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Thyroid hormones and essential elements iodine (I), selenium (Se), iron (Fe), copper (Cu), zinc (Zn), calcium (Ca), magnesium (Mg), etc. play an important role in the work of many organs and systems of the body, including the immune system and the thyroid gland, and a violation of their supply can be the cause of pathological changes in them. In pathology, the interaction between thyroid hormones (TG), minerals and the immune system is disturbed. The review of the literature examines the immunomodulatory role of TG, minerals, their properties, and their participation in the pathogenesis of autoimmune thyroid diseases (AITD). The study of the relationship between the excess or deficiency of minerals and AITD is described. The basis of the development of AITD - Hashimoto’s thyroiditis (HT), Graves’ disease (GD), Graves’ ophthalmopathy (GO) is the loss of immune tolerance to thyroid antigens - thyroid peroxidase (TPO), thyroglobulin (Tg) and thyroid-stimulating hormone receptor (TSH-R). Immune-mediated mechanisms - production of autoantibodies to thyroid antigens and lymphocytic thyroid infiltration - are involved in the pathogenesis of AITD. Insufficiency of regulatory T cells (Treg) and regulatory B cells (Breg), imbalance between Th17-lymphocytes and Treg-lymphocytes, abnormal production of pro-inflammatory cytokines has a significant influence on the progression of AITD. With AITD, the balance between oxidants and antioxidants is disturbed and oxidative stress (OS) occurs. The lack of modern effective pharmacological therapy of AITD prompted us to consider the mechanisms of influence, possibilities of immunocorrection of pathogenetic factors using TG, micro/macronutrients. In order to develop a more effective treatment strategy, as well as approaches to prevention, a critical analysis of the ways of immunotherapeutic use of dietary supplements of I, Se, Zn, Mg and other minerals in AITD was carried out.
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Introduction

Autoimmune thyroid diseases (AITD), namely autoimmune thyroiditis (AIT)/Hashimoto’s thyroiditis (HT), Graves’ disease (GD), Graves’ ophthalmopathy (GO), are complex, polygenic lesions with both similarities and differences that largely programmed by genetic factors (1, 2). The implementation of these factors depends on various environmental influences, such as stress, smoking, bacterial and viral infections, chemical pollutants, as well as dietary iodine (1, 3). AITD are one of the most common pathologies in the structure of endocrine diseases and are the most frequent cause of hypothyroidism and thyrotoxicosis. AIT begins asymptomatically, is combined with damage to thyrocytes, and the synthesis of autoantibodies is the final stage of the immune response to autoantigens TPO (thyroid peroxidase) and Tg (thyroglobulin). The prevalence of TPOAb (11.3%) and TgAb (2.0%) in euthyroid subjects was observed in 15.3% of individuals (4). The odds of TPOAb is higher in females (5). Over time, latent AIT turns into subclinical and overt thyroiditis with hypothyroidism. The incidence of manifest AIT in different countries was diagnosed from 27 to 273 cases per 100,000/year of the population (6). Among children and adolescents with HT, euthyroidism was detected in 52.1% of patients, overt or subclinical hypothyroidism in 41.4%, overt or subclinical hyperthyroidism in 6.5% (7). The prevalence of thyroid dysfunction in pregnant women is high (11%) and is 5.6% with subclinical hypothyroidism, 3.5% with overt hypothyroidism, and 1.5% with subclinical hyperthyroidism in patients observed in the 3rd trimester of pregnancy (8). The postpartum period is characterized by an exacerbation of the disease (9). AITD can occur both in isolation and in combination with other autoimmune disorders, such as type 1 diabetes, celiac disease, vitiligo, etc. (10, 11).

The prevalence of hyperthyroidism is 1.2-1.6%, of which 0.5-0.6 are obvious and 0.7-1% are subclinical (12). The most common cause of this disease is GD. The age-adjusted incidence of GD in adults in Sheffield, UK is 24.8 per 100,000/year (13). In patients with GD binding of antibodies to the thyroid-stimulating hormone receptor (TSH-R) increases intracellular cAMP production, resulting in thyroid hormone (TG) release, thyrotoxicosis, and thyrocyte hyperplasia. Graves’ Ophthalmopathy associated with GD (GO) occurs in 25-30% of cases and is its extrathyroidal manifestation (14, 15). The frequency of GO in women is higher (2.67–3.3 cases/100,000/year) than in men (0.54–0.9 cases/100,000/year) (16).

Treatment of TG of patients with HT is not effective enough. Patients with HT who received replacement with levothyroxine (L-T4) did not always achieve clinically significant results, which requires additional therapeutic agents (17). After discontinuation of antithyroid drugs, 73.6% of GD patients went into remission, but 13.3% had treatment failure and 36.7% relapsed (13). The benefit of intravenous glucocorticoids in mild GO is limited and does not justify the possible side effects. However, treatment of mild GO is necessary to prevent progression to more severe forms (16).

The significant prevalence of AITD, a long latent period and the involvement of autoimmune processes in their occurrence, development of concomitant diseases, insufficient effectiveness of the main pharmacotherapy, and a decrease in the quality of life of patients require the development of adequate approaches for the correction of immune processes in order to prevent and treat diseases. Until recently, there are no clear established effective recommendations for the treatment of AITD, and the separation of their certain manifestations from an obvious disease. The problem of treatment and prevention of AITD is of particular social importance in connection with environmental contamination, unbalanced iodine prophylaxis, the use of some drugs that act as factors of damage to the immune system, and the realization of the effect at the level of target organs, in particular the thyroid. The need for diagnosis, treatment and prevention of AITD is also due to the need to prevent concomitant diseases, including disorders of the cardiovascular system, hypercholesterolemia, atrial fibrillation, encephalopathy, others autoimmune diseases (1–3, 10, 11, 18).





Cellular and humoral immunity in the pathogenesis of AITD

In addition to genetic, cellular and humoral immune mechanisms, loss of immune tolerance to thyroid autoantigens is the basis for the development of AITD. In patients with AITD, autoreactive lymphocytes infiltrate the thyroid parenchyma, where they recognize thyroid antigens: Tg, TPO, TSH-R, and the sodium iodide symporter (19, 20). Thyroid antigens are presented by dendritic cells (DCs), macrophages (MF) and B-lymphocytes to both maturing CD4+ lymphocytes and cytotoxic CD8+ lymphocytes (21).

In the pathogenesis of AITD, cells of both adaptive (specific) immunity - CD4+-, CD8+-lymphocytes, peripheral regulatory T-cells (pTreg), etc. and innate immunity - natural killer cells (NK-cells), neutrophils, natural Treg (nTreg), which interact and are mutually regulated, play a significant role (22–25).

The clinical manifestation of the autoimmune phenotype towards HT or GD largely depends on the balance of the immune response induced by T-helper cells (Th1 or Th2), antigen-presenting cells (APCs) and the cytokine profile that dominates at that moment in the thyroid parenchyma (26). In the pathogenesis of AITD, considerable attention is focused on the role of subpopulations of T cells - Treg and Th17 lymphocytes, as well as B lymphocytes and APCs, especially DCs (27). Cytokines that produce Th2 cause excessive stimulation of B lymphocytes and plasma cells, as a result of which the production of thyroid autoantibodies begins (22, 26).

In HT patients, primary hypothyroidism occurs after the destruction of CD8+ and MF directly or with the help of released cytokines by NK-cells in ADCC (antibody-dependent cell-mediated cytotoxicity) of a sufficient number of follicular cells that produce TG (19, 20, 28). Accumulation of reactive oxygen species (ROS) in thyroid tissues leads to apoptosis of thyroid cells during HT (29). In HT patients, the induction of neutrophil extracellular traps (NET) increases, which depends on the accumulation of ROS through the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and the production of interleukin (IL) IL-6 (30). Oxidative stress (OS) is closely related to the autoimmune process in thyroid disease (GD and GO, as well as HT) - a process that damages cellular structures, including lipids and membranes, proteins and DNA (31–33). The main points of action of TG, minerals on innate and acquired immunity and their targets are presented in Figure 1.




Figure 1 | Influence of thyroid hormones and minerals on innate and adaptive immunity in AITD.



In the following text, we considered these questions in more detail.





Thyroid status is one of the components of immunomodulating effect in AITD

In physiological and pathological conditions, the interaction between TG - 3,3’,5,5’-tetraiodo-L-thyroxine (T4) and 3,3’,5-triiodo-L-thyronine (T3) and the immune system has been established. Immunocytes can be considered as important target cells of TG, which, if necessary, can produce and deposit TSH and T3, have receptors for these hormones and related genes, which makes them capable of forming new endocrine glands (34). TG metabolism and thyroid status are related to various aspects of the immune response. TG play an important role in both innate immunity and the adaptive immune response. For the most part, a hyperthyroid state activates the immune system, while hypothyroidism leads to its suppression. The effect of TG is mediated by various factors, including nuclear factor-kappa B (NF-κB), protein kinase C and β-adrenergic receptor signaling pathways (35).

Mechanisms underlying the action of TG include both genomic (via nuclear receptors) and non-genomic (membrane) effects. Mammalian target of rapamycin (mTOR) can be an important target of the non-genomic TG pathway. With the help of the membrane receptor for TG integrin αvβ3 on neutrophils, TG induces ROS production (36). An increase in the level of thyronine leads to an increase in the pro-inflammatory reaction of neutrophils, MF and DCs (37).

Thyroid hormones play an important role both in innate immunity (neutrophils, MF, NK-cells and DCs) and in the adaptive immune response (MF, DCs, CD4+, CD8+). Triiodothyronine promotes the phenotypic maturation of DCs by regulating main histocompatibility complex-II (MHC-II) and costimulatory molecules. Functional activation of DCs stimulates NK-cells, promotes an increase in proinflammatory cytokines (IL-12, IL-6, IL-23, IL-1β) and a decrease in antiinflammatory transforming growth factor-β (TGF-β1), which control adaptive reactions, which contributes development of Th1 and Th17, IL-17-producing γδT cells and cytotoxic T cells. At the same time, the function of the Treg subpopulation decreases. Activated T3 DCs also increase the expression of the chemokine receptor CCR7, which promotes their migration to the lymph nodes, where they present absorbed and processed antigens in a complex with MHC-II to specific T cell receptors (TCR) of naïve T cells (38). A high level of serum T3 causes inhibition of Treg function, reducing the expression of suppressive membrane proteins programmed cell death protein-1 (PD-1) in patients with GD (39).





The role of minerals in the pathogenesis of AITD. Prerequisites for their immunotherapeutic use




Iodine

Iodine deficiency is a global problem that affects all strata of the population and exists in many countries of the world. More than 2 billion of the world’s population are at risk of insufficient iodine supply (40). The consequences of I deficiency are endemic goiter, irreversible brain damage, cretinism, hypothyroidism, and cancer of the thyroid, breast, and stomach. The main biological role of I is in the biosynthesis of TG, since I is a necessary structural component of TG (41).

In the body, I exhibits immunomodulating effect. Oxidation of I to hypoiodite (IO-) has significant bactericidal, antiviral, antifungal and anticancer activity. A significantly high content of I is found in leukocytes that participate in immunity and produce iodine-containing radicals. In addition, in the production of ROS by leukocytes, as in thyrocytes, the key enzyme is peroxidase. Iodine stimulates the myeloperoxidase activity of neutrophils, MF, increasing their bactericidal potential and inflammation, reduces the autophagy process. On the other hand, I also performs an antioxidant function in the body, as it is an absorber of ROS (42).

Chronic high intake of I is associated with an increased incidence of AIT. An excess of I can increase the antigenicity of Tg, stimulate the production of cytokines and chemokines, which can increase the accumulation of immunocompetent cells in the thyroid gland, increase the level of OS in thyrocytes, stimulate lipid peroxidation and damage to thyroid tissue (43). In mouse, a NOD.H-2h4 strain prone to AIT and susceptible individuals, excess I increases the number of intrathyroidal infiltrating Th17 and inhibits the development of Treg, causes abnormal expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) in thyrocytes, leading to their apoptosis (44, 45). The effect of excess I on thyroid follicular cells (TFCs) obtained from HT patients resulted in inhibition of autophagy, autophagy-associated protein LC3B-II (lain chain 3B-II), TGF-β1, and increased ROS production, caspase-3 activation and apoptosis of TFC, the Akt/mTOR signaling pathway (46).

In regions with excessive consumption of I, there is an increased frequency of AIT characterized by high titers of TPOAb and TgAb (47). Deficiency or excess consumption of I may serve as a risk factor for thyroid diseases. In iodine-deficient countries, iodine-deficiency diseases predominate in the structure of thyroid disease, and in regions with normal or greater iodine supply, there is an increase in thyroid disease (48). More than adequate consumption of I in the population due to a poorly controlled iodine prophylaxis program can cause euthyroid or subclinical hypothyroid AIT (49). The initiation of a 20-year (1997-2016) salt iodization program in Denmark resulted in a steady increase in the incidence of hypothyroidism among individuals living in regions of moderate and mild iodine deficiency, but only among young and middle-aged participants (50). After universal salt iodization (USI) over 16 years in 15,008 adults from 10 cities in eastern and central China, the prevalence of clinical hypothyroidism, subclinical hypothyroidism, clinical hyperthyroidism, GD, and the presence of thyroid antibodies were found to be significantly higher in cities with more than adequate consumption of I. Compared with a five-year prospective study conducted in 1999, the prevalence of goiter decreased significantly, but there was a significant increase in thyroid nodules. The prevalence of subclinical hypothyroidism, the level of TPOAb and TgAb increased significantly (51). After two decades of USI in 78,470 individuals from 31 provinces in Mainland China, the prevalence of clinical hyperthyroidism and GD was higher in women than in men, and significantly higher in those aged 30-39 compared to those aged 60 and over, and stabilized in older individuals (48).

However, in HT patients from an iodine-deficient region of Turkey, no association was found between HT and urinary I levels, which were not elevated compared to the general population. Also, no significant difference was found between the levels of fT3, fT4, ТPОАb, TgАb and thyroid gland volume in individuals with urinary I concentration above and below 100 μg/L. The difference reached a probable level only when comparing indicators with TSH (52). A national cross-sectional survey in mainland China found that after two decades of USI, the prevalence of TPOAb remained low. More than sufficient intake of I had an inverse relationship with TPOAb, and suggests that UIC from 100 to 299 μg/L is optimal and safe for the occurrence of AITD (53). Moreover, a multivariate regression analysis of a case-control study by Attard CC. et al, 2022 (5), showed that a higher intake of iodine-rich foods reduced the odds of TPOAb production (OR 0.864, 95% CI 0.761-0.981; p=0.024).

Growth in the prevalence of AITD should not limit the introduction of I supplements in the general population. Consumption of I in a concentration not exceeding 300 μg/L is safe with regard to AITD and does not increase the risk of autoimmune disorders for the population. Studies of the long-term consequences of the use of I on the occurrence and development of AITD clearly demonstrated that the early increase in thyroid antibodies is mostly transient, differs between populations under the influence of genetic and environmental factors, and does not always coincide with the presence of AITD or its further development (54). Excess I, which can disrupt thyroid function, in part, through OS, is much less harmful because it affects only a small percentage of individuals susceptible to AITD. While iodine deficiency affects the population and causes endemic consequences (55).

Today, new strategies for the diagnosis and treatment of iodine deficiency are attracting attention, focusing on the potential role of myo-inositol in combination with I (56). Myoinositol plays a crucial role in the functioning of the thyroid gland and AITD, as it regulates the organification of I and the biosynthesis of TG through the formation of hydrogen peroxide (H2O2) in thyrocytes (57). Combined supplementation of I and myoinositol may contribute to increased availability of I in thyrocytes, improving thyroid function (58).





Selenium

The normal function of the thyroid gland depends on a variety of trace elements for the synthesis and metabolism of TG, primarily I and Se. Selenium is a cofactor for enzymes that are present in thyroid cells, such as iodothyronine deiodinase (DIO), which catalyzes the conversion of T4 to T3, thioredoxin reductase (TR), which is involved in the regulation of the redox state, and glutathione peroxidase (GPx), which catalyzes the reduction of H2O2 to H2O, using reduced glutathione (GSH) as a cosubstrate. In physiological conditions, selenoproteins are an effective defense system against a large amount of ROS, which thyrocytes constantly generate on their surface in order to accept electrons from oxidative reactions (59). In the process of iodination of tyrosyl residues and TG synthesis, H2O2 is a necessary substrate for TPO. Thyroid H2O2 production is stimulated by myoinositol, which indirectly controls the inositol-dependent signaling pathway of TSH (56, 57).

Selenoproteins are important for immunomodulating effect. In mice, a high-Se diet increased TCR signaling in CD4+ T cells, increased IL-2 expression, shifted the Th1/Th2 balance toward a Th1 phenotype, higher levels of interferon-γ (IFN-γ) and CD40 ligand (60). In physiological conditions, selenoproteins participate in the activation of proliferation, differentiation and redox metabolism of T cells. At the same time, Se is involved in reducing excessive immune reactions and chronic inflammation (61). Through molecular mechanisms, selenoproteins regulate T-cell effector function related to redox signaling, calcium (Ca2+) flux, and OS (62).

Selenoproteins prevent the excessive formation of ROS, which can lead to autoimmune diseases or chronic inflammation. Decreased serum Se concentration may lead to chronic OS through neutrophil ROS production (63). Selenium deficiency reduces the expression and activity of these antioxidant enzymes (64).

However, excessive production of ROS is involved in various stages of the pathogenesis of thyroid diseases and activates possible common triggers of GD and HT, differentiated thyroid cancer and even endemic goiter (31, 64). Deficiency of Se or its excess with dysfunction of mitochondria (organelles that contain selenoproteins) leads to thyroid disorders (65). Thyrocytes and thyroid fibroblasts pre-incubated with selenocompounds (selenomethionine and selenite) showed a dose-dependent increase in viability and a decrease in apoptosis indicators (caspase-3 activity, BAX mRNA levels) and an increase in the level of the inhibitor of apoptosis (BCL-2 mRNA) after incubation with H2O2, and also caused an increase in GPx activity (66).

Selenium together with I play a key role in the development of AITD (67). There is a relationship between insufficient intake of Se and AITD. Epidemiological data indicate the prevalence of AITD with Se deficiency (68). Although some authors did not note the relationship between the prevalence of HT and Se content (69).

In patients with GD, an inverse relationship of serum Se levels with T4 and TSH hormones and an inverse relationship with T3, T4, and TSH hormones were found in patients with GO, although there was no significant difference in Se levels in patients compared to healthy individuals (70). However, the results of other studies recorded a significant decrease in the level of Se in the serum of patients with newly diagnosed GD and autoimmune overt hypothyroidism (71). Deficiency of Se in the serum of patients with GD increased with age and was correlated with an increased titer of antibodies to the TSH receptor (TRAb). In addition, a relationship between the level of Se and ioduria was registered in patients with GD (67). A decrease in serum Se levels in HT and especially in GD and GO is associated with the pathogenesis of the disease (72).

Treatment of HT remains symptomatic and is based on taking, as needed, synthetic TG to correct hypothyroidism. Surgery is performed when the goiter is large enough. The value of Se and the presence of its deficiency in AITD argue for the need to replenish it in the body.

The formation of TPOAb and TgAb is most often associated with HT, while the activation of TRAb formation is most often associated with GD, although their overlap has been recorded. There is conflicting information regarding the effect of Se supplementation on TPOAb and TgAb levels in HT patients. Most authors reported a decrease in TPOAb and TgAb levels after using different doses of Se (selenomethionine) supplements with or without L-T4 (73, 74). TPOAb titers decreased to varying degrees in patients with different genotypes of the single nucleotide polymorphism r25191G/A, which indicates interindividual differences (75). The results of twenty-three studies on the efficacy of Se with or without L-T4 in adults with HT compared with placebo and/or L-T4 showed that populations that did not receive L-T4 but received Se had lower levels of TPOAb, TgAb for a short time. At the same time, significant changes in the TSH level were not observed (76).

Current data do not always justify the use of Se in the treatment of HT, despite the fact that it leads to a decrease in the level of TPOAb and TgAb. Perhaps this is due to the fact that autoantibodies are not a key link in the pathogenesis of HT, they begin to be produced already in response to damage to thyrocytes and are the result of an autoimmune response. There is an assumption about the indirect participation of modified autoantibodies (desialylated IgG N-glycans) in ADCC of NK cells and mononuclear lymphocytes involved in the destruction of thyrocytes (28). Despite the fact that HT is a chronic autoimmune process, and the production and circulation of autoantibodies in the peripheral blood is long-term, the therapeutic reduction of TPOAb and TgAb levels in HT is not conclusive evidence for the use of Se drugs.

The results of research on the use of selenium are conflicting. Se supplementation is necessary in Se-deficient individuals, but may have some health risks in Se-excessive individuals, including diabetogenic effect. Addition of Se to L-T4 therapy may be appropriate in patients with low Se intake and mild or early stage HT. Se supplementation is well tolerated but should not be universally recommended (59). Done by Winther K.H. et al, 2017 (17) systematic review of eleven publications covering nine controlled trials and a meta-analysis of case-effect models found no effect of Se supplementation on TSH and quality of life. Individuals receiving Se supplementation but not receiving L-T4 replacement had no changes in thyroid ultrasound findings, and individuals receiving L-T4 replacement occasionally showed clinically significant findings. Available research data do not support the use of routine Se supplementation in the treatment of patients with HT or GD. However, correction of moderate and severe Se deficiency may be an advantage in the prevention and treatment of these disorders.

The effect of Se on immunological indicators may depend on its dose and the stage of HT development (hyperthyroid, euthyroid, hypothyroid). Se concentration in serum decreases in inflammatory conditions and may vary depending on the severity and duration of the inflammatory process. The immunomodulating effect of Se on the humoral and cellular components of the autoimmune process in the thyroid gland is noted. In rats with experimental AIT, after the use of selenium yeast dietary supplement, in addition to a decrease in the levels of TgAb, TPOAb and a decrease in B-cell-activating factor (BAFF) in the blood serum, the expression of IL-10 in the thyroid tissue increased, the number of Breg in the spleen increased, and also decreased TSH level (77). Selenium increased the percentage and enhanced the activity of Treg, suppressed the secretion of pro-inflammatory cytokines, prevented the apoptosis of follicular cells and provided protection against thyroiditis (45, 74). Treatment of patients with HT L-T4 and capsule with Se yeast for 3 months not only reduced the level of autoantibodies, but also the level of IL-2, which indicates the suppression of the inflammatory process (73).

The main proposed therapeutic mechanisms of AITD include increasing the activity of GPx and TR enzymes in blood plasma and reducing toxic concentrations of H2O2 and lipid hydroperoxides. As part of selenoproteins, Se takes an active part in antioxidant, redox and anti-inflammatory processes (59). Treatment of HT patients with selenium yeast tablets for 6 months significantly increased the level of Se, GPx3, and selenoprotein P1 (74). In patients with primary hypothyroidism, after treatment with L-T4 and Se, the level of the OS marker - malondialdehyde (MDA) decreased (78). Se supplementation in euthyroid, subclinical, or overt hypothyroid patients not only reduced thyroid autoantibodies, lowered or maintained TSH, decreased fT4/fT3 ratio, but also decreased OS and inflammation, and improved quality of life, structure, and volume thyroid gland (79). The use of antioxidant nutrients, including Se, reduces OS and thyroid damage in patients with HT (33).

Thyroid function in patients with HT and hypothyroidism may be favorably influenced by myoinositol, which regulates the formation of H2O2 in thyrocytes. Insufficiency of myoinositol or dysfunction of the inositol-dependent signaling pathway of TSH action can cause the development of hypothyroidism (56). The combined use of selenomethionine and myoinositol in euthyroid patients with HT reduced the level of TSH, antithyroid antibodies 6 and 12 months after treatment, and the level of TSH decreased earlier than in the group treated with selenomethionine alone (80). Moreover, the immunomodulating effect of the combination of selenomethionine and myoinositol in HT was confirmed by the fact that after treatment the level of the chemokine CXCL10, which is a potent chemoattractant for activated T-lymphocytes, also decreased, suggesting the possibility of reducing the risk of progression of euthyroidism to hypothyroidism (81).

Selenium supplementation can be offered to patients with GD only if Se deficiency is confirmed. Thus, in a randomized clinical trial conducted in selenium-sufficient GD patients treated with methimazole, no beneficial effect of Se on the short-term control of thyroid hyperfunction was observed (82). A randomized clinical trial by Calissendorff J. et al, 2015 (83) showed that Se has a beneficial effect in a cohort of hyperthyroid and Se-deficient patients treated with methimazole and L-T4 under a block-and-replace regimen. A meta-analysis by Zheng H. et al, 2018 (84) of ten randomized placebo-controlled trials involving 796 patients showed short-term (3 months) efficacy of Se supplementation on fT4 and fT3 levels in patients with GD. TSH levels were higher in the Se group than in the control group at 3 and 6 but not at 9 months. TRAb level decreased, thyroid function improved more often after 6, but not after 9 months.

Oxidative stress plays a significant role in the pathogenesis of GO and GD (the balance between oxidants and antioxidants is disturbed in favor of ROS), and an antioxidant approach is proposed for treatment (32, 85, 86). In a primary culture of orbital fibroblasts from GO patients and control subjects treated with H2O2 to induce OS, the antioxidants vitamin C, N-acetyl-L-cysteine, melatonin, retinol, β-carotene and vitamin E were found to reduce the manifestations OS (proliferation of fibroblasts, the level of hyaluronic acid, the level of tumor necrosis factor-α (TNF-α), IFN-γ and IL1-β, which provided the basis for the possible clinical use of these substances in patients with GO (87). In patients with newly diagnosed hyperthyroidism, mean serum total antioxidant capacity (TAC) was low and MDA was high. Hyperthyroid patients treated with a combination of carbimazole and an antioxidant had significantly lower MDA, than hyperthyroid patients treated with carbimazole alone (86).

Treatment for GO, which is an extrathyroidal manifestation of GD, includes intravenous glucocorticoids and orbital radiation therapy and is generally offered to patients with moderate to severe GO. In contrast, patients with mild GO are usually treated only with local methods (16). In patients with moderate GO, there is clear evidence of a beneficial antioxidant effect of Se, from a large randomized clinical trial conducted by the European GO Group – EUGOGO. Based on EUGOGO guidelines, patients with moderate GO may be offered a 6-month course of Se. The use of Se significantly reduces eye damage and slows the progression of the disease in patients with mild GO. Although, serum Se levels were not measured in the EUGOGO study (88). Se can cause toxicity if it is administered in very high doses. A dosage of up to 200 μg/day in Se-deficient patients, or 166 μg/day in Se-sufficient patients is considered quite safe (83).

In mild GO, Se supplementation is associated with reduced disease activity as well as improved quality of life. Further studies are needed to clearly understand the biological effects of Se supplementation, considering baseline Se levels, selenoprotein gene polymorphisms, comorbidities, and main clinical outcomes (89). Results of a meta-analysis conducted by Bednarczuk T. et al, 2020 (90), who included ten prospective randomized clinical trials, suggest that Se supplementation can enhance euthyroid recovery in hyperthyroidism and GO. However, the use of Se and the determination of its effect on the level of hormones or autoantibodies requires careful conclusions due to the lack of analysis of long-term clinical observations, such as the frequency of remission after treatment with antithyroid drugs.





Iron and copper

Deficiency of Fe and I remains the main health care problem, affecting about 30% of the world’s population (91). Iron ions are included in large quantities in the composition of proteins - hemoglobin, myoglobin, enzymes, etc. Many enzymes of DNA replication and repair (helicases, nucleases, glycosylases, demethylases) and ribonucleotide reductase use Fe as an indispensable cofactor for functioning (92).

The bioavailability of Fe controls complex metabolic processes in immune cell homeostasis and inflammation (93). Iron in the plasma has an immunomodulating effect on innate immunity by controlling the ratio of monocytes to neutrophils and neutrophil activity. Hypoferremia alters neutrophil functions, inhibiting antibacterial mechanisms but enhancing mitochondrial ROS-dependent NETosis associated with chronic inflammation (94). Iron affects the polarization of MF (M1/M2). Iron imunomodulates the termination of the inflammatory response, as elevated Fe level increase the M2 phenotype and reduce the pro-inflammatory M1 response, reducing the IL-12/IL-10 balance. Fe loading of MF in vitro reduces the percentage of M1 cells expressing costimulatory molecules CD86 and MHC-II, prevents lipopolysaccharide-induced pro-inflammatory response by reducing nuclear translocation of NF-κB p65 with reduced expression of, IL-1β, IL-6, IL-12 and TNF-α (95).

In blood plasma, Cu binds to ceruloplasmin, a transport protein that is a reactive protein of the acute phase. Copper stimulates the function of innate and adaptive immunity and is required to perform protective functions of the immune system (96, 97). Deficiency of any of the minerals such as Se, I, Zn, Cu, Fe, etc. can temporarily reduce immune competence or even disrupt the regulation of systemic inflammation (61). With severe Cu deficiency, the number and ability of neutrophils to generate O2 and kill absorbed microorganisms, T-cell proliferation and IL-2 production decrease (96).

Redox-active ions of metals such as Fe2+ and Cu+ are the most important transition metals in cells in an inert form. Oxidized forms of metals (Fe3+, Cu2+) are quickly restored in the cytosolic environment, fueling the vicious circle. To bind redox metals Fe2+ and Cu+ and prevent H2O2 from giving •OH in the presence of ions of these metals in the body, there are highly active enzymes of antioxidant protection - catalase and superoxide dismutase (SOD) (98). Moreover, Cu serves as an important cofactor for enzymes such as CuSOD, cytochrome C oxidase (99). In addition to Cu, SOD subunits include trace elements Zn and manganese (Mn). Cu, ZnSOD protects the vascular and immune systems from the harmful effects of ROS. In the peripheral blood, Fe ions are in a bound form with transferrin, ferritin, lactoferrin, ceruloplasmin, which are Fe2+ chelators and perform an antioxidant function.

In healthy individuals with adequate intake of I the concentration of Cu and Se in the blood is significantly related to TSH and fT4 (100). Deficiency or excess of Se, I, Zn, as well as Fe and Cu affects the synthesis of TG and can disrupt thyroid homeostasis (101). Copper levels were associated with increased fT4 and tT4 levels in men. In women, Cu levels were associated with elevated tT3 and tT4 levels. The level of Cu was 20% lower in men than in women (102).

The ratio of Cu and Se may directly affect thyroid function in patients with HT and overt hypothyroidism, which may be relevant for lifelong replacement therapy during L-T4 reduction (103). Observational and controlled studies have shown frequent micronutrient deficiencies in patients with HT (104). Patients with or without GD and GO who had low serum Se levels showed relatively high serum Cu levels in GD patients, while patients with GD and GO conversely had low serum Cu levels (72).

Patients with AITD often suffer from Fe deficiency, as autoimmune gastritis, which reduces Fe absorption, and celiac disease, which causes Fe loss, are frequent comorbidities (11). In patients with HT in the stage of subclinical hypothyroidism, living in a densely populated area in the I region of Ankara, Turkey, the basal levels of Se and Fe were significantly lower than in the control group (105). Both hypothyroid and hyperthyroid patients had higher odds of Fe deficiency anemia (106).

Іron deficiency impairs thyroid metabolism. TPO is a glycosylated hemoenzyme that becomes active only after binding heme, a non-protein prosthetic group containing an Fe2+ ion. Іron deficiency, which corresponds to a serum ferritin level <15 μg/L, is associated with a higher prevalence of TPOAb but not TgAb in pregnant women during the first trimester and in nonpregnant women of childbearing age with subclinical hypothyroidism (107). TPOAb and TgAb positive patients with HT had significantly lower serum Fe and Mg concentrations (108).

Two-thirds of women with persistent symptoms of hypothyroidism, despite appropriate L-T4 therapy, show improvement in symptoms after recovery of ferritin (the main intracellular Fe3+ depot) in serum above 100μg/L (109). Double enrichment of salt I and microencapsulated Fe is suggested for effective prevention of Fe deficiency and thyroid dysfunction (110).





Zinc

Zinc homeostasis is tightly controlled by the coordinated activities of Zn transporters and metallothioins that regulate Zn transport, distribution, and binding. Zinc acts as a signaling molecule, facilitating the transduction of various signaling cascades in response to extracellular stimuli (111).

Zinc is necessary as a catalytic, structural and regulatory ion. Immunomodulating effect of Zn is involved in immune responses, OS, apoptosis and aging. Metallothioins are protective against OS, exposure to toxic metals, infections and insufficient Zn content in food (112). Zinc is a key component of the antioxidant defense network that protects membranes from Fe2+-induced lipid oxidation due to Zn’s ability to prevent Fe2+ from binding to the membrane (113). Experimental studies in vitro and in vivo have provided evidence that Zn acts as an antioxidant by inhibiting the oxidation of macromolecules such as DNA/RNA and proteins, as well as the inflammatory response, which leads to a decrease in ROS production (114).

Zinc is associated with thymus function, which provides a unique microenvironment for the proliferation, differentiation, maturation and release of naïve T cells. Zinc is necessary for inducing the biological activity of the thymus hormone thymulin (Zn-FTS), a peptide synthesized by thymus epithelial cells (TECs). Zinc with the help of structural “zinc finger motifs” plays a key role in cell proliferation, apoptosis and reactivation of thymulin. Through the NO pathway, Zn is necessary for the biological action of arginine (115). TECs activated by thymulin perform a positive selection of immunocompetent T cells capable of recognizing foreign antigens in the context of their own MHC molecules. Deficiency of Zn2+ ions can reduce peripheral biological activation of thymulin.

Zinc participates in the process of physiological (age-related) involution of the thymus, which plays an important role in the immunosenescence of the body and the emergence of age-related diseases - susceptibility to infections, cancer, and autoimmune diseases. With age, the level of Zn in serum or blood plasma decreases. Low bioavailability of Zn ions due to an increase in metallothiones, IL-6 can provoke complete involution of the thymus during aging and the possible appearance of autoimmune diseases (115). Immunosenescence is perceived as a slow autoimmune process controlling the thymus. Predominance of Zn deficiency in the elderly can lead to impaired function of cells of the innate immune system and contribute to immunosenescence (116).

Due to the impaired of intrathymic expression of autoantigens (TSH-R, Tg, TPO), a loss of tolerance to these thyroid peptides is possible in genetically determined individuals with AITD under the influence of environmental trigger factors. Tolerance to self-antigens in the thymus depends on the expression of promiscuous gene expression (pGE) tissue-restricted antigens (TRA) TECs genes, which is controlled by autoimmune regulator (Aire) and forebrain embryonic zinc fingerlike protein 2 (Fezf2) regulators, which contains Zn (117).

Autoimmune diseases are associated with pathologically altered Zn levels, which provoke a change in signal transduction, which leads to impaired immune response, cell differentiation and function (118). Zn deficiency suppresses both innate and adaptive immune responses. Zn homeostasis is significantly influenced by the activation of T cells, as well as the polarization of Th cells into different subpopulations - Th1, Th2, Th17, Treg (116). The level of intracellular free Zn is important for the maintenance of Treg phenotype and function, as Zn deficiency promotes a pro-inflammatory immune response. The study of Th cells and Treg in an allogeneic model of the disease “graft against the host” demonstrated that Treg, unlike Th, had a significantly increased level of intracellular free Zn (118).

Zinc plays a significant role in the expression of melatonin receptor genes on the cell membrane of thymocytes (115). Biosynthesis and secretion of melatonin, which is synthesized mainly in the pineal gland, reciprocally affects thyroid function. Melatonin suppresses thyroid function depending on the change in the light regime (119). Nutraceuticals Se, 1-carnitine, myoinositol, resveratrol and melatonin may be effective preventive and therapeutic means AITD (120). Melatonin may play an important role in reducing ROS-mediated diseases, since one of the main functions of melatonin is to scavenge ROS (121). In patients with GO, it is possible to use antioxidant substances, including melatonin, to reduce the manifestations of OS, as evidenced by experimental studies of orbital fibroblast culture from patients with GO treated with H2O2 (87). However, there are no controlled studies that would substantiate the use of melatonin to improve thyroid function (120). Data discrepancy may be associated with melatonin receptor gene polymorphism in GD (122).

Zinc plays a key role in TG metabolism, in particular, by regulating the activity of deiodinases, thyrotropin releasing hormone (TRH) and TSH enzymes, as well as modulating the structures of the main transcription factors involved in TG synthesis (123). Cross-sectional and controlled studies showed a relationship between Zn deficiency and TG levels (124). A study by Mahmoodianfard S. et al, 2015 (125) provided some evidence for the effect of Zn alone or in combination with Se on thyroid function in hypothyroid and overweight or obese patients. Thus, mean fT3 and fT4 were significantly increased and mean serum TSH significantly decreased in the Zn+Se group (30 mg Zn as Zn gluconate and 200 μg Se as high-Se yeast) over 12 weeks, although there was no found significant changes for tT3, fT4, fT3 or TSH between groups.

In chronic diseases, including autoimmune diseases, aging, Zn deficiency can negatively affect immunological status, increase OS, and lead to the generation of pro-inflammatory cytokines (126). Zinc and vitamin D are the most promising candidates for therapeutic intervention aimed at balancing rather than suppressing the immune system (127). In HT, the use of trace elements Zn and Se is proposed to reduce oxidative damage to the thyroid gland (33).





Calcium and magnesium

In addition to microelements I, Se, Fe, Cu, Mn, Zn, macroelements such as Ca and Mg are related to thyroid function. The interaction of Ca and Mg is important in the human body. The optimal ratio of Ca to Mg is approximately 2.0, and ratios <1.7 and >2.8 may be harmful (128).

An increase in the flow of Ca2+ is necessary for signal transduction, the formation of immune synapses, and the implementation of specific cytotoxicity of CD8+ T cells, which involves the costimulatory molecule of the cell surface LFA-1 and Mg2+ (129). A change in the regulation of Ca2+ in lymphocytes disrupts the control of metabolism, proliferation, differentiation, secretion of antibodies, cytokines and cytotoxicity, which leads to autoimmune and inflammation diseases (130). Mitochondrial intracellular Ca2+ is a key regulator of cell apoptosis. It has been experimentally shown that Ca uptake and mitochondrial metabolism underlie Treg survival in OS conditions (131). With the help of Ca2+ signaling, BAFF activates the mTOR pathway and the proliferation and survival of B-lymphocytes as producers of autoantibodies (132). The main mechanism of increasing intracellular Ca2+ is Mg2+ deficiency (133).

Magnesium exhibits immunomodulating effect. Experimental studies have shown that Mg2+ is a cofactor for the formation of C3 convertase, which is involved in the proteolytic activity of complement components, as well as in the binding of antigen to MF and the response to cytokines, the adhesion of Th and B cells, the synthesis of immunoglobulins, the binding of IgM with lymphocytes, ADCC (134). As a secondary signaling messenger, Mg2+ is involved in the activation of T cells (129, 133). Magnesium regulates the active site of IL-2-induced T cell kinase (ITK) during the CD8+ T cell response to viral infection in mice (135). At the same time, Mg2+ regulates anti-inflammatory and antioxidant reactions. Cultivation of lipopolysaccharide- or TNF-α-stimulated mesenchymal stem cells of C3H/10T1/2 mice with 5 mM Mg2+ increased the proliferation rate, decreased the levels of pro-inflammatory IL-1β and IL-6, and increased the levels of anti-inflammatory IL-10 and prostaglandin E2 (136).

Magnesium deficiency can cause immunodeficiency, increased acute inflammatory response, reduced antioxidant response and OS (133). Magnesium deficiency is associated with low-grade chronic inflammation involving the proinflammatory cytokines TNF-α and IL-1, the messenger IL-6, as well as E-selectins, intracellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1), acute-phase reactants - C-reactive protein and fibrinogen (137).

Magnesium regulates the proper functioning of other nutrients, such as vitamin D, which regulates the homeostasis of Ca and phosphorus (P) (133). Calcium, diacylglycerol, cAMP and various phosphate derivatives of myoinositol (phosphatidylinositol and others) are essential secondary messengers involved in the regulation of intracellular signaling cascades, in response to the activation of the TSHR, and are necessary for the production H2O2 and TG synthesis (56).

In patients with latent HT with a high titer of TPOAb and the presence of mild iodine deficiency, the content of Ca, Mg and Zn in blood serum decreases (138). Very low serum Mg is associated with an increased risk of TgAb, HT, and hypothyroidism. The risks of hypothyroidism and subclinical hypothyroidism in the lowest Mg group (≤0.55 mmol/L) were higher than in the normal Mg group (0.851-1.15 mmol/L, p<0.01, OR=4.482-4.971) (139). Significantly lower serum concentrations of Mg and Fe were found in HT patients with TPOAb and TgAb (108).

Thyroid diseases play an important role in mineral metabolism, in particular, they affect the mineral density of bone tissue. Thyroid hormones are involved in the metabolism of Ca and P. In hypothyroid patients mean serum Ca and Mg levels were decreased and P levels were elevated. Among cases of hypothyroidism, a statistically significant negative correlation was observed between Ca, Mg, and TSH, while a positive correlation was observed between P and TSH (140). In hypothyroidism, the level of Ca is lower and the level of P is higher in serum than in subclinical hypothyroidism (141). In blood serum of patients with hypothyroidism, the level of Ca was significantly reduced and the level of P was significantly increased (142). In hyperthyroidism, on the contrary, the serum Ca content increases. The average value of the levels of both Ca and P in the blood serum of patients with hyperthyroidism is significantly (p<0.001) higher, which may increase the risk of secondary osteoporosis and bone fractures. In patients with hyperthyroidism, the prevalence of hypercalcemia was 38% (143). In hyperthyroidism can be acquired impaired mitochondrial function due to deficiency of Mg, Se and antioxidant coenzyme Q10 as signs of an inflammatory process associated with changes in the musculoskeletal system (144).

For the prevention of autoimmune diseases, the reduction of excessively induced BAFF aggressive B-lymphocytes can be used to influence the intracellular level of Ca2+ and mTOR (132). Magnesium supplementation is a potential way to reduce inflammation and OS. Magnesium supplements reduce the levels of NF-κB, IL-6 and TNF-α, improve mitochondrial function and increase the content of antioxidant GSH (133). It is possible to improve the function and morphology of the thyroid gland after correcting exposure to stress factors together with selenomethionine and Mg citrate supplements, which showed a direct correlation between whole blood Se and serum Mg in individuals without thyroid disease and in menopausal women, whereas it was reversed in cases of hyperthyroidism (144). Supplementation of Mg, as well as Zn and vitamin A, may have beneficial effects in patients with hypothyroidism and diseases associated with hyperthyroidism. In patients with hypothyroidism, a significant increase in serum fT4, a decrease in anthropometric indices and lower levels of serum hs-CRP were found after the intervention at 10 weeks (145).

We summarized the results of the review of existing publications on the immunomodulating effect of TG and minerals on the immune system in autoimmune thyroiditis and Grave’s disease, and have presented these data in Table 1, where the main effects and mechanisms have been formulated.


Table 1 | The immunomodulating influence of thyroid hormones and minerals on immunological target cells and their function in the physiological norm and in AITD.








Conclusion

There is currently no effective pharmacological therapy for AITD. Treatment of AITD remains symptomatic and is based on taking, if necessary, synthetic TG to correct hypothyroidism or thyrostatics for thyrotoxicosis. The significant prevalence of AITD and the involvement of autoimmune processes in their occurrence require the development of adequate approaches for the correction of immune processes in order to prevent and treat diseases.

Replacement use of TG in case of subclinical and obvious hypothyroidism and inhibition of their synthesis in thyrotoxicosis is appropriate for normalizing thyroid status, but is insufficient for reducing inflammation and OS, restoring the immune system, and suppressing the autoimmune process in the target organ in AITD. Deficiency or excess consumption of I may serve as a risk factor for thyroid diseases. Careful monitoring of iodine prophylaxis is recommended to avoid the consequences of both deficiency and excess I. Addition of Se preparations to L-T4 may be appropriate in patients with low Se and mild or early stage HT. In patients with moderate GO, there is clear evidence of a beneficial effect of Se from a large randomized clinical trial conducted by the European GO Group – EUGOGO.

For the treatment of GD, GO and HT, an antioxidant approach is possible with the use of bio-supplements of elements (I, Se, Zn, Fe, Cu and Mg) as an adjunct in patients with their deficiency. The possibilities of the immunotherapeutic effect of minerals, in addition to the level of thyroid autoantibodies, can be aimed at OS markers. The main therapeutic mechanisms of AITD are the reduction of OS, the inflammatory process that damages thyrocytes. The targets of immunocorrection with the participation of minerals (I, Se, Zn, Fe, Cu, and Mg) in AITD can be the normalization of the function of neutrophils as producers of excess ROS and inflammation, reduction of the secretion of pro-inflammatory cytokines Th17 and chemokines, activation of Treg and their cytokines as the main inhibitors of inflammation and autoimmune process.

Determining the immunomodulating effect of TG, minerals, and researching the possibility of using them as means of immunocorrection, taking into account the pathogenesis of AITD, can contribute to the development of a more effective treatment strategy, as well as approaches to prevention.





Author contributions

VK and TZ conceived and designed the review. The manuscript was written by TZ, VK. All authors have read and approved the published version of the manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Antonelli, A, Ferrari, SM, Ragusa, F, Elia, G, Paparo, SR, Ruffilli, I, et al. Graves’ disease: Epidemiology, genetic and environmental risk factors and viruses. Best Pract Res Clin Endocrinol Metab (2020) 34(1):101387. doi: 10.1016/j.beem.2020.101387

2. Zhang, QY, Liu, W, Li, L, Du, WH, Zuo, CL, Ye, XP, et al. Genetic study in a large cohort supported different pathogenesis of graves’ Disease and hashimoto’s hypothyroidism. J Clin Endocrinol Metab (2020) 105(7):dgaa170. doi: 10.1210/clinem/dgaa170

3. Shukla, SK, Singh, G, Ahmad, S, and Pant, P. Infections, genetic and environmental factors in pathogenesis of autoimmune thyroid diseases. Microb Pathog (2018) 116:279–88. doi: 10.1016/j.micpath.2018.01.004

4. Rodríguez, Y, Rojas, M, Monsalve, DM, Acosta-Ampudia, Y, Pacheco, Y, Rodríguez-Jiménez, M, et al. Latent autoimmune thyroid disease. J Transl Autoimmun (2020) 3:100038. doi: 10.1016/j.jtauto.2020.100038

5. Attard, CC, Sze, WCC, and Vella, S. Predictors of autoimmune thyroid disease. Proc (Bayl Univ Med Cent) (2022) 35(5):608–14. doi: 10.1080/08998280.2022.2087038

6. McLeod, DS, and Cooper, DS. The incidence and prevalence of thyroid autoimmunity. Endocrine (2012) 42(2):252–65. doi: 10.1007/s12020-012-9703-2

7. Wasniewska, M, Corrias, A, Salerno, M, Mussa, A, Capalbo, D, Messina, MF, et al. Thyroid function patterns at Hashimoto’s thyroiditis presentation in childhood and adolescence are mainly conditioned by patients’ age. Horm Res Paediatr (2012) 78(4):232–6. doi: 10.1159/000343815

8. Kyritsi, EM, and Kanaka-Gantenbein, C. Autoimmune thyroid disease in specific genetic syndromes in childhood and adolescence. Front Endocrinol (Lausanne) (2020) 11:543. doi: 10.3389/fendo.2020.00543

9. Mahadik, K, Choudhary, P, and Roy, PK. Study of thyroid function in pregnancy, its feto-maternal outcome; a prospective observational study. BMC Pregnancy Childbirth (2020) 20(1):769. doi: 10.1186/s12884-020-03448-z

10. Negro, R, and Mestman, JH. Thyroid disease in pregnancy. Best Pract Res Clin Endocrinol Metab (2011) 25(6):927–43. doi: 10.1016/j.beem.2011.07.010

11. Dore, MP, Fanciulli, G, Rouatbi, M, Mereu, S, and Pes, GM. Autoimmune thyroid disorders are more prevalent in patients with celiac disease: A retrospective case-control study. J Clin Med (2022) 11(20):6027. doi: 10.3390/jcm11206027

12. Kahaly, GJ, Bartalena, L, Hegedüs, L, Leenhardt, L, Poppe, K, and Pearce, SH. European thyroid association guideline for the management of graves’ Hyperthyroidism. Eur Thyroid J (2018) 7(4):167–86. doi: 10.1159/000490384

13. Hussain, YS, Hookham, JC, Allahabadia, A, and Balasubramanian, SP. Epidemiology, management and outcomes of Graves’ disease-real life data. Endocrine (2017) 56(3):568–78. doi: 10.1007/s12020-017-1306-5

14. Barrio-Barrio, J, Sabater, AL, Bonet-Farriol, E, Velázquez-Villoria, Á, and Galofré, JC. Graves’ Ophthalmopathy: VISA versus EUGOGO classification, assessment, and management. J Ophthalmol (2015) 2015:249125. doi: 10.1155/2015/249125

15. Zheng, J, Duan, H, You, S, Liang, B, Chen, Y, and Huang, H. Research progress on the pathogenesis of Graves’ ophthalmopathy: Based on immunity, noncoding RNA and exosomes. Front Immunol (2022) 13:952954. doi: 10.3389/fimmu.2022.952954

16. Bartalena, L, Kahaly, GJ, Baldeschi, L, Dayan, CM, Eckstein, A, Marcocci, C, et al. The 2021 European Group on Graves’ orbitopathy (EUGOGO) clinical practice guidelines for the medical management of Graves’ orbitopathy. Eur J Endocrinol (2021) 185(4):G43–67. doi: 10.1530/EJE-21-0479

17. Winther, KH, Bonnema, SJ, and Hegedüs, L. Is selenium supplementation in autoimmune thyroid diseases justified? Curr Opin Endocrinol Diabetes Obes (2017) 24(5):348–55. doi: 10.1097/MED.0000000000000356

18. Głowinska-Olszewska, B, Borysewicz-Sańczyk, H, Sawicka, B, Klonowska, B, Charemska, D, Żelazowska-Rutkowska, B, et al. A. Does hashimoto’s thyroiditis increase the risk of cardiovascular disease in young type 1 diabetic patients? Front Endocrinol (Lausanne) (2020) 11:431. doi: 10.3389/fendo.2020.00431

19. Franco, JS, Amaya-Amaya, J, and Anaya, JM. Thyroid disease and autoimmune diseases. In:  JM Anaya, J Shoenfeld, A Rojas-Villarraga, et al, editors. Autoimmunity: from bench to bedside. Bogota (Colombia: El Rosario University Press) (2013).

20. Caturegli, P, De Remigis, A, and Rose, NR. Hashimoto thyroiditis: clinical and diagnostic criteria. Autoimmun Rev (2014) 13(4-5):391–7. doi: 10.1016/j.autrev.2014.01.007

21. Ben-Skowronek, I, Szewczyk, L, Kulik-Rechberger, B, and Korobowicz, E. The differences in T and B cell subsets in thyroid of children with Graves’ disease and Hashimoto’s thyroiditis. World J Pediatr (2013) 9(3):245–50. doi: 10.1007/s12519-013-0398-0

22. Antonelli, A, Ferrari, SM, Corrado, A, Di Domenicantonio, A, and Fallahi, P. Autoimmune thyroid disorders. Autoimmun Rev (2015) 14(2):174–80. doi: 10.1016/j.autrev.2014.10.016

23. Lee, EK, and Sunwoo, JB. Natural killer cells and thyroid diseases. Endocrinol Metab (Seoul) (2019) 34(2):132–7. doi: 10.3803/EnM.2019.34.2.132

24. Gallo, D, Piantanida, E, Gallazzi, M, Bartalena, L, Tanda, ML, Bruno, A, et al. Immunological drivers in graves’ Disease: NK cells as a master switcher. Front Endocrinol (Lausanne) (2020) 11:406. doi: 10.3389/fendo.2020.00406

25. Zakharchenko, TF, and Kravchenko, VI. Peculiarities of innate and adaptive immunity in the pathogenesis of thyroid autoimmune diseases. Immunocorrection (part 1) Mìžnarodnij endokrinologìčnij žurnal (Ukraine) (2020) 16(7):564–75. doi: 10.22141/2224-0721.16.7.2020.219011

26. Mikoś, H, Mikoś, M, Obara-Moszyńska, M, and Niedziela, M. The role of the immune system and cytokines involved in the pathogenesis of autoimmune thyroid disease (AITD). Endokrynol Pol (2014) 65(2):150–5. doi: 10.5603/EP.2014.0021

27. Ramos-Leví, AM, and Marazuela, M. Pathogenesis of thyroid autoimmune disease: the role of cellular mechanisms. Endocrinol Nutr (2016) 63(8):421–9. doi: 10.1016/j.endonu.2016.04.003

28. Ząbczyńska, M, Polak, K, Kozłowska, K, Sokołowski, G, and Pocheć, E. The contribution of igG glycosylation to antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) in hashimoto’s thyroiditis: an in vitro model of thyroid autoimmunity. Biomolecules (2020) 10(2):171. doi: 10.3390/biom10020171

29. Di Dalmazi, G, Hirshberg, J, Lyle, D, Freij, JB, and Caturegli, P. Reactive oxygen species in organ-specific autoimmunity. Auto Immun Highlights (2016) 7(1):11. doi: 10.1007/s13317-016-0083-0

30. Xiao, F, Jiang, Y, Wang, X, Jiang, W, Wang, L, Zhuang, X, et al. NETosis may play a role in the pathogenesis of Hashimoto’s thyroiditis. Int J Clin Exp Pathol (2018) 11(2):537–47.

31. Ruggeri, RM, Vicchio, TM, Cristani, M, Certo, R, Caccamo, D, Alibrandi, A, et al. Oxidative stress and advanced glycation end products in hashimoto’s thyroiditis. Thyroid (2016) 26(4):504–11. doi: 10.1089/thy.2015.0592

32. Hou, TY, Wu, SB, Kau, HC, and Tsai, CC. The role of oxidative stress and therapeutic potential of antioxidants in graves’ Ophthalmopathy. Biomedicines (2021) 9(12):1871. doi: 10.3390/biomedicines9121871

33. da Silva, GB, Yamauchi, MA, and Bagatini, MD. Oxidative stress in Hashimoto’s thyroiditis: possible adjuvant therapies to attenuate deleterious effects. Mol Cell Biochem (2022) 478:949–66. doi: 10.1007/s11010-022-04564-4

34. Csaba, G. Hormones in the immune system and their possible role. A Crit review Acta Microbiol Immunol Hung (2014) 61(3):241–60. doi: 10.1556/AMicr.61.2014.3.1

35. van der Spek, AH, Fliers, E, and Boelen, A. Thyroid hormone and deiodination in innate immune cells. Endocrinology (2021) 162(1):bqaa200. doi: 10.1210/endocr/bqaa200

36. Rubingh, J, van der Spek, A, Fliers, E, and Boelen, A. The role of thyroid hormone in the innate and adaptive immune response during infection. Compr Physiol (2020) 10(4):1277–87. doi: 10.1002/cphy.c200003

37. De Vito, P, Balducci, V, Leone, S, Percario, Z, Mangino, G, Davis, PJ, et al. Nongenomic effects of thyroid hormones on the immune system cells: New targets, old players. Steroids (2012) 77(10):988–95. doi: 10.1016/j.steroids.2012.02.018

38. Montesinos, MDM, and Pellizas, CG. Thyroid hormone action on innate immunity. Front Endocrinol (Lausanne) (2019) 10:350. doi: 10.3389/fendo.2019.00350

39. Zhong, Y, Lu, TT, Liu, XM, Liu, BL, Hu, Y, Liu, S, et al. High levels of thyroid hormone impair regulatory T cell function via reduced PD-1 expression. J Clin Endocrinol Metab (2021) 106(9):2738–53. doi: 10.1210/clinem/dgab191

40. Zimmermann, MB. Iodine deficiency. Endocr Rev (2009) 30(4):376–408. doi: 10.1210/er.2009-0011

41. Szybinski, Z. Role of iodine in metabolism. Recent Pat Endocr Metab Immune Drug Discovery (2017) 10(2):123–6. doi: 10.2174/1872214811666170119110618

42. Sorrenti, S, Baldini, E, Pironi, D, Lauro, A, D’Orazi, V, Tartaglia, F, et al. Iodine: its role in thyroid hormone biosynthesis and beyond. Nutrients (2021) 13(12):4469. doi: 10.3390/nu13124469

43. Luo, Y, Kawashima, A, Ishido, Y, Yoshihara, A, Oda, K, Hiroi, N, et al. Iodine excess as an environmental risk factor for autoimmune thyroid disease. Int J Mol Sci (2014) 15(7):12895–912. doi: 10.3390/ijms150712895

44. Yang, X, Gao, T, Shi, R, Zhou, X, Qu, J, Xu, J, et al. Effect of iodine excess on Th1, Th2, Th17, and Treg cell subpopulations in the thyroid of NOD.H-2h4 mice. Biol Trace Elem Res (2014) 159(1-3):288–96. doi: 10.1007/s12011-014-9958-y

45. Duntas, LH. The role of iodine and selenium in autoimmune thyroiditis. Horm Metab Res (2015) 47(10):721–6. doi: 10.1055/s-0035-1559631

46. Xu, C, Wu, F, Mao, C, Wang, X, Zheng, T, Bu, L, et al. Excess iodine promotes apoptosis of thyroid follicular epithelial cells by inducing autophagy suppression and is associated with Hashimoto thyroiditis disease. J Autoimmun (2016) 75:50–7. doi: 10.1016/j.jaut.2016.07.008

47. Duntas, LH. The catalytic role of iodine excess in loss of homeostasis in autoimmune thyroiditis. Curr Opin Endocrinol Diabetes Obes (2018) 25(5):347–52. doi: 10.1097/MED.0000000000000425

48. Wang, C, Li, Y, Teng, D, Shi, X, Ba, J, Chen, B, et al. Hyperthyroidism prevalence in China after universal salt iodization. Front Endocrinol (Lausanne) (2021) 12:651534. doi: 10.3389/fendo.2021.651534

49. Teti, C, Panciroli, M, Nazzari, E, Pesce, G, Mariotti, S, Olivieri, A, et al. Iodoprophylaxis and thyroid autoimmunity: an update. Immunol Res (2021) 69(2):129–38. doi: 10.1007/s12026-021-09192-6

50. Petersen, M, Knudsen, N, Carlé, A, Andersen, S, Jørgensen, T, Perrild, H, et al. Increased incidence rate of hypothyroidism after iodine fortification in Denmark: A 20-year prospective population-based study. J Clin Endocrinol Metab (2019) 104(5):1833–40. doi: 10.1210/jc.2018-01993

51. Shan, Z, Chen, L, Lian, X, Liu, C, Shi, B, Shi, L, et al. Iodine status and prevalence of thyroid disorders after introduction of mandatory universal salt iodization for 16 years in China: A cross-sectional study in 10 cities. Thyroid (2016) 26(8):1125–30. doi: 10.1089/thy.2015.0613

52. Turgut, A, Erdogan, M, Yurekli, B, Sezer, SE, Simsir, IY, Rouhraz, H, et al. Is there any relationship between Hashimoto’s thyroiditis and urinary iodine level? Mìžnarodnij endokrinologìčnij žurnal (Ukraine) (2019) 15(5):365–70. doi: 10.22141/2224-0721.15.5.2019.180038

53. Teng, D, Yang, W, Shi, X, Li, Y, Ba, J, Chen, B, et al. An inverse relationship between iodine intake and thyroid antibodies: A national cross-sectional survey in mainland China. Thyroid (2020) 30(11):1656–65. doi: 10.1089/thy.2020.0037

54. Ruggeri, RM, and Trimarchi, F. Iodine nutrition optimization: are there risks for thyroid autoimmunity? J Endocrinol Invest (2021) 44(9):1827–35. doi: 10.1007/s40618-021-01548-x

55. Karbownik-Lewińska, M, Stępniak, J, Iwan, P, and Lewiński, A. Iodine as a potential endocrine disruptor-a role of oxidative stress. Endocrine (2022) 78:219–40. doi: 10.1007/s12020-022-03107-7

56. Benvenga, S, Nordio, M, Laganà, AS, and Unfer, V. The role of inositolin thyroid physiology and in subclinical hypothyroidism management. Front Endocrinol (Lausanne) (2021) 12:662582. doi: 10.3389/fendo.2021.662582

57. Paparo, SR, Ferrari, SM, Patrizio, A, Elia, G, Ragusa, F, Botrini, C, et al. Myoinositol in autoimmune thyroiditis. Front Endocrinol (Lausanne) (2022) 13:930756. doi: 10.3389/fendo.2022.930756

58. Barbaro, D, Orrù, B, and Unfer, V. Iodine and myo-inositol: A novel promising combination for iodine deficiency. Front Endocrinol (Lausanne) (2019) 10:457. doi: 10.3389/fendo.2019.00457

59. Duntas, LH, and Benvenga, S. Selenium: an element for life. Endocrine (2015) 48(3):756–75. doi: 10.1007/s12020-014-0477-6

60. Hoffmann, FW, Hashimoto, AC, Shafer, LA, Dow, S, Berry, MJ, and Hoffmann, PR. Dietary selenium modulates activation and differentiation of CD4+ T cells in mice through a mechanism involving cellular free thiols. J Nutr (2010) 140(6):1155–61. doi: 10.3945/jn.109.120725

61. Weyh, C, Krüger, K, Peeling, P, and Castell, L. The role of minerals in the optimal functioning of the immune system. Nutrients (2022) 14(3):644. doi: 10.3390/nu14030644

62. Ma, C, and Hoffmann, PR. Selenoproteins as regulators of T cell proliferation, differentiation, and metabolism. Semin Cell Dev Biol (2021) 115:54–61. doi: 10.1016/j.semcdb.2020.11.006

63. Lee, S, Takahashi, I, Matsuzaka, M, Yamai, K, Danjo, K, Kumagai, T, et al. The relationship between serum selenium concentration and neutrophil function in peripheral blood. Biol Trace Elem Res (2011) 144(1-3):396–406. doi: 10.1007/s12011-011-9108-8

64. Valea, A, and Georgescu, CE. Selenoproteins in human body: focus on thyroid pathophysiology. Hormones (Athens) (2018) 17(2):183–96. doi: 10.1007/s42000-018-0033-5

65. Gheorghiu, ML, and Badiu, C. Selenium involvement in mitochondrial function in thyroid disorders. Hormones (Athens) (2020) 19(1):25–30. doi: 10.1007/s42000-020-00173-2

66. Ruggeri, RM, D’Ascola, A, Vicchio, TM, Campo, S, Gianì, F, Giovinazzo, S, et al. Selenium exerts protective effects against oxidative stress and cell damage in human thyrocytes and fibroblasts. Endocrine (2020) 68(1):151–62. doi: 10.1007/s12020-019-02171-w

67. Kravchenko, VI, Grossman, AB, Rakov, OV, Kovzun, OI, Pankiv, VI, and Simurov, OV. Selenium supply and thyroid conditionin Graves’ disease in the region of iodine deficiency. Problems endocrine pathology (2021) 75(1):26–33. doi: 10.21856/j-PEP.2021.1.04

68. Wu, Q, Rayman, MP, Lv, H, Schomburg, L, Cui, B, Gao, C, et al. Low population selenium status is associated with increased prevalence of thyroid disease. J Clin Endocrinol Metab (2015) 100(11):4037–47. doi: 10.1210/jc.2015-2222

69. Szeliga, A, Czyżyk, A, Niedzielski, P, Mleczek, M, Maciejewski, A, Dorszewska, J, et al. Assessment of serum selenium concentration in patients with autoimmune thyroiditis in Poznan district. Pol Merkur Lekarski (2018) 45(268):150–3.

70. Owji, N, Moradi, F, Khalili, MR, and Jahanbani-Ardakani, H. Selenium serum levels in Grave’s patients with or without thyroid ophthalmopathy. Endocr Pract (2022) 28(12):1216–20. doi: 10.1016/j.eprac.2022.09.001

71. Bülow Pedersen, I, Knudsen, N, Carlé, A, Schomburg, L, Köhrle, J, Jørgensen, T, et al. Serum selenium is low in newly diagnosed Graves’ disease: a population-based study. Clin Endocrinol (Oxf) (2013) 79(4):584–90. doi: 10.1111/cen.12185

72. Liu, Y, Liu, S, Mao, J, Piao, S, Qin, J, Peng, S, et al. Serum trace elements profile in graves’ Disease patients with or without orbitopathy in northeast China. BioMed Res Int (2018) 2018:3029379. doi: 10.1155/2018/3029379

73. Yu, L, Zhou, L, Xu, E, Bi, Y, Hu, X, Pei, X, et al. Levothyroxine monotherapy versus levothyroxine and selenium combination therapy in chronic lymphocytic thyroiditis. J Endocrinol Invest (2017) 40:1243–50. doi: 10.1007/s40618-017-0693-z

74. Hu, Y, Feng, W, Chen, H, Shi, H, Jiang, L, Zheng, X, et al. Effect of selenium on thyroid autoimmunity and regulatory T cells in patients with Hashimoto’s thyroiditis: A prospective randomized-controlled trial. Clin Transl Sci (2021) 14(4):1390–402. doi: 10.1111/cts.12993

75. Wang, W, Mao, J, Zhao, J, Lu, J, Yan, L, Du, J, et al. Decreased thyroid peroxidase antibody titer in response to selenium supplementation in autoimmune thyroiditis and the influence of a selenoprotein P gene polymorphism: A prospective, multicenter study in China. Thyroid (2018) 28(12):1674–81. doi: 10.1089/thy.2017.0230

76. Qiu, Y, Xing, Z, Xiang, Q, Yang, Q, Zhu, J, and Su, A. Insufficient evidence to support the clinical efficacy of selenium supplementation for patients with chronic autoimmune thyroiditis. Endocrine (2021) 73(2):384–97. doi: 10.1007/s12020-021-02642-z

77. Li, Y, Zuo, X, Hua, C, Zhao, Y, Pei, X, and Tian, M. Effects of selenium supplement on B lymphocyte activity in experimental autoimmune thyroiditis rats. Int J Endocrinol (2021) 2021:9439344. doi: 10.1155/2021/9439344

78. Chakrabarti, SK, Ghosh, S, Banerjee, S, Mukherjee, S, and Chowdhury, S. Oxidative stress in hypothyroid patients and the role of antioxidant supplementation. Indian J Endocrinol Metab (2016) 20(5):674–8. doi: 10.4103/2230-8210.190555

79. Filipowicz, D, Majewska, K, Kalantarova, A, Szczepanek-Parulska, E, and Ruchała, M. The rationale for selenium supplementation in patients with autoimmune thyroiditis, according to the current state of knowledge. Endokrynol Pol (2021) 72(2):153–62. doi: 10.5603/EP.a2021.0017

80. Pace, C, Tumino, D, Russo, M, LeMoli, R, Naselli, A, Borzì, G, et al. Role of selenium and myo-inositol supplementation on autoimmune thyroiditis progression. Endocr J (2020) 67(11):1093–8. doi: 10.1507/endocrj.EJ20-0062

81. Ferrari, SM, Fallahi, P, Di Bari, F, Vita, R, Benvenga, S, and Antonelli, A. Myo-inositol and selenium reduce the risk of developing overt hypothyroidism in patients with autoimmune thyroiditis. Eur Rev Med Pharmacol Sci (2017) 21:36–42.

82. Leo, M, Bartalena, L, Rotondo Dottore, G, Piantanida, E, Premoli, P, Ionni, I, et al. Effects of selenium on short-term control of hyperthyroidism due to Graves’ disease treated with methimazole: results of a randomized clinical trial. J Endocrinol Invest (2017) 40(3):281–7. doi: 10.1007/s40618-016-0559-9

83. Calissendorff, J, Mikulski, E, Larsen, EH, and Möller, M. A Prospective investigation of Graves’ disease and selenium: thyroid hormones, auto-antibodies and self-rated symptoms. Eur Thyroid J (2015) 2:93–8. doi: 10.1159/000381768

84. Zheng, H, Wei, J, Wang, L, Wang, Q, Zhao, J, Chen, S, et al. Effects of selenium supplementation on Graves’ disease: a systematic review and meta-analysis. Evid Based Complement Alternat Med (2018) 2018:3763565. doi: 10.1155/2018/3763565

85. Lazolla, G, Marcocci, C, and Marinò, M. Oxidative stress in graves disease and graves orbitopathy. Eur Thyroid J (2020) 9(Suppl 1):40–50. doi: 10.1159/000509615

86. Sultana, DR, Shahin, AD, and Md Jawadul, H. Measurement of oxidative stress and total antioxidant capacity in hyperthyroid patients following treatment with carbimazole and antioxidant. Heliyon (2021) 8(1):e08651. doi: 10.1016/j.heliyon.2021.e08651

87. Rotondo Dottore, G, Ionni, I, Menconi, F, Casini, G, Sellari-Franceschini, S, Nardi, M, et al. Action of three bioavailable antioxidants in orbital fibroblasts from patients with Graves’ orbitopathy (GO): a new frontier for GO treatment? J Endocrinol Invest (2018) 41(2):193–201. doi: 10.1007/s40618-017-0718-7

88. Marinò, M, Menconi, F, Rotondo Dottore, G, Leo, M, and Marcocci, C. Selenium in graves hyperthyroidism and orbitopathy. Ophthalmic Plast Reconstr Surg (2018) 34(4S Suppl 1):S105–10. doi: 10.1097/IOP.0000000000001136

89. Santos, LR, Neves, C, Melo, M, and Soares, P. Selenium and selenoproteins in immune mediated thyroid disorders. Diagnostics (Basel) (2018) 8(4):70. doi: 10.3390/diagnostics8040070

90. Bednarczuk, T, and Schomburg, L. Challenges and perspectives of selenium supplementation in Graves’ disease and orbitopathy. Hormones (Athens) (2020) 19(1):31–9. doi: 10.1007/s42000-019-00133-5

91. Lieu, PT, Heiskala, M, Peterson, PA, and Yang, Y. The roles of iron in health and disease. Mol Aspects Med (2001) 22(1-2):1–87. doi: 10.1016/s0098-2997(00)00006-6

92. Puig, S, Ramos-Alonso, L, Romero, AM, and Martínez-Pastor, MT. The elemental role of iron in DNA synthesis and repair. Metallomics (2017) (11):1483–500. doi: 10.1039/c7mt00116a

93. Cronin, SJF, Woolf, CJ, Weiss, G, and Penninger, JM. The role of iron regulation in immunometabolism and immune-related disease. Front Mol Biosci (2019) 6:116. doi: 10.3389/fmolb.2019.00116

94. Frost, JN, Wideman, SK, Preston, AE, Teh, MR, Ai, Z, Wang, L, et al. Plasma iron controls neutrophil production and function. Sci Adv (2022) 8(40):eabq5384. doi: 10.1126/sciadv.abq5384

95. Agoro, R, Taleb, M, Quesniaux, VFJ, and Mura, C. Cell iron status influences macrophage polarization. PloS One (2018) 13(5):e0196921. doi: 10.1371/journal.pone.0196921

96. Percival, SS. Copper and immunity. Am J Clin Nutr (1998) 67(5 Suppl):1064S–8S. doi: 10.1093/ajcn/67.5.1064S

97. Raha, S, Mallick, R, Basak, S, and Duttaroy, AK. Is copper beneficial for COVID-19 patients? Med Hypotheses (2020) 142:109814. doi: 10.1016/j.mehy.2020.109814

98. Valko, M, Jomova, K, Rhodes, CJ, Kuča, K, and Musílek, K. Redox- and non-redox-metal-induced formation of free radicals and their role in human disease. Arch Toxicol (2016) 90(1):1–37. doi: 10.1007/s00204-015-1579-5

99. Besold, AN, Culbertson, EM, and Culotta, VC. The Yin and Yang of copper during infection. J Biol Inorg Chem (2016) 21(2):137–44. doi: 10.1007/s00775-016-1335-1

100. Kim, MJ, Kim, SC, Chung, S, Kim, S, Yoon, JW, and Park, YJ. Exploring the role of copper and selenium in the maintenance of normal thyroid function among healthy Koreans. J Trace Elem Med Biol (2020) 61:126558. doi: 10.1016/j.jtemb.2020.126558

101. Błażewicz, A, Wiśniewska, P, and Skórzyńska-Dziduszko, K. Selected essential and toxic chemical elements in hypothyroidism-A literature review (2001-2021). Int J Mol Sci (2021) 22(18):10147. doi: 10.3390/ijms221810147

102. Jain, RB. Thyroid function and serum copper, selenium, and zinc in general U.S. population Biol Trace Elem Res (2014) 159(1-3):87–98. doi: 10.1007/s12011-014-9992-9

103. Rasic-Milutinovic, Z, Jovanovic, D, Bogdanovic, G, Trifunovic, J, and Mutic, J. Potential influence of selenium, copper, zinc and cadmium on L-thyroxine substitution in patients with hashimoto thyroiditis and hypothyroidism. Exp Clin Endocrinol Diabetes (2017) 125(2):79–85. doi: 10.1055/s-0042-116070

104. Ihnatowicz, P, Drywień, M, Wątor, P, and Wojsiat, J. The importance of nutritional factors and dietary management of Hashimoto’s thyroiditis. Ann Agric Environ Med (2020) 27(2):184–93. doi: 10.26444/aaem/112331

105. Erdal, M, Sahin, M, Hasimi, A, Uckaya, G, Kutlu, M, and Saglam, K. Trace element levels in hashimoto thyroiditis patients with subclinical hypothyroidism. Biol Trace Elem Res (2008) 123(1-3):1–7. doi: 10.1007/s12011-008-8117-8

106. Wopereis, DM, Du Puy, RS, van Heemst, D, Walsh, JP, Bremner, A, Bakker, SJL, et al. The relation between thyroid function and anemia: A pooled analysis of individual participant data. J Clin Endocrinol Metab (2018) 103(10):3658–67. doi: 10.1210/jc.2018-00481

107. Zhang, HY, Teng, XC, Shan, ZY, Wang, ZJ, Li, CY, Yu, XH, et al. Association between iron deficiency and prevalence of thyroid autoimmunity in pregnant and non-pregnant women of childbearing age: a cross-sectional study. Chin Med J (Engl) (2019) 132(18):2143–9. doi: 10.1097/CM9.0000000000000409

108. Luo, Y, Zeng, H, Ye, Y, Yu, G, Song, C, Liu, S, et al. Associations of metal profiles in blood with thyroiditis: a cross-sectional study. Environ Sci Pollut Res Int (2022) 30:21072–80. doi: 10.1007/s11356-022-23625-1

109. Rayman, MP. Multiple nutritional factors and thyroid disease, with particular reference to autoimmune thyroid disease. Proc Nutr Soc (2019) 78(1):34–44. doi: 10.1017/S0029665118001192

110. Zimmermann, MB, Zeder, C, Chaouki, N, Saad, A, Torresani, T, and Hurrell, RF. Dual fortification of salt with iodine and microencapsulated iron: a randomized, double-blind, controlled trial in Moroccan schoolchildren. Am J Clin Nutr (2003) 77(2):425–32. doi: 10.1093/ajcn/77.2.425

111. Hojyo, S, and Fukada, T. Roles of zinc signaling in the immune system. J Immunol Res (2016) 2016:6762343. doi: 10.1155/2016/6762343

112. Stefanidou, M, Maravelias, C, Dona, A, and Spiliopoulou, C. Zinc: a multipurpose trace element. Arch Toxicol (2006) 80(1):1–9. doi: 10.1007/s00204-005-0009-5

113. Zago, MP, and Oteiza, PI. The antioxidant properties of zinc: interactions with iron and antioxidants. Free Radic Biol Med (2001) 31(2):266–74. doi: 10.1016/s0891-5849(01)00583-4

114. Prasad, AS, and Bao, B. Molecular mechanisms of zinc as a pro-antioxidant mediator: clinical therapeutic implications. Antioxidants (Basel) (2019) 8(6):164. doi: 10.3390/antiox8060164

115. Mocchegiani, E, Malavolta, M, Costarelli, L, Giacconi, R, Piacenza, F, Lattanzio, F, et al. Is there a possible single mediator in modulating neuroendocrine-thymus interaction in ageing? Curr Aging Sci (2013) 6(1):99–107. doi: 10.2174/1874609811306010013

116. Maywald, M, and Rink, L. Zinc homeostasis and immunosenescence. J Trace Elem Med Biol (2015) 29:24–30. doi: 10.1016/j.jtemb.2014.06.003

117. Wang, HX, Pan, W, Zheng, L, Zhong, XP, Tan, L, Liang, Z, et al. Thymic epithelial cells contribute to thymopoiesis and T cell development. Front Immunol (2020) 10:3099. doi: 10.3389/fimmu.2019.03099

118. Maywald, M, Wang, F, and Rink, L. The intracellular free zinc level is vital for treg function and a feasible tool to discriminate between treg and activated th cells. Int J Mol Sci (2018) 19(11):3575. doi: 10.3390/ijms19113575

119. Lewinski, A, and Karbownik, M. Melatonin and the thyroid gland. Melatonin: biological basis of its function in health and disease. (2005).

120. Benvenga, S, Feldt-Rasmussen, U, Bonofiglio, D, and ASamoah, E. Nutraceutical supplements in the thyroid setting: health benefits beyond basic nutrition. Nutrients (2019) 11(9):2214. doi: 10.3390/nu11092214

121. Rahman, K. Studies on free radicals, antioxidants, and co-factors. Clin Interv Aging (2007) 2(2):219–36.

122. Lin, JD, Yang, SF, Wang, YH, Fang, WF, Lin, YC, Liou, BC, et al. Associations of melatonin receptor gene polymorphisms with Graves’ disease. PloS One (2017) 12(9):e0185529. doi: 10.1371/journal.pone.0185529

123. Severo, JS, Morais, JBS, de Freitas, TEC, Andrade, ALP, Feitosa, MM, Fontenelle, LC, et al. The role of zinc in thyroid hormones metabolism. Int J Vitam Nutr Res (2019) 89(1-2):80–8. doi: 10.1024/0300-9831/a000262

124. Beserra, JB, Morais, JBS, Severo, JS, Cruz, KJC, de Oliveira, ARS, Henriques, GS, et al. Relation between zinc and thyroid hormones in humans: a systematic review. Biol Trace Elem Res (2021) 199(11):4092–100. doi: 10.1007/s12011-020-02562-5

125. Mahmoodianfard, S, Vafa, M, Golgiri, F, Khoshniat, M, Gohari, M, Solati, Z, et al. Effects of zinc and selenium supplementation on thyroid function in overweight and obese hypothyroid female patients: A randomized double-blind controlled trial. J Am Coll Nutr (2015) 34(5):391–9. doi: 10.1080/07315724.2014.926161

126. Chasapis, CT, Loutsidou, AC, Spiliopoulou, CA, and Stefanidou, ME. Zinc and human health: an update. Arch Toxicol (2012) 86(4):521–34. doi: 10.1007/s00204-011-0775-1

127. Wessels, I, and Rink, L. Micronutrients in autoimmune diseases: possible therapeutic benefits of zinc and vitamin D. J Nutr Biochem (2020) 77:108240. doi: 10.1016/j.jnutbio.2019.108240

128. Rosanoff, A, Dai, Q, and Shapses, SA. Essential nutrient interactions: does low or suboptimal magnesium status interact with vitamin D and/or calcium status? Adv Nutr (2016) 7(1):25–43. doi: 10.3945/an.115.008631

129. Lötscher, J, Martí I Líndez, AA, Kirchhammer, N, Cribioli, E, Giordano Attianese, GMP, Trefny, MP, et al. Magnesium sensing via LFA-1 regulates CD8+ T cell effector function. Cell (2022) 185(4):585–602. doi: 10.1016/j.cell.2021.12.039

130. Trebak, M, and Kinet, JP. Calcium signalling in T cells. Nat Rev Immunol (2019) 19(3):154–69. doi: 10.1038/s41577-018-0110-7

131. Saini, N, Lakshminarayanan, S, Kundu, P, and Sarin, A. Notch1 modulation of cellular calcium regulates mitochondrial metabolism and anti-apoptotic activity in T-regulatory cells. Front Immunol (2022) 13:832159. doi: 10.3389/fimmu.2022.832159

132. Ke, Z, Liang, D, Zeng, Q, Ren, Q, Ma, H, Gui, L, et al. hsBAFF promotes proliferation and survival in cultured B lymphocytes via calcium signaling activation of mTOR pathway. Cytokine (2013) 62(2):310–21. doi: 10.1016/j.cyto.2013.03.011

133. Arancibia-Hernández, YL, Aranda-Rivera, AK, Cruz-Gregorio, A, and Pedraza-Chaverri, J. Antioxidant/anti-inflammatory effect of Mg2+ in coronavirus disease 2019 (COVID-19). Rev Med Virol (2022) 32(5):e2348. doi: 10.1002/rmv.2348

134. Galland, L. Magnesium and immune function: an overview. Magnesium (1988) 7(5-6):290–9.

135. Kanellopoulou, C, George, AB, Masutani, E, Cannons, JL, Ravell, JC, Yamamoto, TN, et al. Mg2+ regulation of kinase signaling and immune function. J Exp Med (2019) 216(8):1828–42. doi: 10.1084/jem.20181970

136. da Silva Lima, F, da Rocha Romero, AB, Hastreiter, A, Nogueira-Pedro, A, Makiyama, E, Colli, C, et al. An insight into the role of magnesium in the immunomodulatory properties of mesenchymal stem cells. J Nutr Biochem (2018) 55:200–8. doi: 10.1016/j.jnutbio.2018.02.006

137. Nielsen, FH. Magnesium deficiency and increased inflammation: current perspectives. J Inflammation Res (2018) 11:25–34. doi: 10.2147/JIR.S136742

138. Kravchenko, VI, Luzanchuk IA Andrusyshina, IM, and Bolgov, M. Retrospective analysis of micro- and macroelement supply in patients with latent autoimmune thyroiditis among residents of the Northern region of Ukraine. Endokrynologia (2022) 27(4):302–10. doi: 10.31793/1680-1466.2022.27-4.302

139. Wang, K, Wei, H, Zhang, W, Li, Z, Ding, L, Yu, T, et al. Severely low serum magnesium is associated with increased risks of positive anti-thyroglobulin antibody and hypothyroidism: A cross-sectional study. Sci Rep (2018) 8(1):9904. doi: 10.1038/s41598-018-28362-5

140. Rasheed Khan, M, Thivyah Prabha, AG, and Siva Kumar, K. Study of calcium, magnesium and phosphorus levels among hypothyroid patients in trichy, Tamil Nadu. J Evidence Based Med Healthcare (2021) 8(30):2797–803. doi: 10.18410/jebmh/2021/513

141. Jat, RK, Panwar, AK, Agarwal, P, Sharma, C, Bansal, DP, Pareek, A, et al. Assessment of serum minerals in subclinical hypothyroid and overt hypothyroid patients. Cureus (2021) 13(8):e16944. doi: 10.7759/cureus.16944

142. Ashmaik, AS, Gabra, HM, Elzein, AOM, Shrif, NEMA, and Hassan, EE. Assessment of serum levels of calcium and phosphorous in Sudanese patients with hypothyroidism. Asian J Biomed Pharm Sci (2013) 3(25):21–6.

143. M.Eltayeb, R, Shrif, NEMA, and Hassan, EE. Assessment of serum level of calcium and phosphorus in Sudanese patients with hyperthyroidism. World J Pharm Pharm Sci (2014) 3(8):20–7.

144. Moncayo, R, and Moncayo, H. The WOMED model of benign thyroid disease: Acquired magnesium deficiency due to physical and psychological stressors relates to dysfunction of oxidative phosphorylation. BBA Clin (2014) 3:44–64. doi: 10.1016/j.bbacli.2014.11.002

145. Rabbani, E, Golgiri, F, Janani, L, Moradi, N, Fallah, S, Abiri, B, et al. Randomized study of the effects of zinc, vitamin A, and magnesium co-supplementation on thyroid function, oxidative stress, and hs-CRP in patients with hypothyroidism. Biol Trace Elem Res (2021) 199(11):4074–83. doi: 10.1007/s12011-020-02548-3




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Kravchenko and Zakharchenko. 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.


OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Thyroid hormones and minerals in immunocorrection of disorders in autoimmune thyroid diseases

      

        		

          Introduction

        



        		

          Cellular and humoral immunity in the pathogenesis of AITD

        



        		

          Thyroid status is one of the components of immunomodulating effect in AITD

        



        		

          The role of minerals in the pathogenesis of AITD. Prerequisites for their immunotherapeutic use

        

          		

            Iodine

          



          		

            Selenium

          



          		

            Iron and copper

          



          		

            Zinc

          



          		

            Calcium and magnesium

          



        



        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo.2023.1225494_cover.jpg
& frontiers | Frontiers in Endocrinology

Thyroid hormones and minerals in
immunocorrection of disorders in
autoimmune thyroid diseases





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1225494-g001.jpg
Thyroid hormones and minerals

Innate immune response Main targets Adaptive immune response

‘i Natural killer cells @ T-cytotoxic cells

Oxidative stress, ROS

(@) Monocytes Inflammation @ el

- Aut(?lmmune PLOCESS ) @ T-regulatory cells

L'} Macrophages Pro-inflammatory interleukins w
Anti-inflammatory interleukins >@ B-cells

Neutrophils Chemokines »

Apoptosis ,Z./\): B-regulatory cells

T Denditic cells

* Dendritic cells





OEBPS/Images/table1.jpg
TG/

minerals

Immunological targets and effects Corresponding
references

TG Normal > neutrophils, MF, DCs, NK-cells, CD4", CD8", Th1, Th17, ROS, IL-12, IL-6, IL-23, IL-1B, IL-17, CCR7; (36-38)
< Treg
GD < Treg, PD-1 (39)
3§ Normal > neutrophils, MF, ROS, inflammation; < ROS (42)
In vitro > ROS, O, apoptosis (43, 46)
In vivo/HT > Th17, TRAIL, ROS, OS, apoptosis; TPOAD, TgAb; < Treg, TGE-B1 (44, 45, 47, 51, 55, 59)
</= TPOAb (53,5)
Se Normal > CD4", Thl, IL-2, IFN-y, GPx, TR; < ROS, OS, inflammation (60-62)
In vitro > GPx, < apoptosis (66)
In vivo (EAT) > IL-10, Breg; < BAFF; < TPOAb, TgAb 77)
HT, GD/GO < IL-2, TPOAb, TgAb (73-75)
HT > Treg, GPx, TR, SePP1; < OS, CXCL10, (79, 33, 81)
HT, GD < MDA, OS (78, 86)
GD < TRAb (84, 67)
Fe Normal > ROS NETosis, MF (94)
In vitro < MFI, IL-12/IL-10, IL-1B, IL-6, IL-12, TNF-0i; > MF2 (95)
HT < TPOAD, TgAb (107, 108)
Cu Normal > neutrophils, ROS, T-cells, IL-2, inflammation (96, 97)
> CuSOD 99)
Zn Normal > T-cells, polarization Th - Th, Th2, Th17, > Treg (116-118)
In vitro, In vivo < OS, ROS (114)
HT < OS, hs-CRP (33, 145)
Mg Normal > MF, Th, B-cells, NK-cells, CD8" T (129, 134, 135)
< NF-kB, IL-6, TNF-0, OS; > GSH (133)
< TNF-a, IL-1, IL-6, E-selectins, ICAM-1, VCAM-1, hs-CRP (137)
In vitro > IL-10, prostaglandin E2; < IL-1, IL-6 (136)
HT < TPOAD, TgAb, hs-CRP (108, 139, 145)
Ca Normal > CD8" T, apoptosis, inflammation (129)
< Treg (131)
> BAFF, B-cells (132)

Normal - at the physiological norm, In vitro - cell culture, In vivo - animal models, > - increase in effect, < - decrease in effect, </= - decrease/no change





