenchymal marker expression while promoting epithelial marker
expression. This strengthens epithelial cell adhesion and stabilizes
the basement membrane structure, ultimately suppressing cancer
cell invasion and metastasis (43, 44).

4.1.4 Anti-tumor inflammation modulation

Vitamin D has also been shown to inhibit pro-tumor
inflammation by reducing the inflammation mediators such as
cytokines TNF-o and IL-6. Studies have found that NF-xB is a
core signaling pathway for pro-inflammatory factors, promoting
the expression of cytokines like TNF-o. and IL-6. Vitamin D can
inhibit IkB kinase (IKK), prevent the degradation of IxB, and
thereby downregulate NF-kB levels, reducing the expression of
pro-inflammatory factors. Additionally, research indicates that
vitamin D can suppress JAK1/STAT3 phosphorylation,
diminishing IL-6-mediated signaling pathways and consequently
blocking pro-tumor inflammatory responses. Furthermore, it can
downregulate the activity of p38 and JNK, influencing the MAPK
signaling pathway to reduce TNF-a-induced inflammatory
responses, thereby achieving an anti-tumor effect (45, 46).

All the above mechanisms demonstrate that elevated serum
vitamin D concentration exerts an inhibitory effect on the
occurrence and development of thyroid cancer, and previous
studies have indicated that this inhibitory effect is closely
associated with the expression of VDR. Numerous studies have
indicated that compared with normal thyroid tissues and benign
thyroid diseases, the expression levels of VDR protein and mRNA
are decreased in papillary thyroid carcinoma (PTC). A basic study
conducted by Pang et al., which investigated the functional effects of
VDR knockdown on PTC from three aspects—cell proliferation,
apoptosis, and invasion—found that in vitamin D-treated cells,
compared with the control group, the mRNA expression levels of
Wnt3 and CTNNBI in the VDR knockdown group were
significantly increased. This indicated that vitamin D inhibits this
pathway via VDR, whereas VDR knockdown activates the pathway

Frontiers in Immunology

10.3389/fimmu.2026.1748648

(47). This study clarified the key mediating role of VDR in vitamin
D-regulated PTC progression; however, it still has limitations. For
instance, it only explored the role of VDR knockdown in vitamin D-
treated PTC cells, so numerous additional experiments are required
to improve and validate these findings. However, a study conducted
by Zhang et al. drew an opposite conclusion. An analysis of VDR
and vitamin D levels in 156 patients with thyroid diseases revealed
that VDR was highly expressed in PTC tissues (65.4%), and vitamin
D induced apoptosis of PTC cell lines in a dose-dependent manner
(48). The reason why the VDR expression level is inconsistent with
the conclusions mentioned above may be related to the single
source of samples, small sample size and the lack of animal
experiment verification in this study. Furthermore, clinical studies
have revealed that decreased VDR protein and mRNA expression in
PTC is related to low serum vitamin D levels (49). In contrast,
reduction of 25(OH)D levels in serum might elevate the likelihood
of developing thyroid cancer, leading to the conclusion that vitamin
D deficiency as well as low expression of VDR in human cells may
represent risk factors for the development of thyroid cancer. For
example, a number of clinical investigations have shown that
pharmacological doses of 1,25(OH),D or its analogs can suppress
thyroid cancer growth in patients (26). In the context of gene
expression, vitamin D inhibits the proliferation of thyroid cancer
cells by suppressing the expression activity of gene pathways
involved in cell growth and survival. For example, 1,25-(OH)2D3
can inhibit the activity of papillary thyroid cancer cell line TPC-1
and promote apoptosis of cancer cells, potentially through
suppression of the Ras-MEK-ERK signaling pathway. This
inhibition may, in turn, reduce cell proliferation and modulate
the expression of apoptosis-related proteins (50). Additionally,
vitamin D can influence the risk and progression of thyroid
cancer by modulating gene transcription. For example, vitamin D
regulates the transcription of target genes by binding to the VDR
(51). This receptor binds to vitamin D response elements (VDREs)
on target genes through its DNA-binding domain, thereby exerting
transcriptional regulatory effects (52). Furthermore, after binding to
intracellular VDR, 1,25-(OH)2D3 induces conformational changes
in VDR, which then forms a heterodimer complex with the retinoid
X receptor (RXR). This complex subsequently regulates the
transcription of downstream genes, thereby modulating cell
proliferation, differentiation, apoptosis, and immune function
(53). In the field of nutrigenomics, Single nucleotide
polymorphisms (SNPs), as the most widespread form of genetic
variation in the genome, can fine-tune the structure and function of
gene-encoded products. This subsequently influences an
individual’s metabolic efficiency of vitamins and signaling activity,
thereby determining susceptibility to thyroid cancer and shaping
the characteristics of disease progression. For example, the
authoritative review (54) notes that VDR, as the core
transcription factor mediating the biological functions of vitamin
D, harbors multiple functional SNP loci in its gene. Among these,
FokI (rs2228570), Taql (rs731236), and Bsml (rs1544410) are the
most extensively studied sites (55). Variants at these SNP loci can
alter receptor activity, thereby affecting the efficiency of vitamin D
signaling, and are closely associated with the prognosis of thyroid
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cancer. A study focusing on six vitamin D - related genes (VDR,
CYP2R1, CYP24A1, CYP27B1, DHCR7, and CUBN) demonstrated
that the regulatory functions of vitamin D and its associated genetic
pathways are influenced by their metabolic enzymes, thereby
exerting potential roles in inhibiting the occurrence and
progression of thyroid cancer (56). For example, in the vitamin D
metabolic pathway, SNP variations in 1ai-hydroxylase (CYP27B1)
and 24-hydroxylase (CYP24A1) directly regulate the activation and
inactivation efficiency of vitamin D, forming key nodes of gene-
vitamin interactions, thereby affecting tumor progression. For
instance, CYP27B1 can promote vitamin D activation and inhibit
the proliferation of thyroid carcinoma stem cells; whereas
CYP24A1, by inactivating vitamin D, attenuates its anti-tumor
effects and promotes tumor progression (57). Furthermore,
further studies have indicated that the transcriptional regulatory
function of vitamin D is also affected by genetic polymorphisms.
For example, genetic studies have demonstrated that
polymorphisms in VDR gene SNP loci (e.g., Fokl, Taql, Bsml,
etc.) are closely associated with the invasiveness of thyroid cancer.
Patients carrying the Fokl FF genotype are more prone to
developing thyroid cancer with higher malignancy and lymph
node metastasis (58), while the Taql TT genotype is correlated
with larger tumor volume, distant metastasis, and poorer survival
rates (59). These variations may exert effects by altering the ligand-
binding affinity, transcriptional activity, or post-translational
modification status of VDR, thereby regulating the vitamin D
signaling pathway. From an immunological perspective, CXCL8
and CCL2 are two chemokines secreted by thyroid tumor cells, and
these chemokines exert a variety of pro-tumorigenic effects,
including increased metastatic potential. Recent studies have
demonstrated that vitamin D treatment significantly reduces
metastasis potential of thyroid cancer cells. This effect is
attributed, in part, to vitamin D’s ability to inhibit the secretion
of CCL2 in various thyroid cancer cell lines and CXCL8 specifically
in TPC-1 cells (60).

Meanwhile, the active form of vitamin D (calcitriol) also exerts
its anti-cancer effects by binding to VDR. Several studies have
elucidated the anti-tumor mechanisms of calcitriol. For instance,
calcitriol upregulates the expression of cyclin-dependent kinase
inhibitors (CDKIs), which has a significant inhibitory effect on
cell proliferation (7). Additionally, calcitriol can negatively regulate
cell growth and proliferation by influencing microRNA expression
(46). Furthermore, calcitriol promotes tumor cell apoptosis by
inducing the expression of cysteine-aspartic proteases (caspases)
alongside other pro-apoptotic proteins (BAX, BAK, and BAD) (8).
In summary, vitamin D levels are closely related to the occurrence
and development of thyroid cancer, and this correlation may be
achieved through VDR-mediated epigenomic and transcriptional
regulation. The main core mechanisms include inhibiting cell
proliferation, inducing cancer cell apoptosis, and suppressing
cancer cell invasion. Therefore, vitamin D supplements may serve
as a preventive strategy for thyroid cancer in the future, which can
not only inhibit the occurrence of the disease but also suppress
its progression.
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4.2 Correlation between vitamin D and
thyroid autoimmune disorders

The importance of vitamin D in biological functions is
emphasized by the fact that VDRs are present in various tissues
of the body and have expression in numerous cells, such as muscle
cells, intestinal epithelial cells, kidney cells, and immune cells (61).
The widespread expression of VDR in a variety of immune cells,
including monocytes/macrophages, dendritic cells, as well as B and
T cells (62) suggests vitamin D plays some key roles in the
regulation of the innate and adaptive immune systems. Vitamin
D has been found to play a crucial role as a mediator in the innate
immune response. For instance, vitamin D promotes the
transformation of monocytes into macrophages, consequently
enhancing the chemotactic ability and phagocytic activity of
innate immune cells. In contrast, in adaptive immunity, vitamin
D promotes autoantigen tolerance by inhibiting the differentiation
and maturation of dendritic cells (DCs) in lymph nodes and
preserving the immature phenotype (63). It suppresses T-cell
proliferation, including the proliferation of Thl cells and the
production of cytokines (IL-2 and interferon-y) as well as Th17-
derived cytokines (IL-17 and IL-21), while promoting the
production of anti-inflammatory Th2 cytokines (IL-3, IL-4, IL-5,
and IL-10). This leads to a shift from Thl and Th17 phenotypes
toward a Th2 phenotype (64-66). Additionally, in terms of immune
regulation, vitamin D promotes the development of regulatory T
cells (Tregs) by influencing DCs and directly targeting T cells,
thereby blocking Th1 differentiation (5, 67). Specifically, vitamin D
can inhibit the activity of pro-inflammatory immune cells (Th1 and
Th17 cells) via the VDR/RXR signaling pathway, promote the
generation of regulatory T cells (Tregs), and reduce the
production of thyroid-targeting autoantibodies (e.g., TPO-Ab and
TG-Ab), thereby maintaining immune tolerance of the immune
system to thyroid tissue (68-70). Meanwhile, in terms of B-
lymphocyte regulation, vitamin D can affect B-cell homeostasis by
inhibiting follicular helper T cells and thereby affecting B-cell
homeostasis. For instance, it suppresses the activation and
proliferation of naive B cells, triggers B cell programmed cell
death, and hinders the transformation of B cells into plasma cells
as well as the synthesis of immunoglobulins (71).

Therefore, a deficiency in vitamin D can damage the integrity of
the immune system, leading to inappropriate immune responses
and thereby contributing to the development of autoimmune
thyroid diseases (19, 67, 72, 73). Current research suggests that
vitamin D may regulate various immune mechanisms to control
autoimmunity and improve thyroid function, as illustrated in
Figure 2. For example, vitamin D been proposed to contribute to
the suppression of the immune process of HT (74). This study
described several aspects of vitamin D inhibition on HT immune
responses: I. Vitamin D attaches to the VDR located on the surface
of DCs and inhibits DC - mediated T - cell activation. This
suppression results in a decrease in the synthesis of pro -
inflammatory cytokines, including interleukin - 2 (IL - 2),
interleukin - 5 (IL - 5), and interleukin - 17 (IL - 17), and
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A schematic diagram showing the immunosuppressive effect of vitamin D in autoimmune thyroid diseases. Vitamin D exerts an immunosuppressive
effect on Hashimoto's thyroiditis (HT) by preventing dendritic cell (DC)-dependent T cell activation, downregulating the expression level of HLA class
Il genes in the thyroid, inhibiting B cell activity, and restoring the Th17/Treg balance.

diminishes the cytokine - driven immune reactions (75). II. Vitamin
D suppresses lymphocyte proliferation, differentiation, and the
secretion of pro-inflammatory cytokines by downregulating the
expression of HLA class II genes in the thyroid, thereby
inhibiting immune-inflammatory reactions. III. Vitamin D can
reduce the proliferation and differentiation of B cells into plasma
cells, thereby suppressing the excessive secretion of
immunoglobulins such as IgG and IgE (76), ultimately mitigating
damage to thyroid cells. VL. Vitamin D inhibits the proliferation
and differentiation of Th17 cells, and reduces the release of pro-
inflammatory cytokines (IL-17 and IL-21) which are derived from
Th17 cells. Simultaneously, vitamin D promotes the differentiation
of Treg cells, and restores the balance of the Th17/Treg cell ratio,
thereby decreasing the occurrence of Th17 cell-induced
inflammation of the thyroid gland (77).

Immunosuppressive Effects of Vitamin D on Graves’ Disease
(GD) through multiple mechanisms, including the suppressing B
cells and autoantibody production, as well as the inhibiting pro-
inflammatory cytokine secretion. Similarly, vitamin D also
suppresses the onset and progression of GD by modulating T and
B lymphocytes and regulating their immune response. For instance,
Th lymphocytes can be divided into two subsets: Th1 and Th2 (78).
Thl lymphocytes secrete IFN-y and IL-2, which are closely
associated with cell-mediated immune responses, whereas Th2
lymphocytes produce IL-4 and IL-5, which are linked to humoral
immune responses (79). Among these, Thl-mediated cellular
immunity plays a predominant role in the immunopathogenesis
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of GD (80). Therefore, vitamin D can mitigate autoimmune-
mediated damage to the thyroid gland by inhibiting Th1 cell
differentiation and regulating the secretion of cytokines such as
IFN-yand IL-2 (81, 82). Additionally, GD is directly associated with
B lymphocytes, as its specific autoantibody, TRAD, is produced by B
cells during autoimmune response. Thus, in the immune system,
vitamin D may reduce the production of TRAb by inhibiting the
proliferation and differentiation of B cells into plasma cells, thereby
alleviating thyroid gland irritation and damage (71). In summary,
vitamin D may attenuate the evolution of GD by downregulating
Thl and B lymphocytes.

4.3 The impact of vitamin D on thyroid
disorders through gut microbiota
modulation

To investigate the relationship between vitamin D and thyroid
diseases, some groups have explored the interactions among
vitamin D, gut microbiota, and thyroid diseases from the
perspective of the gut-endocrine-thyroid axis, as illustrated in
Figure 3. Gut bacteria play a role in the synthesis of vitamins
(vitamin K, folate, vitamin B, and vitamin D) (83, 84), the digestion
of dietary fiber, and the regulation of immune responses (85).
Additionally, research has found that gut microbiota can
determine the function of the immune system (86). For example,
a meta-analysis examining the association between autoimmune
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FIGURE 3
Schematic illustration showing the effects of vitamin D on the thyroid-endocrine-gut axis.

thyroid disease (AITD) and the gut microbiota included eight
studies comprising a total of 196 AITD patients and 160 healthy
controls. The results indicated that the abundance of beneficial
bacteria was significantly reduced, whereas the abundance of
harmful bacteria and certain commensal bacteria was increased.
Moreover, specific microbial taxa were significantly correlated with
thyroid autoantibodies, including TPOAb and TRAb. The
overgrowth of certain bacteria caused by dysbiosis disrupts
immune homeostasis by promoting excessive activation of
inflammasomes and reducing immune tolerance. It also damages
the intestinal mucosa, increases intestinal permeability, and
reintroduces antigens, thereby triggering local inflammation and
promoting the occurrence of AITD (87). However, this study has
certain limitations, such as a small number of included studies and a
lack of support from multi-center and large-sample data. In
addition to affecting the immune system, gut microbiota also
plays a critical role in the progression of thyroid diseases by
regulating thyroid function through the absorption of thyroid-
related micronutrients (88). For instance, reduced richness and
diversity of gut microbiota can impair the uptake of thyroid-related
minerals (such as iodine and iron). A common consequence of this
impairment is poor iodine absorption, which may lead to goiter,
thyroid nodules, or even thyroid cancer (89). Similarly, iron
deficiency may disrupt thyroid hormone synthesis, storage, and
secretion, which increases thyrotropin (TSH) secretion and causes
thyroid enlargement (90, 91). Moreover, microbiota can influence
TSH secretion via the hypothalamic-pituitary axis (92). For
example, Zhao et al. conducted a gut microbiota study focusing
on hypothyroidism patients. Using a two-cohort design involving
discovery and validation phases, they performed 16S rRNA gene
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sequencing to characterize the gut microbiota in 50 patients with
HT and 27 healthy controls. The results demonstrated that HT
patients presented with significant gut microbiota dysbiosis, and the
gut microbial composition was closely correlated with core clinical
parameters of HT, including TPO-Ab and TG-Ab. Similarly, Ishak
et al. conducted qualitative and quantitative analyses of the gut
microbiota in 29 patients with HT and 12 healthy controls. Their
findings indicated that HT patients exhibited marked gut
microbiota dysbiosis, and such alterations in microbial
composition might contribute to the pathogenesis of HT via
mechanisms including immune modulation and intestinal barrier
disruption (93, 94). Despite the relatively small sample sizes in the
two aforementioned studies, both adopted a study design
incorporating discovery and validation cohorts and yielded
consistent conclusions.

Furthermore, Yu et al. characterized the gut microbiota in 90
thyroid carcinoma (TC) patients and 90 healthy controls (HC)
using 16S rRNA gene sequencing. Their analyses revealed that TC
patients exhibited decreased gut microbial abundance and diversity,
along with reduced levels of short-chain fatty acid (SCFA)-
producing bacteria, such as Trichosporon and Butyricicoccus
(95). In an animal study conducted by Ooi et al.,, vitamin D was
found to maintain intestinal homeostasis by regulating the
composition of gut microbiota. Vitamin D deficiency, by contrast,
induces gut dysbiosis and increases susceptibility to colitis (96).
Similarly, a systematic review has confirmed the association
between vitamin D deficiency and gut dysbiosis from both animal
and human experimental perspectives. Specifically, one of the
included interventional studies demonstrated that vitamin D
supplementation can alter the composition of gut microbiota and
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promote an increase in the abundance of beneficial bacteria (97).
Collectively, these lines of evidences suggest that vitamin D may
modulate the composition of gut microbiota by maintaining
intestinal homeostasis, thereby enriching beneficial bacteria (e.g.,
enhancing the diversity and abundance of gut microbiota) and
reducing the risk of thyroid cancer. Consequently, vitamin D
deficiency could lead to dysbiosis of the intestinal flora, which
may inhibit the sodium-iodide symporter (NIS), impairing
thyroidal iodine uptake and weakening immune function. This
disruption may contribute to thyroid dysfunction, such as AITD
and thyroid cancer (98). Additionally, vitamin D helps maintain the
integrity of intestinal tight junctions (TJ) (99). For example, Kong
et al. demonstrated an increase in intestinal mucosal damage in
animal model mice after knocking out the vitamin D receptor gene,
suggesting a protective effect of vitamin D on the intestinal mucosa
(100). Whereas the disruption of tight junctions (TJs) causes
pathogens to translocate to neighboring mesenteric lymph nodes
and promotes inflammation and autoimmunity, the main cytokines
involved in the inflammatory process are TNF-o. and INF-v, which
may also be relevant factors involved in the pathogenesis of thyroid
autoimmune disorders, such as HT, GD, and others (101-103). In
summary, a robust thyroid-endocrine-gut axis exists in the human
body, where gut microbiota is strongly correlated with thyroid
function. Moreover, the homeostasis of gut microbiota has been
confirmed to be regulated by vitamin D, which can reduce the
incidence of autoimmune thyroid diseases and thyroid cancer
through multiple mechanisms such as increasing the abundance
of beneficial microbiota and protecting the mucosal barrier.

5 Clinical applications of vitamin D
supplementation in thyroid disorders

The influence of vitamin D on the development and progression
of thyroid cancer is well documented. A clinical study involving 235
patients with papillary thyroid carcinoma (PTC) and 108 healthy
controls demonstrated that, compared with the healthy control
group, 166 out of the 235 thyroid carcinoma patients had
significantly decreased serum levels of 25-hydroxyvitamin D
(104). Furthermore, in another clinical study enrolling 548
patients with PTC, preoperative serum levels of 25-
hydroxyvitamin D were also found to be significantly lower in
patients with tumor diameter >1 cm and/or tumor metastasis (105).
Correspondingly, a prospective cohort study revealed significantly
lower serum levels of 25-hydroxyvitamin D in patients with PTC
compared with healthy controls, based on a direct comparison of
serum vitamin D concentrations between the two groups (106). In
contrast, in a study involving 100 patients who underwent total
thyroidectomy found that patients with vitamin D deficiency during
the perioperative period were more likely to have thyroid
malignancies in their postoperative histopathological evaluations
(107). Moreover, numerous studies have also demonstrated low
levels of serum 25(OH)D, as well as a reduction in its conversion to
1,25(0H)2D3 function, increase the risk of thyroid malignancy
(108). However, the results across studies remain highly
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controversial. Some studies have reported no significant difference
or no association in serum 25-hydroxyvitamin D levels when
comparing experimental and control groups (108-111). But, these
studies are not without limitations—for example, marked age
disparities between the control and case groups, as well as an
uneven distribution of disease subtypes—which may render their
results susceptible to confounding bias. Thus, based on
aforementioned research, vitamin D deficiency and decreased
circulating osteotriol are associated with the development and
progression of thyroid cancer (Table 1). Therefore, it appears
reasonable to consider vitamin D supplementation as a cancer
preventive strategy, both for reducing the risk of disease onset
and as a secondary chemopreventive measure to inhibit disease
progression (112). From the perspective of nutrigenomics, vitamin
D acts as a key epigenetic regulator that mediates nutriment-gene
interactions by modulating the epigenetic status of thyroid cancer-
related genes, thereby achieving dynamic regulation of
tumorigenesis and progression (113, 114). For instance,
accumulating evidence indicate (115, 116) that DNA methylation
represents a crucial epigenetic mechanism through which vitamin
D modulates the expression of thyroid cancer-associated genes.
Chronic vitamin D deficiency can upregulate the activity of DNA
methyltransferases (DNMTs), thereby inducing hypermethylation
in the promoter regions of VDR target genes (e.g., E-cadherin). This
hypermethylation event suppresses gene transcription, ultimately
leading to the undifferentiated state of tumor cells with potent
oncogenic potential. Conversely, adequate vitamin D intake inhibits
DNMTs activity, reduces the methylation levels of tumor
suppressor genes, restores their transcriptional expression, and
facilitates cellular differentiation. These findings highlight the
critical role of early vitamin D intervention in the prevention of
thyroid cancer. For example, according to a recent meta-analysis, it
suggests that increasing serum 25(OH)D concentrations through
supplementation may help reduce cancer-related mortality (117).
Consistent with these findings, a zoological study (118) also
demonstrated that vitamin D supplementation reduced tumor
growth rate, diminished tumor size, and inhibited tumor
progression. In this mouse model study, the animals were divided
into two groups: one group received vitamin D supplementation,
while the other did not. The results showed that tumor growth was
significantly slower in the vitamin D-supplemented group
compared with the control group. The underlying mechanism is
thought to involve vitamin D supplementation regulating cellular
signaling pathways, promoting apoptosis, and inhibiting
angiogenesis—effects that restrict the blood supply to tumors,
thereby suppressing cancer cell growth and gradually reducing
tumor volume. However, the efficacy of vitamin D
supplementation is contingent upon dosage and treatment timing.
To translate these preclinical findings into cancer prevention and
treatment strategies for humans, extensive further research and
well-designed clinical trials are required to validate its potential and
safety (119, 120). Therefore, when determining the optimal clinical
dosage of vitamin D for the chemoprevention of thyroid cancer, it is
imperative to incorporate nutrigenomics-based precision medicine
approaches and tailor therapeutic regimens according to individual
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TABLE 1 Clinical research summarization of thyroid cancer and vitamin D levels.

Vitamin D levels

. . . Article
Research subject Predetermined  Experimental Conclusions and findings source
thresholds results
The median and
70 patients with thyroid cancer 25(0OH)D< 30 ng/mL the range are 17.5
(5.9-22.7ng/mL)
Th i ith th i in the health; 1 h
60 patients with benign thyroid e median and Compared W'lt t e.patlent.s in the 'eat y control group and the
nodules 25(0OH)D< 30 ng/mL the range are 18.7 group of patients with benign thyroid nodules, the serum 25(OH)D (106)
ul
(16.0-23.8 ng/mL) level of patients with thyroid cancer was significantly lower.
The median and
in the health 1
60 cases In the healthy contro 25(0OH)D< 30 ng/mL the range are 19.9
rou
group (16.1-22.4 ng/mL)
147 patients with differentiated 25(0OH)D
thyroid cancer (114 cases of deficiency was
papillary thyroid carcinoma 25(0H)D<20ng/mL observed in 69 PTC | Among patients with PTC and FTC, the proportions of those with 25
(PTC) and 33 cases of follicular patients and 22 (OH)D deficiency or insufficiency (< 20 ng/mL) were 66.7% and 60.5%
thyroid carcinoma (FTC)) FTC patients. respectively, while in the control group, it was 57.9%. In contrast, there (109)
was no significant difference in the 25(OH)D concentration between
25(0H)D the patients and the healthy controls.
57 healthy control subjects(HC) 25(0OH)D<20ng/mL deficiency was
found in 33 cases.
25(0H)D
227 patients with thyroid cancer | 25(0H)D< 30 ng/mL deﬁcier.lcy was The proportions of 25(OH)D deficiency in patients with thyroid cancer
found in 192 cases. and the control group were 84.58% and 88.46% respectively. There was (108)
25(0H)D no significant difference in the 25(OH)D levels between the patients
104 cases in the healthy control 25(0H)D< 30 ng/mL | deficiency was with thyroid cancer and the control subjects.
group .
found in 92 cases.
12 patients with vitamin D 25 (OH) D<37.5 31°asézwere
deficiency (VDD) nmol/L yrot The malignancy rates in the VDD group and the VDS group were 75%
malignancies o .
and 37.5%, respectively. (107)
33 cases were With a p - value of 0.03, it indicates that thyroid cancer is more
88 patients with sufficient 25 (OH) D>37.5 thyroid common in patients with 25(OH)D deficiency.
vitamin D (VDS) nmol/L yroid
malignancies
25(0H)D
235 patients with thyroid cancer | 25 (OH) D<20 ng/mL deﬁciex.lcy was The level of 25(OH)D was significantly decreased in 70.6% of patients
found in 166 cases. with thyroid cancer, while 59.3% of the patients in the control group (104)
25(0H)D had 25(OH)D deficiency. The statistical result of p = 0.026 indicates
1 in the health trol i i
08 cases in the healthy contro 25 (OH) D<20 ng/mL | deficiency was that the data is meaningful.
group .
found in 64 cases.
25(0OH)D
53 patients with thyroid cancer 25(0H)D< 30 ng/mL | deficiency was
found in 33 cases. The proportions of 25(OH)D deficiency in patients with thyroid cancer
and the control group were 62.26% and 68.81% respectively. There was (110)
25(0H)D no significant difference in the 25(OH)D levels between the patients
5133 cases in the healthy control 25(0H)D< 30 ng/mL deﬁcier.lcy was with thyroid cancer and the control subjects.
group found in 3532
cases.
25(0H)D
85 patients with thyroid cancer 25(0H)D< 20 ng/ml deﬁcier.lcy was The proportions of 25(OH)D deficiency in patients with thyroid cancer
found in 30 cases. and the control group were 35.3% and 29.4% respectively. There was (111
25(0H)D no significant difference in the 25(OH)D levels between the patients
850caS€S in the healthy control 25(0H)D< 20 ng/ml deficiency was with thyroid cancer and the control subjects.
rou
group found in 25 cases.

patient responses. Precision medicine aims to customize prevention  interventions and biomarker-guided personalized therapies (121).

and treatment strategies based on individual variability in genetics, = However, extensive observational studies and controlled clinical
environment, and lifestyle. Its integration with vitamin D trials are required to evaluate the optimal individualized anticancer

nutritional interventions is reflected in etiology-specific  efficacy of vitamin D analogs across distinct etiological mechanisms
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and specific biomarkers. A study focusing on vitamin D-mediated
interventions for disease prevention and treatment under the
framework of precision medicine emphasized the need for
individualized therapeutic regimens tailored to the specific
etiologies or pathophysiological pathways of different cancer types
(119). For instance, in prostate cancer, vitamin D deﬁciency
promotes P-catenin-mediated epithelial-mesenchymal transition
(EMT), thereby enhancing tumor invasiveness. To target this
specific pathogenic mechanism, high-dose vitamin D3 (40,000 IU/
day) can inhibit the Wnt/B-catenin pathway and reduce tumor
invasiveness, but this therapeutic effect is only observed in patients
with the wild-type VDR gene. In contrast, carriers of the VDR FokI
polymorphism require combined treatment with CYP24Al
inhibitors to prevent the metabolic inactivation of vitamin D.
This underscores the intervention logic of integrating etiological
mechanisms with genotypic profiles (122, 123). Additionally, in
colorectal cancer, targeting the etiology of inflammation-driven
intestinal epithelial carcinogenesis, vitamin D supplementation
exerts a risk-reduction effect in Asian populations by inhibiting
the NF-xB pathway. Notably, this preventive effect is more
pronounced in proximal colon cancer, where inflammation-
driven characteristics are more prominent, than in distal colon
cancer, which exemplifies the specificity of interventions based on
both etiological mechanisms and lesion locations (119). However,
whether these pathogenic mechanisms are also operative in thyroid
cancer remains an open research question. Secondly, for biomarker-
guided personalized dosing strategies, VDR expression levels and
serum 25(OH)D serve as core predictive biomarkers for treatment
efficacy in the field of cancer. For instance, in oral cancer patients
with high VDR expression, calcitriol supplementation reduces the
risk of tumor recurrence. In contrast, those with low VDR
expression require combination with chemotherapy to enhance
treatment efficacy (124). In colorectal cancer patients, higher 25
(OH)D levels correlate with lower cancer incidence and mortality
rates. Specifically, each 20 nmol/L increase in serum 25(OH)D is
associated with a 12% reduction in colorectal disease-specific
mortality and a 7% reduction in all-cause mortality (125).
Therefore, accumulating evidence indicates that maintaining
serum 25(OH)D levels within the range of 75-100 nmol/L
maximizes the risk reduction for colorectal cancer (126). Based
on this, a stepwise dosing regimen guided by baseline 25(OH)D
levels has been clinically established: for patients with vitamin D
deficiency (<20 ng/mL), an initial dose of 50,000 IU/week is
administered for 8 weeks, followed by a maintenance dose of
1,000-2,000 IU/day; for those with insufficiency (21-29 ng/mL), a
daily dose of 1,000-2,000 IU is given directly; for those with
sufficiency (=30 ng/mL), routine supplementation is unnecessary.
This strategy enables approximately 90% of patients to reach the
target level (=30 ng/mL) within 6 months, with an adverse reaction
rate of less than 1%, fully demonstrating the clinical value of
biomarker-guided precision dosing in improving efficacy and
ensuring safety (119, 127).

In addition, vitamin D supplementation has been found to have a
potential positive effect on thyroid function. Research in this area has
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been focused primarily in patients with autoimmune thyroid disease,
with multiple clinical studies reporting low vitamin D levels in
individuals affected by these disorders. These findings suggest a
possible link between vitamin D insufficiency and thyroid
autoimmunity (Table 2). Earlier studies have demonstrated a
significantly higher incidence of AT (Autoimmune Thyroid disease)
in patients with vitamin D deficiency, likely due to the association
between reduced vitamin D levels and elevated thyroid-stimulating
antibodies (TSAD), as well as goiter formation (128-132) (Table 2).
Numerous researches have reported a significant inverse correlation
between antithyroid peroxidase antibodies (TPOADb), antithyroglobulin
antibodies (TgAb), and serum 25-hydroxyvitamin D (133) (Table 3)
(134, 135). Notably, individuals with vitamin D deficiency exhibit a
higher prevalence of positive TPOAD titers. Moreover, a study has
found that after 12 months of vitamin D supplement, participants who
received the supplement had significantly lower levels of TPOAD,
TgAb, thyrotropin, thyroid hormone, and thyroglobulin in their
serum (136), and a notable decrease in the dimensions of both
thyroid lobes (137) (Table 4) (136, 138-140). Therefore, short-term
high-dose oral vitamin D supplementation has been shown to reduce
TPOAD and TgAb titers, suggesting its potential as a novel approach to
improving thyroid function. However, there are currently no universal
guidelines for vitamin D supplementation in patients with thyroid
disorders. Moreover, significant variations exist in the dosage and
treatment duration across different research cohorts, resulting in a lack
of unified reference standards for clinical practice (141). For instance,
study designs vary significantly in vitamin D dosage and intervention
duration, impeding cross-study comparisons. Moreover, marked
interindividual differences exist among participants of different ages
and regional origins, contributing to the heterogeneity of experimental
results (142). This heterogeneity is not only attributable to the diversity
of study designs, but also linked to factors such as thyroid disease
subtypes, comorbidities, and physical constitution, which significantly
impairs the reliability of therapeutic evidence and its value for clinical
translation. Furthermore, VDR expression in individuals is modulated
by genetic and environmental factors. Thus, it is hypothesized that
genetic variations in the VDR gene may lead to differential responses to
vitamin D supplementation. A study investigating the effects of VDR
gene polymorphisms indicated that the variant allele of VDR Taql
polymorphism and the FF genotype of VDR Fokl polymorphism are
associated with better responses to vitamin D supplementation,
whereas the VDR Bsml and Apal polymorphisms show no
correlation with such responses (143). However, this study has
certain limitations, mainly true genetic heterogeneity between
different samples and incomplete data in genetic association research.
Clinically, long-term excessive vitamin D supplementation may trigger
a series of adverse reactions. Moreover, owing to metabolic disorders,
patients with thyroid diseases are more susceptible to such toxicity, and
excessive vitamin D intake elevates the risk of hypercalcemic toxicity.
Therefore, the safety of vitamin D supplementation therapy deserves
particular attention, and future researchers need to conduct large-
sample, multicenter prospective cohort studies to define the safe dosage
range of vitamin D supplementation for patients with different types of
thyroid diseases.
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TABLE 2 Clinical research summarization on the relationship between autoimmune thyroid diseases and vitamin D levels.

Vitamin D levels

Research Conclusions and findings Article
subject Predetermined  Experimental g source
thresholds results
161 patient 25(OH)D
i I:l uT 25(0OH) D< 30 ng/mL deficiency was
wit found in 148 cases. The proportions of 25(OH)D deficiency in patients with HT and the control group were
92% and 63% respectively. The P-value in statistics was less than 0.0001, indicating that (128)
162 cases in 25(0H)D the proportion of patients with vitamin D deficiency was higher among those with HT.
the healthy 25(0OH) D< 30 ng/mL deficiency was
control group found in 102 cases.
25(0OH)D 33 patient had
fici .
dfe e | 25(0H) D< 20 ng/mL ﬂ:“t"_l;nzune
ound In yroid disease The prevalence rates of AITD among patients with vitamin D deficiency and those with
Cases. AITD. sufficient vitamin D levels were 28% and 8% respectively. With a statistical p-value of (129)
25(0H)D 5 patient had 0.002, it was found that the incidence of AT was significantly higher in patients with
deficiency was 25(0H) D= 20 ng/mL. autoimmune vitamin D deficiency.
>20 n,
found in 52 8 thyroid disease
cases. AITD.
. 25(0OH)D
26 patients .
with GD 25(OH)D< 15 ng/ml deﬂcTency was Compared with the control group, the serum 25(OH)D level in patients with GD was
found in 17 cases. significantly lower. The prevalence of vitamin D deficiency in GD patients was 65.4%, (130)
46 cases in 25(0H)D while that in the control group was 32.4%. With a statistical P-value less than 0.05, it was
the healthy 25(0H)Dx< 15 ng/ml deficiency was found that the prevalence of vitamin D deficiency in GD patients was significantly higher.
control group found in 15 cases.
25(0OH)D
70 patient:
,p atients 25(OH)D<50nmol/L deficiency was
with GD .
found in 65 cases.
25(0H)D The proportion of vitamin D deficiency was 92.86% in patients with GD, 94.29% in
70 patient . patients with HT, and 77.14% in the control group. With a statistical P-value of 0.002, it
i 25(0OH)D<50nmol/L deficiency was L i L (131)
with HT found in 66 cases indicates that compared with the control group, the prevalence rates of vitamin D
uj .
deficiency in patients with GD and HT are significantly higher.
70 cases in 25(0OH)D
the healthy 25(OH)D<50nmol/L deficiency was
control group found in 54 cases.
) 25(0H)D
20 PRt 5 OH)D< 25 nmol/L | defici
with AITD < 2> nmo ¢ Cfency was The proportion of vitamin D deficiency is 72% among patients with AITD and 30.6% in
found in 36 cases. the control group. With a statistical P-value of less than 0.001, it indicates that compared (132)
98 cases in 25(0H)D with the control group, the prevalence of vitamin D deficiency in AITD patients is
the healthy 25(0OH)D< 25 nmol/L deficiency was significantly higher.
control group found in 30 cases.

TABLE 3 Clinical research summarization of the correlation between vitamin D levels and TPOAb and TgAb.

Positive

Positive

g'tlzvm;g for for Conclusions and findings ?(:ﬂfclz
TPOAb TgAb
25(0OH)
D<50nmol/ | 148 subjects | 166 subjects
L Compared with those with sufficient 25(OH)D levels, individuals with 25(OH)D deficiency had an increased
positive rate of TPOADb and TgADb, and the statistical P-values were both less than 0.05. This indicates that the (134)
25(0H) serum 25(OH)D concentration is negatively correlated with the titer of thyroid autoantibodies.
D>50nmol/ | 89 subjects 88 subjects
L
25(0H)D< ?he median T'he median Compared with AITD patients with sufficient vitamin D levels, patients in the vitamin D deficiency group had
is 170.91U/ is 40.41U/ L. . L. (135)
20 ng/ml il ml significantly higher positive levels of TgAb and TPOADb.
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TABLE 4 Summary of clinical studies on the supplementation of vitamin D and the levels of TPOAb and TgAb.

Vitamin D Target .
Research - Tt : o Article
. supplementation vitamin D TPOAb  TgAb Conclusions and findings
subject source
program level
After 12 months of vitamin D supplementation, the
11,017 Suppl t with 4000 TU d: 25(0OH
K uppement wi per day (OF) down down levels of TPOAb and TgAb in the participants (136)
subjects for 12 months D>100 nmol/L L
significantly decreased.
After fa hs of vitamin D 1 ion,
218 patient At a dosage of 1200 - 4000 IU 25(0H) fter four months of vitamin D supplementation
. . down down the levels of TPOAb and TgAb in the participants (138)
with HT per day for 4 consecutive months D>40ng/mL L.
significantly decreased.
At a d f 60,000 TU k . S
102 patient N da so(z)sjie © + dav. for per wee 25(OH)D>75 down ameasured After taking vitamin D supplements, the level of (139)
with AITD & . § per cay, for a nmol/L ow unmeasure TPOAD in the participants significantly decreased.
duration of 8 weeks
After the administration of vitamin D supplements,
46 patient At a d f 1000 IU d: 25(0H
K patien a dosage o per day (OH) down down the levels of TPOAb and TgAb in the participants (140)
with AITD for 1 month D>20ng/mL L
significantly decreased.

6 Conclusion and future perspectives

VDRs are widely distributed in most human tissues and cells.
Beyond its role in bone metabolism and calcium-phosphorus
homeostasis, vitamin D plays a significant role in autoimmune
diseases, cancer, and metabolic syndromes. In this review, we have
explored the association between vitamin D and thyroid disorders,
together with its underlying mechanisms of action. Additionally, we
analyzed the possible protective effects of vitamin D
supplementation on thyroid cancer and evaluated its impact on
thyroid function. Based on the analysis of the aforementioned
studies, vitamin D exerts a beneficial effect on thyroid cancer
progression by directly inhibiting the proliferation, invasion, and
metastasis of malignant thyroid cells through interactions involving
VDR-mediated signaling pathways, genetic regulation, epigenetic
modulation, and transcription factor regulation. Meanwhile,
vitamin D can also modulate the immune system and suppress

the immune response involved in thyroid autoimmune diseases,
thus reducing the disease incidence and improving the function of
the thyroid gland. Furthermore, vitamin D can indirectly inhibit the
incidence of thyroid autoimmune diseases and thyroid cancer by
regulating the homeostasis of intestinal flora through the thyroid-
endocrine-intestinal axis. (Table 5) Consequently, vitamin D
deficiency is increasingly recognized as a risk factor for a range of
thyroid diseases, including autoimmune thyroid disorders and
thyroid cancer.

The pleiotropic effects of vitamin D have been demonstrated in
numerous studies, providing evidence of its protective role against
thyroid carcinoma and the inhibitory effects of pharmacological
1,25(0H),D or its analogs on thyroid cancer cell proliferation.
Meanwhile, nearly all studies investigating the impact of vitamin D
supplementation on thyroid function have reported reduced levels
of anti-thyroid antibodies following vitamin D supplementation.
However, the limited number of published intervention studies in

TABLE 5 Summary table of molecular pathways, biomarkers, and vitamin D correlations in thyroid-related diseases.

Major related
molecular targets/
Pathways

Disease .
Biomarkers

category

Correlation with Vitamin D

—Receptors: VDR/RXR
heterodimer

—Signaling pathways: Wnt/p-
catenin, Ras-MEK-ERK, PTEN/
PI3K-AKT, NF-xB

—Cell cycle regulation: C-MYC,
p27

—Epigenetics: Histone
modification, DNA
methyltransferases (DNMTs),
miRNA expression (miR-34a,
let-7, etc.)

—Metastasis-related: EMT
regulators (E-cadherin, Snail,
Slug),CXCL8/CCL2 chemokines
—Metabolic enzymes: CYP27B1,
CYP24A1

—Serum biomarkers:
Decreased 25(OH)D level
—Genetic biomarkers:
VDR gene polymorphisms
(FokI, Taql, BsmlI)

— Cancer stem cell

Thyroid
Cancer (TC)

markers (Oct4, Nanog,
Sox2)

Vitamin D inhibits tumor cell proliferation, induces apoptosis, blocks metastasis
through VDR-mediated signaling pathways, and influences the development of
thyroid cancer by regulating epigenetic gene expression. Additionally, low vitamin D
levels are associated with an increased risk of thyroid cancer.
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TABLE 5 Continued

Major related
molecular targets/
Pathways

Disease ;
Biomarkers

category

10.3389/fimmu.2026.1748648

Correlation with Vitamin D

—Serum biomarkers:
D d 25(OH)D level
—Receptors: VDR/RXR ecrease _( D leve
heterodimer —Immune biomarkers:
i
Autoi I d TPOAD, TgAb, N . . . . S
Tll'll 01r.r(11mune —Immune regulatory pathways: ;I:::]j se § Vitamin D regulates the differentiation and function of immune cells, inhibits
TOi
'Y Th1/Th17/Treg/Th2 cell balance, autoantibodies, and alleviates thyroid autoimmune responses. Furthermore, vitamin
Diseases . —Imbalanced Th17/Treg . . . . . L
(AITDs) NF-xB inflammatory pathway ratio D deficiency is associated with an increased incidence of AITDs.
—Target cells: Dendritic cells Increased inflammato
—Increased inflammatory
DCs), B cells, T cell .
(DCs), B cells, T cells cytokines (TNF-a,, IL-6,
1L-17, IEN-y)
—Microbiota bi kers:
— Intestinal barrier regulation: jeroblota biomarkers
. L. . . Decreased abundance of
Intestinal Tight junction (T]) proteins . . o . . . . . . . .
L. ) beneficial bacteria, reduced | Vitamin D can regulate intestinal microbiota homeostasis, protect intestinal barrier
Microbiota- —Metabolic pathways: Short- . . L . . o . . . . .
. . . microbiota diversity integrity, and indirectly improve thyroid function through the thyroid-endocrine-
Related chain fatty acid (SCFA) synthesis . . . . . . . . N
Thyroid athwa —Serum biomarkers: 25 intestinal axis. Moreover, vitamin D deficiency may lead to intestinal microbiota
Y X p X Y X i (OH)D, T3/T4, TSH dysbiosis, which in turn induces thyroid diseases.
Dysfunction —Axis regulation: Thyroid- . .
Lo, . . —Increased intestinal
endocrine-intestinal axis .
permeability

this field has resulted in ongoing controversy surrounding the
preventive and therapeutic potential of vitamin D or its analogs
in thyroid diseases. To substantiate this view, numerous large-scale
multicenter studies are needed to evaluate the clinical impact of
vitamin D supplementation on thyroid disease. Furthermore, this
article also elaborates on interindividual differences in the
personalized treatment of nutritional vitamin D and highlights
strategies for translating precision medicine into clinical practice.
However, the optimal dosage of vitamin D supplements remains to
be determined, and further investigations via observational studies
and long-term follow-up randomized controlled trials are required
to fully validate its potential for precision therapy in
thyroid diseases.
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