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Abstract

:

The literature on the connection between obesity, metabolic syndrome, and subclinical hypothyroidism is critically analyzed in this narrative review. These conditions are frequently observed among adult populations and various studies and meta-analyses have assessed their association. The prevalence of subclinical hypothyroidism in obese individuals is higher than in non-obese subjects and this trend is more pronounced in unhealthy obesity phenotypes. However, the diagnosis and treatment of subclinical hypothyroidism can be difficult in obese patients. Exaggerated body fat is linked to thyroid hypoechogenicity as evident through ultrasonography and euthyroid obese people have greater TSH, FT3, and FT3/FT4 ratios than non-obese individuals in a euthyroid condition. Moreover, a reduced expression of the TSH receptor and altered function of deiodinases has been found in the adipose tissue of obese patients. Current data do not support the necessity of a pharmacological correction of the isolated hyperthyrotropinemia in euthyroid obese patients because treatment with thyroid hormone does not significantly improve weight loss and the increase in serum TSH can be reversible after hypocaloric diet or bariatric surgery. On the other hand, obesity is linked to elevated leptin levels. Inflammation can raise the risk of Hashimoto thyroiditis, which increases the likelihood that obese patients will experience overt or subclinical hypothyroidism. Both metabolic syndrome and subclinical hypothyroidism are associated with atherosclerosis, liver and kidney disease. Hence, the association of these two illnesses may potentiate the adverse effects noted in each of them. Subclinical hypothyroidism should be identified in patients with obesity and treated with appropriate doses of L-thyroxine according to the lean body mass and body weight. Randomized controlled trials are necessary to verify whether treatment of thyroid deficiency could counteract the expected risks.
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1. Introduction


Subclinical hypothyroidism (SHypo) is an early condition of thyroid hormone deficiency in which free thyroxine levels are at the lower limit of their normal reference range with a consequent increase in serum thyroid stimulating hormone (TSH), which is already outside of its reference range [1,2,3]. Subclinical hypothyroidism develops in 4–20% of the adult population and is more common in iodine-sufficient countries [1]. Around 75% of patients with SHypo are affected by a mild form, characterized by a serum TSH concentration, ranging between 4.5–6.9 mIU/L. Serum TSH usually normalizes during the follow-up in patients with mild SHypo and therefore this disorder can be reversible and remain untreated in asymptomatic patients without cardiovascular risk factors and in unpregnant women [1,2]. About 20% of adult patients with SHypo have a moderate form of thyroid hormone deficiency, with a TSH concentration between 7.0–9.9 mIU/L. Only 5% have severe dysfunction with a TSH concentration ≥10 mIU/L [3]. Moderate and severe SHypo have been associated with an increased risk of progression to overt disease.



Metabolic syndrome (MetS) is characterized by a constellation of cardiovascular risk factors, including abdominal obesity, hypertension, high triglyceride (TG) levels, low high-density lipoprotein cholesterol (HDL-C) levels, and insulin resistance (IR) or impaired glucose tolerance (IGT). It is often associated with a prothrombotic and proinflammatory state [4]. The World Health Organization (WHO) and the European Group for the Study of Insulin Resistance supported the fundamental role of hyperinsulinemia in the development of MetS [4]. On the contrary, more recently, the main role of central obesity for the development of MetS has been recognized [4]. Differences in sex, age, race, ethnicity, lifestyle habits and socioeconomic status can affect the prevalence of MetS among different populations [4].



Data on the clinical significance and treatment of SHypo in individuals with obesity and MetS published in the past decade are assessed in this narrative review, which critically analyzes the existing literature on the relationship between these disorders; meta-analyses are also discussed.




2. Association between Subclinical Hypothyroidism and Metabolic Syndrome


Thyroid hormone (TH) controls food intake by regulating appetite and thermogenesis and influences glucose and lipid metabolism and adipogenesis [5]. MetS, obesity and SHypo are frequent conditions among the adult population and to date, various studies and meta-analyses have been published to assess the relationship between these disorders with controversial results [6,7,8,9,10,11,12,13,14,15]. Some meta-analyses assessed the relationship between SHypo and MetS, as well as its components. A large meta-analysis examining 79,727 participants primarily from observational and cross-sectional studies revealed a low level of heterogeneity among the included studies and a significant increase in the risk of MetS in SHypo subjects (odds ratio (OR) = 1.28, 95% confidence interval (CI): 1.19 to 1.39, p < 0.00001) [9]. A strong correlation between SHypo and MetS in adults and older adults, as well as a higher risk of MetS in the Asian population, was found by the subgroup analysis. The TSH threshold value for the diagnosis of SHypo and the confounding factor correction had no effect on the relationship between MetS and SHypo [9]. Another recent meta-analysis, however, which included data from prospective studies assessing the association between metabolic syndrome (MetS) and incidence of SHypo, showed different findings [10]. Due to the high degree of heterogeneity among the limited studies that are available, there is no conclusive evidence regarding the relationship between the occurrence of overt or subclinical hypothyroidism in individuals with MetS [10]. The Health, Ageing and Body Composition study reported evidence of an association between SHypo prevalence, but not incidence of MetS [11]. When compared to the euthyroid group, the Beijing Health Management Cohort, a population-based study with 3615 participants, revealed that SHypo was significantly linked to the development of metabolic syndrome only in young men (adjusted hazard ratio (HR): 1.87 (95% CI, 1.21–2.90)) [12]. Furthermore, a nine-year follow-up study, the Tehran Thyroid research, a prospective cohort study involving 5786 participants aged ≥ 20 years, revealed no evidence of a correlation between the occurrence of overt or subclinical thyroid dysfunction at baseline and MetS [13].



A significant correlation was observed between the risk of every component of MetS in SHypo, with the exception of type 2 diabetes [9].




3. Association between SHypo and Incidence of Type 2 Diabetes


By regulating insulin production and glucose absorption in the liver, skeletal muscle, and adipose tissue, TH modulates the function of β-cells [5]. Insulin resistance in patients with hypothyroidism is caused by decreased glucose transport and utilization in the peripheral tissues. Hypothyroidism is characterized by poor glucose absorption as well as reduced liver gluconeogenesis and glycogenolysis [5].



Promising research indicates that patients with overt hypothyroidism have a higher chance of developing type 2 diabetes (pooled HR 1.26 (95% CI, 1.05–1.52)) [14] but there is conflicting evidence in prospective data about the relationship between SHypo and type 2 diabetes mellitus [15,16,17]. In an individual participant data (IPD) meta-analysis involving data from 61,178 persons assessed in 18 studies from Europe, North America, Australia, and Asia, after excluding people with diabetes and overt thyroid dysfunction at baseline, SHypo was not linked to incident diabetes (OR = 1.02; 95% CI: 0.88–1.17) [15]. The included trials showed minimal variability, and the results remained consistent across age groups (below and above 65 years), sex, TSH levels, thyroid peroxidase antibodies (TPOAb) status, and cardiovascular risk factors [15].




4. Association between Obesity and SHypo


In recent years, there has been a concurrent increase in the general prevalence of MetS and obesity. In May 2022 [18], WHO data on the obesity pandemic condition indicated that over 60% of persons in Europe were overweight or obese. Obesity and the COVID-19 pandemic combined to increase morbidity and mortality in obese people [19]. Though visceral fat is not always associated with metabolic disorders, it can be found in overweight people as well. The National Health and Nutrition Examination Survey [20] estimates that approximately 35.48 and 53.13% of Americans, are overweight overall or in their abdominal region, respectively. Between 2001 and 2002 and 2017 and 2018, age-adjusted rates of general obesity increased for both genders: from 33.09 to 41.36% for females and from 26.88 to 42.43% for males and severe obesity (body mass index (BMI) ≥ 40.0 kg/m2) was more common [20]. The obesity epidemic in Europe and in the US has continued to increase in recent years.



Comparing visceral adipose tissue (VAT) to subcutaneous adipose tissue (SAT), VAT exhibits a lower angiogenic capacity. Adipocyte fibrosis and inflammation are caused by inadequate adipocyte oxygenation, hypoxia, and elevated oxidative stress, all of which have a significant prognostic impact on cardiovascular health and mortality [21]. An elevated risk of abdominal obesity, which is linked to a high cardiometabolic risk, is a characteristic of MetS [22].



Hypothyroidism and obesity are closely related conditions [23,24,25] because hypothyroidism is associated with decreased resting energy expenditure and thermogenesis [5,23]. An increased prevalence of SHypo has been reported among obese people. The pooled prevalence of SHypo in obese patients using a random-effects model was 14.6% (95% CI 9.2–20.9) according to a recent meta-analysis involving 19 studies; five reports that were restricted to patients following bariatric surgery revealed a prevalence of 11.9% (95% CI 7.4–17.3 I 2 =83%) [26]. A population-based, cross-sectional study, which enrolled a total of 2808 Chinese adults found sex-related differences in the relationships between obesity, thyroid autoimmunity and hypothyroidism. Compared to non-obese females, obese females exhibited higher rates of subclinical hypothyroidism (22.1 vs. 13.4%; OR = 1.83, 95% CI 1.20–2.80; p = 0.005) after controlling for confounding variables; multivariate logistic regression analysis revealed a significant relationship between obesity and SHypo (Adjusted OR = 1.69, 95% CI 1.09–2.63; p = 0.02) in females [27]. Using national data from China, a cross-sectional survey named the “Thyroid disorders, Iodine Status, and Diabetes Epidemiological Survey” was carried out between 2015 and 2017 to examine the relationship between several metabolic phenotypes of obesity and thyroid disease. Multivariate logistic regression analysis showed that metabolically unhealthy individuals with and without obesity had an increased risk of SHypo compared to metabolically healthy individuals without obesity [28]. The results on 5009 consecutive de novo patients admitted for workup and rehabilitation of obesity showed that females and non-smokers had higher TSH levels. In females, TSH levels showed a significant rising tendency across incremental BMI classes, whereas in males, FT4 levels showed the reverse pattern (p < 0.0001 for both). TSH and FT4 levels decreased with age (TSH, p < 0.0001; FT4, p < 0.01) and TSH levels and leptin levels were positively correlated (p < 0.01). TSH was positively correlated with both bioimpedance analysis-derived fat mass (FM), fat-free mass and %FM (p < 0.0001) [29].



Thyroid dysfunction can be responsible for changes in body weight and in the past, thyroid hormone deficiency was considered responsible for obesity. In order to determine a potential cause of obesity and/or resistance to weight loss with a hypocaloric diet, thyroid function is still routinely evaluated in obese patients. However, only a modest weight gain is associated with hypothyroidism, and it is prevalently due to changes in body composition [24]; additionally, treatment of hypothyroidism produces only a modest weight loss (less than 10%), demonstrating that severe obesity is usually not secondary to hypothyroidism [24].



4.1. The Relationship between Obesity and Thyroid Function


Even in euthyroid individuals, obesity is linked to changes in thyroid parameters [30]. TSH levels are associated with BMI and often greater in obese persons than in age-, gender-, and weight-matched normal-weight individuals [24]. Leptin controls the expression of the thyrotropin releasing hormone (TRH gene) in the paraventricular nucleus (PVN) and arcuate nucleus (ARC), and it is a key neuroendocrine regulator of the hypothalamus pituitary–thyroid axis [5,24] (Figure 1). Pituitary–thyroid axis activation results in elevated TSH secretion because of hyperleptinemia brought on by excessive obesity. In obese patients, leptin levels are correlated with serum TSH levels, and decreased levels of FT4 may be linked to elevated serum TSH levels [24] (Figure 1). Numerous investigations have demonstrated a negative correlation between FT4 and BMI and a positive relationship between TSH and BMI [25,26,27,28,31,32,33,34]. The old literature suggests that the increase in serum TSH and T3 levels observed in obese individuals could be a physiological mechanism to increase energy expenditure to improve weight gain. However, no correlation has been shown between energy expenditure and serum TSH and free T3 concentrations in euthyroid obese people, even though resting energy expenditure increases with obesity [35]. More recently, longitudinal studies have proposed that obesity affects thyroid function and causes hyperthyrotropinemia, and that changes in thyroid hormones are a result of rising body weight (BW) rather than the cause of obesity. A 0.6 kg weight gain in women and a 0.7 kg weight gain in men was linked to an increase of 1 mIU/L of TSH, indicating that a little rise in serum TSH may be a secondary effect rather than the main factor contributing to obesity [31]. This theory is further supported by the fact that the alterations in thyroid function typically normalize following weight loss achieved through bariatric surgery [36] or hypocaloric diets [23,24]. Following bariatric surgery, meta-analyses revealed non-significant changes in T4, FT4, and rT3 levels but a significant decrease in TSH, FT3, and T3 levels; additionally, a positive effect was noted in patients with overt and subclinical hypothyroidism who had lower doses of L Thyroxine (LT4) replacement [36]. Experimental studies conducted on rat thyroid cell cultures revealed that inflammatory cytokines can prevent iodide uptake inhibiting the sodium/iodide symporter and thyroglobulin secretion stimulated by TSH [37]. Because leptin secretion by adipocytes is stimulated by TSH binding to its receptors, there exists a complex positive feedback system between serum TSH and leptin. Furthermore, leptin stimulates the intracellular synthesis of T3 by regulating the activity of deiodinase in adipocytes [25,38] (Figure 1). Nevertheless, the local effects of T3 may be compromised by variations in the expression of thyroid receptors in adipocytes [39] (Figure 1). In this regard, a prospective study that compared the expression of TSH receptor (TSHR) in SAT and VAT, by evaluating the extracted RNA before and after surgery, discovered decreased TSH and TRalpha1 receptor expression in the adipose tissue of patients with morbid obesity [39]. The results of this investigation confirmed that obese patients had greater levels of circulating TSH and FT3 than controls [39]. Following weight loss, all these alterations were reversible following a 33% decrease in BMI. These findings demonstrate that adipocytes play a significant role in the control of TSH and thyroid hormones, and that obesity can lead to the development of central and peripheral thyroid hormone resistance [39,40] which is characterized by elevated plasma concentrations of TSH and free T3, both of which can be reversible with weight loss [39]. In a recent paper, a bidirectional Mendelian randomization analysis was conducted using data from genome-wide association studies on TSH, BMI, and obesity [41]. Genetically induced high BMI was shown to considerably increase serum TSH levels; as a result, a rise in BMI can causally increase free T3. Based on all of these findings, it is possible to consider the hyperthyrotropinemia of euthyroid obese people as an effect of elevated BMI rather than its cause.




4.2. The Relationship between Obesity and Thyroid Autoimmunity


The association between leptin levels and autoimmune thyroid disease (AITD) has been assessed in obese patients in various studies [42,43] which suggest that thyroid peroxidase antibodies (TPOAb) are more frequent in obese patients and leptin levels can be associated with Hashimoto thyroiditis (HT), independent of bioanthropometric variables [42]. A meta-analysis, which analyzed 14 studies, found a causal relationship between obesity and SHypo [43]. Obese populations had an increased risk of SHypo (OR = 1.70, 95% CI 1.42–2.03; p < 0.001) and a significant association with HT (OR = 1.91; 95% CI 1.10–3.32; p = 0.022) supporting the understanding that adiposity is a risk factor for HT and SHypo. Increased leptin levels can play a crucial role affecting the immune system and the inflammatory response and lead to a rising production of TPOAb [43].



The relationship between obesity, autoimmunity, and hyperthyrotropinemia was assessed in a population-based cross-sectional study on 12,531 Chinese individuals [44]. Thyroid function tests were analyzed and divided into three layers based on thyroid autoantibodies and three groups based on BMI. The prevalence of hyperthyrotropinemia did not significantly differ across the three BMI groups, according to the results (p = 0.637). On the other hand, the risk of hyperthyrotropinemia rose 2.201 times in the obese group and 1.857 times in the overweight group when TPOAb and TgAb were positive in comparison to the group with negative antibodies. The incidence of hyperthyrotropinemia further increased in the overweight group when both TPOAb and TgAb were positive [44].




4.3. The Effect of Obesity on Thyroid Morphology


Even in the absence of thyroid dysfunction or thyroid autoimmunity, the persistent inflammation linked to obesity can affect thyroid morphology [45]. Patients with morbid obesity have significant changes evident from the ultrasonography (US), which include an enlarged thyroid volume and a hypoechogenic pattern [45]. These changes are reversible with weight loss following bariatric surgery. These anatomical changes could be connected to the adipokine-induced vasodilation and enhanced permeability of blood vessels in the thyroid gland. Because of the production of inflammatory mediators by their adipose tissue and elevated TSH, obese individuals are more likely to develop thyroid nodules [46]. Compared to specimens from patients of normal weight, those from overweight or obese patients had higher numbers of infiltrating adipocytes, additionally, they exhibited higher mast cell scores, CD45 and lymphocyte counts of CD3+ and CD8+ cells [47]. In the future, the evaluation of gene expression profiles of the immunological and metabolic pathways in the thyroid tissues of obese individuals could help identify the pathophysiological mechanism linking thyroid dysfunction and obesity [47]. Neck ultrasonoraphy could be useful in obese patients with a suspicion of a thyroid nodule because neck palpation is very difficult in obese patients [48].





5. Diagnosis of SHypo in Obese Patients


Because symptoms of SHypo can mimic those of obesity and because obesity itself can change thyroid morphology and function, diagnosing SHypo can be challenging. In addition, some drugs frequently used in obesity and MetS (oral hypoglycemic agents and liraglutide) can influence serum TSH levels [5]. In a large cross-sectional study, TSH ranged between 0.6–5.5 mIU/L in the normal weight category and 0.7–7.5 mIU/L in the morbid obesity category [49]. This study showed that the prevalence of high TSH levels increased threefold in the morbidly obese when compared to the normal weight category. However, no compelling evidence has been provided that using specific reference values for the obese population would help identify patients with thyroid dysfunction who need treatment.



According to European guidelines, thyroid function testing should be performed in all obese individuals [50]. Furthermore, before bariatric surgery, TSH screening is advised for all patients with extreme obesity [50]. Moreover, serum FT4 should be tested in cases of suspected primary hypothyroidism or when TSH is increased [50]. Because several acute or chronic extra-thyroidal factors (including dietary status and systemic inflammation) might inhibit the conversion of T4 to T3, interpreting serum FT3 levels can be challenging. The thyroid antibody profile is useful in the diagnosis of autoimmune hypothyroidism and in identifying patients who are at higher risk of developing overt hypothyroidism. Thus, assessment of TPO antibodies is recommended in obese patients with increased TSH levels [50]. The evaluation of thyroglobulin antibodies, especially in the context of obesity, is currently considered a weak recommendation [50].



There are divergent opinions on the possibility of an increased incidence of differentiated thyroid cancer in patients with obesity or insulin resistance [51,52]. Patients with obesity have a higher chance of developing thyroid cancer, according to a recent meta-analysis including 21 studies [51]; each five unit rise in BMI was linked to a 30% higher risk of thyroid cancer, and both general and abdominal adiposity increased this risk [52]. It is still up for discussion whether obesity affects the aggressiveness of thyroid cancer [51,52]. In The Sister Study, a cohort of sisters of women diagnosed with breast cancer, excess adiposity and several obesity related metabolic conditions were associated with increased thyroid cancer incidence [53]



Regardless of thyroid function, the guidelines advise avoiding using routine thyroid gland ultrasonography in obese patients [50]. Despite the high risk of thyroid nodules in obese patients, systematic ultrasound examination of the thyroid is considered unnecessary and expensive [50].




6. Treatment of Subclinical Hypothyroidism in Obese Patients


Thyroid hormone preparations have been extensively used in the past as anti-obesity drugs; they are still inappropriately prescribed. Numerous studies have examined the potential beneficial effect of thyroid hormone or its analogs to support weight loss in euthyroid obese individuals; however, no positive evidence was found for these medications, and they may even cause unfavorable side effects due to iatrogenic thyrotoxicosis, which can result in the loss of fat-free tissue as well as negative effects on the cardiovascular system, affective status, and metabolism of bones [54]. Following LT4 medication, weight loss is improbable, and in obese euthyroid people already at risk for cardiovascular disease, iatrogenic excess thyroid hormone may accelerate the onset of cardiac arrhythmia, heart failure, or ischemic events [54]. According to the guidelines of the European Society of Endocrinology [50] and the American Thyroid Association [55], obese patients with isolated hyperthyrotropinemia (elevated TSH with normal FT4) should not be treated with LT4 to lose weight. The development of TRβ-selective agonist to improve metabolic parameters without altering heart rate did not lead to conclusive results [56]. On the other hand, LT4 treatment should be initiated when obese patients, especially young subjects and women in fertile age, are diagnosed with thyroid autoimmunity associated SHypo or when other causes of primary hypothyroidism (e.g., prior radioiodine treatment for hyperthyroidism, prior partial thyroidectomy, or a history of destructive thyroiditis) are identified [50]. Oral LT4 monotherapy is an effective treatment for severe Shypo and overt hypothyroidism [50,55] (Figure 2). Currently available research indicates that a Mediterranean diet rich in vegetables and fruit consumption may help protect against thyroid autoimmunity [57]. Reducing the amount of fats and proteins from animals may be a helpful lifestyle change to lower the risk of thyroid autoimmunity in obese patients [58].



According to some reports, LT4 dosages for obese hypothyroid persons are higher than in normal-weight subjects [59]. This occurrence can be explained by several factors, such as a faster rate of LT4 turnover owing to increased lean body mass, the presence of a higher distribution volume, and a potential delay in LT4 absorption via the gastrointestinal tract as a result of coexisting helicobacter and gastritis infections. Some obese patients receiving LT4 replacement therapy at the standard beginning dose of 1.6 mcg/kg/day [60] may have overtreatment, even with periodic biochemical monitoring, according to other research [29]. These findings point to the need for LT4 dose to be determined based on the patient’s BMI in obesity. Indeed, in spite of the notion that LT4 dosages beyond normal may be necessary for extreme obesity, the outcomes of a large cohort of obese patients showed that the weight-adjusted LT4 dose decreases with increasing BMI [29]. Lean body mass exerts a predictive role on LT4 dose and the median LT4 dose of 0.91 mg/kg/day was considered a good indicator for calculating an appropriate starting dose of LT4 in obesity (29). LT4 dose was predicted by sex, fat-free mass, and the etiology of hypothyroidism in multivariable analysis. Younger age (OR 0.96; 95% CI 0.94 to 0.99), higher LT4 dosage (OR 2.98; 95% CI 1.44 to 6.14), and lower BMI (OR 0.93; 95% CI 0.88 to 0.99) were associated with an increased risk of LT4 overreplacement [29]. These findings support the notion that key factors influencing LT4 dosage include age, sex, body composition, the etiology of hypothyroidism, comorbidities, medications, and therapy adherence [29,60]. To prevent the negative effects of overtreatment, the TSH target during LT4 replacement should be age-adjusted, and LT4 adequacy should be evaluated, especially in older obese patients [29,60]. A recent study assessed the appropriate LT4 dosage as replacement therapy, in patients who were overweight or obese following a thyroidectomy for a benign condition [61]. The correct LT4 dose was determined using regression analysis based on the various BMIs. The findings on 114 patients (mean age 55 years, 84% female) revealed that 35% of obese patients (BMI > 30) received more LT4 than the recommended weight-based dosage. Based on BMI categories, the LT4 dose needed to achieve euthyroidism was 1.76 mcg/kg for patients with a BMI < 25, 1.47 mcg/kg for those with a BMI between 26 and 30, 1.42 mcg/kg for those with a BMI between 31 and 35, 1.27 mcg/kg for those with a BMI between 35 and 40, and 1.28 mcg/kg for those with a BMI < 40 (p < 0.01) [61].



There have been conflicting findings from studies on how bariatric surgery affects the amount of LT4 that hypothyroid participants need to take [62,63]. The etiology of hypothyroidism, variations in the surgical technique, the use of drugs potentially interfering with the LT4 absorption and the small sample sizes of the different studies could all be contributing factors to these disparities.



The possibility that the absorption of LT4 tablets can be impaired by bariatric surgery could support the usefulness of oral liquid formulations to improve malabsorption in some obese patients after bariatric surgery [64,65].




7. Adverse Effects in Patients with SHypo and Mets


According to prospective research, patients with overt and subclinical hypothyroidism have a higher risk of cardiovascular disease [66]. Patients with SHypo have cardiovascular abnormalities, including impaired vascular relaxation, increased arterial stiffness and blood pressure and endothelial dysfunction. In individuals with grade 2 SHypo, particularly those who are insulin resistant, metabolic changes may occur. According to the changes in vascular, metabolic, and cardiac function, patients with untreated SHypo may be more susceptible to unfavorable cardiometabolic outcomes. The Thyroid Studies Collaboration looked at the data from over 75,000 individuals in an individual patient meta-analysis [66]. Data were examined and categorized according to the level of TSH elevation. Thyrotropin levels of 10 mU/L or more were linked, in comparison to normal thyrotropin values, to an increased risk of heart failure, coronary heart disease events, and coronary heart disease mortality [67,68]. Furthermore, a higher risk of fatal stroke and coronary heart disease mortality was linked to thyrotropin concentrations ranging from 7.0 to 9.9 mU/L [69]. According to the meta-analysis’s findings, there may be a higher cardiovascular risk if SHypo is more severe [66,67,68,69]. As a result, given the elevated CV risk, treating moderate SHypo (TSH 7–10 mIU/L) may be worthwhile [3], while treating severe SHypo (TSH > 10 mIU/L) is advisable [55,70]. Age, thyroid antibodies, and a progressive increase in TSH levels should all be taken into account before choosing whether to treat or not moderate SHypo with LT4 [2,3]. When a patient is older (>70 years), it may be acceptable to decide on a follow-up plan when mild SHypo (serum TSH between 4.5 and 6.9 mIU/L) is present [2,3].



951,083 participants were reviewed in 87 studies which were included in a systematic review and meta-analysis that investigated the cardiovascular risk associated with MetS [71]. According to the findings, there was a correlation between MetS and a higher risk of CVD (RR: 2.35; 95% CI: 2.02 to 2.73), CVD mortality (RR: 2.40; 95% CI: 1.87 to 3.08), all-cause mortality (RR: 1.58; 95% CI: 1.39 to 1.78), myocardial infarction (RR: 1.99; 95% CI: 1.61 to 2.46), and stroke (RR: 2.27; 95% CI: 1.80 to 2.85). Individuals who did not have diabetes but had MetS remained at increased cardiovascular risk [71]. Consequently, a 1.5-fold increase in all-cause mortality and a 2-fold increase in cardiovascular outcomes are linked to metabolic syndrome.



Hypothyroid individuals can have an altered cholesterol and lipid metabolism, circulating lipoprotein levels and intra-hepatic lipidic concentration, which could induce lipotoxin accumulation and insulin resistance promoting nonalcoholic fatty liver disease (NAFLD) [72]. In addition, several genes whose expression is altered in NAFLD are also regulated by TH [73]. There are conflicting data on the association between SHypo and NAFLD. Some data suggests a positive association of TSH and FT3 levels with the risk of hepatic steatosis in patients with morbid obesity [74]; low doses of LT4 were useful to improve hepatic fat content even in euthyroid patients with NAFLD [75]. Liver-specific thyroid hormone receptor β agonists could be useful in treating NAFLD by enhancing lipid homeostasis and mitochondrial respiration, reducing the risk of NAFLD progression. A selective thyroid hormone receptor-β agonist significantly reduced the amount of fat in the liver of NAFLD patients after 12 and 36 weeks of treatment in a double-blind, randomized, placebo-controlled experiment [76]. Although there are no clear therapeutic advantages of T3 treatment in terms of weight loss, the use of liposomes containing an adipose membrane to encapsulate T3 to deliver it specifically to adipose tissues has been recently assessed. These encapsulated liposomal nanoparticles (PLT3) were able to significantly improve thermogenesis of VAT, hypercholesterolemia and atherosclerosis in apolipoprotein E-deficient animals. They could offer the possibility of a future potential safe and effective therapeutic method for treating the consequences of obesity [77].



Some studies have demonstrated a link between obesity and a higher risk or progression of chronic kidney disease due to chronic inflammation and abnormal lipid metabolism leading to renal cell damage [78]. SHypo has been associated with higher mortality than euthyroidism in patients with renal failure [79].




8. The Future


To clarify the mechanism by which MetS and SHypo, when combined, could raise the risk of cardiovascular disease, NAFLD and kidney failure, further research is required. Dyslipidemia affects 60–70% of obese patients and problems in lipid metabolism are also seen in SHypo patients. In young individuals with MetS, treatment of moderate and mild SHypo could be explored due to the potential, cumulative and unfavorable effects on significant cardiovascular risk factors, such as endothelial dysfunction, hypertension, insulin resistance, dyslipidemia and renal hemodynamic. However, no studies have been conducted in obese individuals with MetS and SHypo to evaluate the possible advantages of LT4 in reducing these risks. More evidence from clinical trials in the younger population is needed to confirm the potential benefits of LT4 treatment in moderate and mild disease when linked to MetS. Furthermore, it is unknown what TSH threshold during LT4 therapy could potentially help metabolic health in people with obesity. Randomized controlled trials are necessary to verify whether treatment of SHypo can counteract the expected risks in obesity and MetS. Targeted individual age-adjusted LT4 dosages could be a suitable therapeutic approach to improve risks, quality of life and symptoms.







Funding


This research received no external funding.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Cooper, D.S.; Biondi, B. Subclinical thyroid disease. Lancet 2012, 379, 1142–1154. [Google Scholar] [CrossRef] [PubMed]

	



Biondi, B.; Cappola, A.R.; Cooper, D.S. Subclinical Hypothyroidism: A Review. JAMA 2019, 322, 153–160. [Google Scholar] [CrossRef] [PubMed]

	



Biondi, B.; Cappola, A.R. Subclinical hypothyroidism in older individuals. Lancet Diabetes Endocrinol. 2022, 10, 129–141. [Google Scholar] [CrossRef] [PubMed]

	



Cornier, M.A.; Dabelea, D.; Hernandez, T.L.; Lindstrom, R.C.; Steig, A.J.; Stob, N.R.; Van Pelt, R.E.; Wang, H.; Eckel, R.H. Metabolic syndrome. Endocr. Rev. 2008, 29, 777–822. [Google Scholar] [CrossRef] [PubMed]

	



Biondi, B.; Kahaly, G.J.; Robertson, R.P. Thyroid Dysfunction and Diabetes Mellitus: Two Closely Associated Disorders. Endocr. Rev. 2019, 40, 789–824. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Y.C.; Xie, H.Z.; Zhao, X.L.; Zhang, S.Y. Subclinical hypothyroidism and the metabolic syndrome: A meta-analysis of cross-sectional studies. World J. Meta-Anal. 2013, 1, 90–96. [Google Scholar] [CrossRef]

	



Yang, L.; Lv, X.; Yue, F.; Wei, D.; Liu, W.; Zhang, T. Sub- clinical hypothyroidism and the risk of metabolic syn- drome: A meta-analysis of observational studies. Endocr. Res. 2016, 41, 158–165. [Google Scholar] [CrossRef]

	



Eftekharzadeh, A.; Khamseh, M.E.; Farshchi, A.; Malek, M. The association between subclinical hypothyroid- ism and metabolic syndrome as defined by the ATP III criteria. Metab. Syndr. Relat. Disord. 2016, 14, 137–144. [Google Scholar] [CrossRef]

	



Ding, X.; Zhao, Y.; Zhu, C.Y.; Wu, L.P.; Wang, Y.; Peng, Z.Y.; Deji, C.; Zhao, F.Y.; Shi, B.Y. The association between subclinical hypothyroidism and metabolic syndrome: An update meta-analysis of observational studies. Endocr. J. 2021, 68, 1043–1056. [Google Scholar] [CrossRef]

	



Alwan, H.; Ribero, V.A.; Efthimiou, O.; Del Giovane, C.; Rodondi, N.; Duntas, L. A systematic review and meta-analysis investigating the relationship between metabolic syndrome and the incidence of thyroid diseases. Endocrine 2023. [Google Scholar] [CrossRef]

	



Waring, A.C.; Rodondi, N.; Harrison, S.; Kanaya, A.M.; Simonsick, E.M.; Miljkovic, I.; Satterfield, S.; Newman, A.B.; Bauer, D.C.; Health, Ageing, and Body Composition (Health ABC) Study. Thyroid function and prevalent and incident metabolic syndrome in older adults: The Health, Ageing and Body Composition Study. Clin. Endocrinol. 2012, 76, 911–918. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Jiang, Y.; Zhou, D.; Chen, S.; Zhao, Y.; Zhang, H.; Liu, Y.; Li, X.; Wang, W.; Zhang, J.; et al. Sex-specific Association of Subclinical Hypothyroidism With Incident Metabolic Syndrome: A Population-based Cohort Study. J. Clin. Endocrinol. Metab. 2022, 107, e2365–e2372. [Google Scholar] [CrossRef] [PubMed]

	



Mehran, L.; Amouzegar, A.; Abdi, H.; Delbari, N.; Madreseh, E.; Tohidi, M.; Mansournia, M.A.; Azizi, F. Incidence of Thyroid Dysfunction Facing Metabolic Syndrome: A Prospective Comparative Study wit Facing Metabolic Syndrome: A Prospective Comparative Study with 9 Years of Follow-Up. Eur. Thyroid J. 2021, 10, 390–398. [Google Scholar] [CrossRef] [PubMed]

	



Roa Dueñas, O.H.; Van der Burgh, A.C.; Ittermann, T.; Ligthart, S.; Ikram, M.A.; Peeters, R.; Chaker, L. Thyroid Function and the Risk of Prediabetes and Type 2 Diabetes. J. Clin. Endocrinol. Metab. 2022, 107, 1789–1798. [Google Scholar] [CrossRef]

	



Alwan, H.; Villoz, F.; Feller, M.; Dullaart, R.P.F.; Bakker, S.J.L.; Peeters, R.P.; Kavousi, M.; Bauer, D.C.; Cappola, A.R.; Yeap, B.B.; et al. Subclinical thyroid dysfunction and incident diabetes: A systematic review and an individual participant data analysis of prospective cohort studies. Eur. J. Endocrinol. 2022, 187, S35–S46. [Google Scholar] [CrossRef]

	



Chang, C.H.; Yeh, Y.C.; Shih, S.R.; Lin, J.W.; Chuang, L.M.; Caffrey, J.L.; Tu, Y.K. Association between thyroid dysfunction and dysglycaemia: A prospective cohort study. Diabet. Med. 2017, 34, 1584–1590. [Google Scholar] [CrossRef]

	



Gholampour Dehaki, M.; Amouzegar, A.; Delshad, H.; Mehrabi, Y.; Tohidi, M.; Azizi, F. Thyroid dysfunction in patients with impaired glucose metabolism: 11 year follow up from the Tehran Thyroid Study. PLoS ONE 2017, 12, e0184808. [Google Scholar] [CrossRef]

	



WHO Regional Office for Europe. WHO European Regional Obesity Report 2022 [Internet]; WHO Regional Office for Europe: Copenhagen, Denmark, 2022; Available online: https://apps.who.int/iris/handle/10665/353747 (accessed on 1 November 2023).

	



Boutari, C.; Mantzoros, C.S. A 2022 update on the epidemiology of obesity and a call to action: As its twin COVID-19 pandemic appears to be receding, the obesity and dysmetabolism pandemic continues to rage on. Metabolism. 2022, 133, 155217. [Google Scholar] [CrossRef]

	



Sun, J.Y.; Huang, W.J.; Hua, Y.; Qu, Q.; Cheng, C.; Liu, H.L.; Kong, X.Q.; Ma, Y.X.; Sun, W. Trends in general and abdominal obesity in US adults: Evidence from the National Health and Nutrition Examination Survey (2001–2018). Front. Public Health 2022, 10, 925293. [Google Scholar] [CrossRef]

	



González-Muniesa, P.; Mártinez-González, M.A.; Hu, F.B.; Després, J.P.; Matsuzawa, Y.; Loos, R.J.F.; Moreno, L.A.; Bray, G.A.; Martinez, J.A. Obesity. Nat. Rev. Dis. Primers. 2017, 3, 17034. [Google Scholar] [CrossRef]

	



Cesaro, A.; De Michele, G.; Fimiani, F.; Acerbo, V.; Scherillo, G.; Signore, G.; Rotolo, F.P.; Scialla, F.; Raucci, G.; Panico, D.; et al. Visceral adipose tissue and residual cardiovascular risk: A pathological link and new therapeutic options. Front. Cardiovasc. Med. 2023, 10, 1187735. [Google Scholar] [CrossRef] [PubMed]

	



Biondi, B. Thyroid and obesity: An intriguing relationship. J. Clin. Endocrinol. Metab. 2010, 95, 3614–3617. [Google Scholar] [CrossRef] [PubMed]

	



Santini, F.; Marzullo, P.; Rotondi, M.; Ceccarini, G.; Pagano, L.; Ippolito, S.; Chiovato, L.; Biondi, B. Mechanisms in endocrinology: The crosstalk between thyroid gland and adipose tissue: Signal integration in health and disease. Eur. J. Endocrinol. 2014, 171, R137–R152. [Google Scholar] [CrossRef] [PubMed]

	



Duntas, L.H.; Biondi, B. The interconnections between obesity, thyroid function, and autoimmunity: The multifold role of leptin. Thyroid. 2013, 23, 646–653. [Google Scholar] [CrossRef] [PubMed]

	



van Hulsteijn, L.T.; Pasquali, R.; Casanueva, F.; Haluzik, M.; Ledoux, S.; Monteiro, M.P.; Salvador, J.; Santini, F.; Toplak, H.; Dekkers, O.M. Prevalence of endocrine disorders in obese patients: Systematic review and meta-analysis. Eur. J. Endocrinol. 2020, 182, 11–21. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Song, R.; He, W.; Yao, Q.; Li, Q.; Jia, X.; Zhang, J.A. Sex Differences in the Associations of Obesity with Hypothyroidism and Thyroid Autoimmunity Among Chinese Adults. Front. Physiol. 2018, 9, 1397. [Google Scholar] [CrossRef] [PubMed]

	



Song, B.; Lu, C.; Teng, D.; Shan, Z.; Teng, W. Association between different metabolic phenotypes of obesity and thyroid disorders among Chinese adults: A nationwide cross-sectional study. Front. Endocrinol. 2023, 14, 158013. [Google Scholar] [CrossRef]

	



Mele, C.; Mai, S.; Cena, T.; Pagano, L.; Scacchi, M.; Biondi, B.; Aimaretti, G.; Marzullo, P. The pattern of TSH and fT4 levels across different BMI ranges in a large cohort of euthyroid patients with obesity. Front. Endocrinol. 2022, 13, 1029376. [Google Scholar] [CrossRef]

	



Michalaki, M.A.; Vagenakis, A.G.; Leonardou, A.S.; Argentou, M.N.; Habeos, I.G.; Makri, M.G.; Psyrogiannis, A.I.; Kalfarentzos, F.E.; Kyriazopoulou, V.E.; Kahr, M.K.; et al. Thyroid function in humans with morbid obesity. Thyroid 2006, 16, 73–78. [Google Scholar] [CrossRef]

	



Bjergved, L.; Jørgensen, T.; Perrild, H.; Laurberg, P.; Krejbjerg, A.; Ovesen, L.; Rasmussen, L.B.; Knudsen, N. Thyroid function and body weight: A community-based longitudinal study. PLoS ONE 2014, 9, e93515. [Google Scholar] [CrossRef]

	



Soriguer, F.; Valdes, S.; Morcillo, S.; Esteva, I.; Almaraz, M.C.; Adana, M.S.R.; Tapia, M.J.; Dominguez, M.; Gutierrez-Repiso, C.; Rubio-Martin, E.; et al. Thyroid hormone levels predict the change in body weight: A prospective study. Eur. J. Clin. Investig. 2011, 41, 1202–1209. [Google Scholar] [CrossRef] [PubMed]

	



Ortega, E.; Pannacciulli, N.; Bogardus, C.; Krakoff, J. Plasma concentrations of free triiodothyronine predict weight change in euthyroid persons. Am. J. Clin. Nutr. 2007, 85, 440–445. [Google Scholar] [CrossRef] [PubMed]

	



Knudsen, N.; Laurberg, P.; Rasmussen, L.B.; Bülow, I.; Perrild, H.; Ovesen, L.; Jørgensen, T. Small differences in thyroid function may be important for body mass index and the occurrence of obesity in the population. J. Clin. Endocrinol. Metab. 2005, 90, 4019–4024. [Google Scholar] [CrossRef] [PubMed]

	



Wright, T.G.; Dawson, B.; Jalleh, G.; Guelfi, K.J. Influence of hormonal profile on resting metabolic rate in normal, overweight and obese individuals. Ann. Nutr. Metab. 2015, 66, 162–167. [Google Scholar] [CrossRef] [PubMed]

	



Guan, B.; Chen, Y.; Yang, J.; Yang, W.; Wang, C. Effect of Bariatric Surgery on Thyroid Function in Obese Patients: A Systematic Review and Meta-Analysis. Obes. Surg. 2017, 27, 3292–3305. [Google Scholar] [CrossRef] [PubMed]

	



Schumm-Draeger, P.M. Sodium/iodide symporter (NIS) and cytokines. Exp. Clin. Endocrinol. Diabetes 2001, 109, 32–44. [Google Scholar] [CrossRef] [PubMed]

	



Ortega, F.J.; Jílková, Z.M.; Moreno-Navarrete, J.M.; Pavelka, S.; Rodriguez-Hermosa, J.I.; Kopecký, J.; Fernández-Real, J.M. Type I iodothyronine 5’-deiodinase mRNA and activity is increased in adipose tissue of obese subjects. Int. J. Obes. 2012, 36, 320–324. [Google Scholar] [CrossRef] [PubMed]

	



Nannipieri, M.; Cecchetti, F.; Anselmino, M.; Camastra, S.; Niccolini, P.; Lamacchia, M.; Rossi, M.; Iervasi, G.; Ferrannini, E. Expression of thyrotropin and thyroid hormone receptors in adipose tissue of patients with morbid obesity and/or type 2 diabetes: Effects of weight loss. Int. J. Obes. 2009, 33, 1001–1006. [Google Scholar] [CrossRef]

	



Juiz-Valina, P.; Cordido, M.; Outeirino-Blanco, E.; Pértega, S.; Varela-Rodríguez, B.M.; García-Brao, M.J.; Mena, E.; Pena-Bello, L.; Sangiao-Alvarellos, S.; Cordido, F. Central resistance to thyroid hormones in morbidly obese subjects is reversed after bariatric surgery-induced weight loss. J. Clin. Med. 2020, 9, 359. [Google Scholar] [CrossRef]

	



Wang, X.; Gao, X.; Han, Y.; Zhang, F.; Lin, Z.; Wang, H.; Teng, W.; Shan, Z. Causal Association Between Serum Thyrotropin and Obesity: A Bidirectional, Mendelian Randomization Study. J. Clin. Endocrinol. Metab. 2021, 106, e4251–e4259. [Google Scholar] [CrossRef]

	



Marzullo, P.; Minocci, A.; Tagliaferri, M.A.; Guzzaloni, G.; Di Blasio, A.; De Medici, C.; Aimaretti, G.; Liuzzi, A. Investigations of thyroid hormones and antibodies in obesity: Leptin levels are associated with thyroid autoimmunity independent of bioanthropometric, hormonal, and weight-related determinants. J. Clin. Endocrinol. Metab. 2010, 95, 3965–3972. [Google Scholar] [CrossRef] [PubMed]

	



Song, R.H.; Wang, B.; Yao, Q.M.; Li, Q.; Jia, X.; Zhang, J.A. The Impact of Obesity on Thyroid Autoimmunity and Dysfunction: A Systematic Review and Meta-Analysis. Front. Immunol. 2019, 10, 2349. [Google Scholar] [CrossRef] [PubMed]

	



Guo, X.; He, Z.; Shao, S.; Fu, Y.; Zheng, D.; Liu, L.; Gao, L.; Guan, L.; Zhao, M.; Zhao, J. Interaction effect of obesity and thyroid autoimmunity on the prevalence of hyperthyrotropinaemia. Endocrine 2020, 68, 573–583. [Google Scholar] [CrossRef] [PubMed]

	



Rotondi, M.; Cappelli, C.; Leporati, P.; Chytiris, S.; Zerbini, F.; Fonte, R.; Magri, F.; Castellano, M.; Chiovato, L. A hypoechoic pattern of the thyroid at ultrasound does not indicate autoimmune thyroid diseases in patients with morbid obesity. Eur. J. Endocrinol. 2010, 163, 105–109. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Li, Y.; Yu, X.; Wang, X.; Lin, Z.; Song, B.; Tian, L.; Feng, C.; Shan, Z.; Teng, W. The Relationship and Gender Disparity Between Thyroid Nodules and Metabolic Syndrome Components Based on a Recent Nationwide Cross-Sectional Study and Meta-Analysis. Front. Endocrinol. 2021, 12, 736972. [Google Scholar] [CrossRef]

	



Basolo, A.; Poma, A.M.; Giannini, R.; Ceccarini, G.; Pelosini, C.; Fierabracci, P.; Castany, M.U.; Bechi Genzano, S.; Ambrosini, C.E.; Materazzi, G.; et al. Histological pattern and gene expression profiling of thyroid tissue in subjects with obesity. J. Endocrinol. Investig. 2022, 45, 413–423. [Google Scholar] [CrossRef]

	



Matrone, A.; Basolo, A.; Santini, F.; Elisei, R. Understanding the effect of obesity on papillary thyroid cancer: Is there a need for tailored diagnostic and therapeutic management? Expert Rev. Endocrinol. Metab. 2022, 17, 475–484. [Google Scholar] [CrossRef]

	



Valdés, S.; Maldonado-Araque, C.; Lago-Sampedro, A.; Lillo-Muñoz, J.A.; Garcia-Fuentes, E.; Perez-Valero, V.; Gutiérrez-Repiso, C.; Garcia-Escobar, E.; Goday, A.; Urrutia, I.; et al. Reference values for TSH may be inadequate to define hypothyroidism in persons with morbid obesity: Di@bet.es study. Obesity 2017, 25, 788–793. [Google Scholar] [CrossRef]

	



Pasquali, R.; Casanueva, F.; Haluzik, M.; van Hulsteijn, L.; Ledoux, S.; Monteiro, M.P.; Salvador, J.; Santini, F.; Toplak, H.; Dekkers, O.M. European Society of Endocrinology Clinical Practice Guideline: Endocrine work-up in obesity. Eur. J. Endocrinol. 2020, 182, G1–G32. [Google Scholar] [CrossRef]

	



Rotondi, M.; Castagna, M.G.; Cappelli, C.; Ciuoli, C.; Coperchini, F.; Chiofalo, F.; Maino, F.; Palmitesta, P.; Chiovato, L.; Pacini, F. Obesity Does Not Modify the Risk of Differentiated Thyroid Cancer in a Cytological Series of Thyroid Nodules. Eur. Thyroid J. 2016, 5, 125–1231. [Google Scholar] [CrossRef]

	



Schmid, D.; Ricci, C.; Behrens, G.; Leitzmann, M.F. Adiposity and risk of thyroid cancer: A systematic review and meta-analysis. Obes Rev. 2015, 16, 1042–1054. [Google Scholar] [CrossRef] [PubMed]

	



Pasqual, E.; O’Brien, K.; Rinaldi, S.; Sandler, D.P.; Kitahara, C.M. Obesity, obesity-related metabolic conditions, and risk of thyroid cancer in women: Results from a prospective cohort study (Sister Study). Lancet Reg. Health Am. 2023, 23, 100537. [Google Scholar] [CrossRef] [PubMed]

	



Kaptein, E.M.; Beale, E.; Chan, L.S. Thyroid hormone therapy for obesity and nonthyroidal illnesses: A systematic review. J. Clin. Endocrinol. Metab. 2009, 94, 3663–3675. [Google Scholar] [CrossRef] [PubMed]

	



Jonklaas, J.; Bianco, A.C.; Bauer, A.J.; Burman, K.D.; Cappola, A.R.; Celi, F.S.; Cooper, D.S.; Kim, B.W.; Peeters, R.P.; Rosenthal, M.S.; et al. Guidelines for the treatment of hypothyroidism: Prepared by the American Thyroid Association task force on thyroid hormone replacement. Thyroid 2014, 24, 1670–1751. [Google Scholar] [CrossRef] [PubMed]

	



Saponaro, F.; Sestito, S.; Runfola, M.; Rapposelli, S.; Chiellini, G. Selective Thyroid Hormone Receptor-Beta (TRβ) Agonists: New Perspectives for the Treatment of Metabolic and Neurodegenerative Disorders. Front. Med. 2020, 7, 331. [Google Scholar] [CrossRef] [PubMed]

	



Ruggeri, R.M.; Giovinazzo, S.; Barbalace, M.C.; Cristani, M.; Alibrandi, A.; Vicchio, T.M.; Giuffrida, G.; Aguennouz, M.H.; Malaguti, M.; Angeloni, C.; et al. Influence of Dietary Habits on Oxidative Stress Markers in Hashimoto’s Thyroiditis. Thyroid 2021, 31, 96–105. [Google Scholar] [CrossRef] [PubMed]

	



Giannakou, M.; Saltiki, K.; Mantzou, E.; Loukari, E.; Philippou, G.; Terzidis, K.; Stavrianos, C.; Kyprianou, M.; Psaltopoulou, T.; Karatzi, K.; et al. The effect of obesity and dietary habits on oxidative stress in Hashimoto’s thyroiditis. Endocr. Connect. 2018, 1, 990–997. [Google Scholar] [CrossRef] [PubMed]

	



Michalaki, M.A.; Gkotsina, M.I.; Mamali, I.; Markantes, G.K.; Faltaka, A.; Kalfarentzos, F.; Vagenakis, A.G.; Markou, K.B. Impaired pharmacokinetics of levothyroxine in severely obese volunteers. Thyroid 2011, 5, 477–481. [Google Scholar] [CrossRef]

	



Biondi, B.; Wartofsky, L. Treatment with thyroid hormone. Endocr. Rev. 2014, 35, 433–512. [Google Scholar] [CrossRef]

	



Papoian, V.; Ylli, D.; Felger, E.A.; Wartofsky, L.; Rosen, J.E. Evaluation of Thyroid Hormone Replacement Dosing in Overweight and Obese Patients After a Thyroidectomy. Thyroid 2019, 29, 1558–1562. [Google Scholar] [CrossRef]

	



Gadiraju, S.; Lee, C.J.; Cooper, D.S. Levothyroxine dosing following bariatric surgery. Obes. Surg. 2016, 26, 2538–2542. [Google Scholar] [CrossRef] [PubMed]

	



Azran, C.; Hanhan-Shamshoum, N.; Irshied, T.; Ben-Shushan, T.; Dicker, D.; Dahan, A.; Matok, I. Hypothyroidism and levothyroxine therapy following bariatric surgery: A systematic review, meta-analysis, network meta-analysis, and meta-regression. Surg. Obes. Relat. Dis. 2021, 17, 1206–1217. [Google Scholar] [CrossRef] [PubMed]

	



Fallahi, P.; Ferrari, S.M.; Camastra, S.; Politti, U.; Ruffilli, I.; Vita, R.; Navarra, G.; Benvenga, S.; Antonelli, A. TSH Normalization in Bariatric Surgery Patients After the Switch from L-Thyroxine in Tablet to an Oral Liquid Formulation. Obes. Surg. 2017, 27, 78–82. [Google Scholar] [CrossRef] [PubMed]

	



Trimboli, P.; Ossola, N.; Torre, A.; Mongelli, F.; Quarenghi, M.; Camponovo, C.; Lucchini, B.; Rotondi, M.; Ruinelli, L.; Garofalo, F. The performance of levothyroxine tablet is impaired by bariatric surgery. Endocrine 2023, 80, 563–569. [Google Scholar] [CrossRef] [PubMed]

	



Floriani, C.; Gencer, B.; Collet, T.H.; Rodondi, N. Subclinical thyroid dysfunction and cardiovascular diseases: 2016 update. Eur. Heart J. 2018, 14, 503–507. [Google Scholar] [CrossRef] [PubMed]

	



Gencer, B.; Collet, T.H.; Virgini, V.; Bauer, D.C.; Gussekloo, J.; Cappola, A.R.; Nanchen, D.; den Elzen, W.P.; Balmer, P.; Luben, R.N.; et al. Subclinical thyroid dysfunction and the risk of heart failure events. Circulation. 2012, 126, 1040–1049. [Google Scholar] [CrossRef] [PubMed]

	



Rodondi, N.; den Elzen, W.P.; Bauer, D.C.; Cappola, A.R.; Razvi, S.; Walsh, J.P.; Asvold, B.O.; Iervasi, G.; Imaizumi, M.; Collet, T.H.; et al. Thyroid Studies Collaboration. Subclinical hypothyroidism and the risk of coronary heart disease and mortality. JAMA 2010, 304, 1365–1374. [Google Scholar] [CrossRef] [PubMed]

	



Chaker, L.; Baumgartner, C.; den Elzen, W.P.; Ikram, M.A.; Blum, M.R.; Collet, T.H.; Bakker, S.J.; Dehghan, A.; Drechsler, C.; Luben, R.N.; et al. Subclinical hypothyroidism and the risk of stroke events and fatal stroke. J. Clin. Endocrinol. Metab. 2015, 100, 2181–2191. [Google Scholar] [CrossRef]

	



Pearce, S.H.; Brabant, G.; Duntas, L.H.; Monzani, F.; Peeters, R.P.; Razvi, S.; Wemeau, J.L. 2013 ETA Guideline: Management of Subclinical Hypothyroidism. Eur Thyroid J. 2013, 2, 215–228. [Google Scholar] [CrossRef]

	



Mottillo, S.; Filion, K.B.; Genest, J.; Joseph, L.; Pilote, L.; Poirier, P.; Rinfret, S.; Schiffrin, E.L.; Eisenberg, M.J. The metabolic syndrome and cardiovascular risk a systematic review and meta-analysis. J. Am. Coll. Cardiol. 2010, 56, 1113–1132. [Google Scholar] [CrossRef]

	



Sinha, R.A.; Bruinstroop, E.; Singh, B.K.; Yen, P.M. Nonalcoholic Fatty Liver Disease and Hypercholesterolemia: Roles of Thyroid Hormones, Metabolites, and Agonists. Thyroid 2019, 29, 1173–1191. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Viscarra, J.; Kim, S.J.; Sul, H.S. Transcriptional regulation of hepatic lipogenesis. Nat. Rev. Mol. Cell Biol. 2015, 16, 678–689. [Google Scholar] [CrossRef] [PubMed]

	



Borges-Canha, M.; Neves, J.S.; Mendonça, F.; Silva, M.M.; Costa, C.; Cabral, P.M.; Guerreiro, V.; Lourenço, R.; Meira, P.; Salazar, D.; et al. Thyroid Function and the Risk of Non-Alcoholic Fatty Liver Disease in Morbid Obesity. Front. Endocrinol. 2020, 11, 572128. [Google Scholar] [CrossRef] [PubMed]

	



Bruinstroop, E.; Dalan, R.; Cao, Y.; Bee, Y.M.; Chandran, K.; Cho, L.W.; Soh, S.B.; Teo, E.K.; Toh, S.-A.; Leow, M.K.S.; et al. Low-Dose Levothyroxine Reduces Intrahepatic Lipid Content in Patients With Type 2 Diabetes Mellitus and NAFLD. J. Clin. Endocrinol. Metab. 2018, 103, 2698–2706. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, S.A.; Bashir, M.R.; Guy, C.D.; Zhou, R.; Moylan, C.A.; Frias, J.P.; Alkhouri, N.; Bansal, M.B.; Baum, S.; Neuschwander-Tetri, B.A.; et al. Resmetirom (MGL-3196) for the treatment of non-alcoholic steatohepatitis: A multicentre, randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2019, 394, 2012–2024. [Google Scholar] [CrossRef]

	



Chen, K.; Cheong, L.Y.; Gao, Y.; Zhang, Y.; Feng, T.; Wang, Q.; Jin, L.; Honoré, E.; Lam, K.S.L.; Wang, W.; et al. Adipose-targeted triiodothyronine therapy counteracts obesity-related metabolic complications and atherosclerosis with negligible side effects. Nat. Commun. 2022, 20, 7838. [Google Scholar] [CrossRef]

	



Johansen, K.L.; Lee, C. Body composition in chronic kidney disease. Curr. Opin. Nephrol. Hypertens. 2015, 24, 268–275. [Google Scholar] [CrossRef]

	



Rhee, C.M.; Kim, S.; Gillen, D.L.; Oztan, T.; Wang, J.; Mehrotra, R.; Kuttykrishnan, S.; Nguyen, D.V.; Brunelli, S.M.; Kovesdy, C.P.; et al. Association of thyroid functional disease with mortality in a national cohort of incident hemodialysis patients. J. Clin. Endocrinol. Metab. 2015, 100, 1386–1395. [Google Scholar] [CrossRef]








[image: Nutrients 16 00087 g001] 





Figure 1. Mechanisms underlying the association between obesity and metabolic syndrome with subclinical hypothyroidism and the potential risk of these associated conditions. 
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Figure 2. Flow chart showing the algorithm for a correct diagnosis and treatment of SHypo in patients with obesity and MetS. Definitions of SHypo: Mild SHypo: TSH concentration between 4.5 and 6.9 mIU/L. Moderate SHypo: TSH concentration between 7.0 and 9.9 mIU/L. Seve