

  endocrines-04-00053




endocrines-04-00053







Endocrines 2023, 4(4), 722-741; doi:10.3390/endocrines4040053




Review



Thyroid and Heart: A Fatal Pathophysiological Attraction in a Controversial Clinical Liaison



Alessandro Pingitore 1,*, Francesca Mastorci 1, Maria Francesca Lodovica Lazzeri 1 and Cristina Vassalle 2





1



Clinical Physiology Institute, CNR, 56124 Pisa, Italy






2



Fondazione G. Monasterio, 56124 Pisa, Italy









*



Correspondence: pingi@ifc.cnr.it; Tel.: +39-05-0315-2605







Citation: Pingitore, A.; Mastorci, F.; Lazzeri, M.F.L.; Vassalle, C. Thyroid and Heart: A Fatal Pathophysiological Attraction in a Controversial Clinical Liaison. Endocrines 2023, 4, 722–741. https://doi.org/10.3390/endocrines4040053



Academic Editors: Alessandro Delitala and Antonio Brunetti



Received: 11 August 2023 / Revised: 10 October 2023 / Accepted: 21 November 2023 / Published: 30 November 2023



Abstract

:

The thyroid–heart relationship has a long and articulated history of its own, a history that encompasses physiological and pathophysiological knowledge. In recent years, molecular biology studies, in an experimental context, have highlighted the extraordinary dialogue that exists among the two systems in the field of cardioprotection, which is an extremely important area for the treatment of cardiac diseases in both acute and chronic phases. In addition, in the last few years, several studies have been carried out on the prognostic impact of alterations in thyroid function, including subclinical ones, in heart disease, in particular in heart failure and acute myocardial infarction, with evidence of a negative prognostic impact of these and, therefore, with the suggestion to treat these alterations in order to prevent cardiac events, such as death. This review provides a comprehensive summary of the heart–thyroid relationship.
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1. History of the Relationship between Heart and Thyroid


The thyroid–heart relationship has a very long and articulated history, encompassing physiological and pathophysiological knowledge, especially in cases of heart disease, such as heart failure (HF), arrhythmias, and ischemic heart disease. The hypothesis of a relationship between heart and thyroid was, in fact, born well over two hundred years ago, in 1813, when Caleb Hillier Parry showed a detailed description of eight cases of thyroid gland enlargement combined with the presence of heart palpitation [1].



In 1828, the term ‘Kropfherz’ or ‘cardiac goiter’ was coined to describe the association between goiter and palpitations [2], and, in 1898, Friedrich Kraus introduced the concept of ‘toxic cardiac goiter’ [3]. Then, at the beginning of the 20th century, surgical hypothyroidism was proposed as an extracardiac approach for the treatment of ischemic heart disease [4]. This approach, however, was abandoned due to poor results.



In 1918, Symmers noted that the sympathology present in thyrotoxic heart disease was virtually identical to that of clinical cases described as ‘idiopathic dilatation and hypertrophy of the heart’ [5]. In the same year, White and Aub studied the effect of thyroid disease on the heart [6], showing hypertension, tachycardia, T-wave variations, and paroxysms of atrial (auricular) fibrillation. In 1929, Wishart reported atrial fibrillation as the most frequently encountered rhythm disturbance in thyrotoxicosis [7,8].



In 1922, Hamilton classified thyrotoxicosis of the heart into two classes: the first without cardiac damage with tachycardia as the main symptom, the second with cardiac damage and no evidence of rheumatic or other heart disease [9]. In 1924, Hamilton first described cases of adenomatous or exophthalmic goiter complicated by congestive heart failure that were reversible after thyroid removal [10]. Furthermore, Raab and Sharpey-Schafer successfully treated patients with angina pectoris and severe congestive HF using thiouracil, which reduced the heart’s sensitivity to epinephrine [11,12]. Canary et al., in 1957, instead used antiadrenergic agents in the treatment of hyperthyroidism [13]. In the 1970s, beta-adrenergic blocking drugs, represented by D,L-propranolol, were finally incorporated into treatment, improving the adrenergic signs and symptoms associated with hyperthyroidism [14]. Also in the 1970s, an interventional study called the Coronary Drug Project (CDP) demonstrated negative outcomes on the pro-arrhythmic effects of D-T4 (the inactive form of thyroxine, while L-T4 represents the active form) [15]. Indeed, the clinical outcomes of administering 6 mg/day of D-T4 were unclear (more than doubling endogenous T4 production) [16]. Only later was it discovered that the dose of D-T4 was actually contaminated with a high level of active L-T4, so the total dose administered was much higher than that expected to correct manifest hypothyroidism [17]. It is precisely for this reason, therefore, that CDP was unable to provide relevant information on TH supplementation in the treatment of coronary patients. In the early experimental studies, Tata et al. showed a TH effect on 44 protein synthesis at the transcription level [18,19], and, in 1972, it was discovered through the rat study that the basic unit of TH action is the triiodothyronine nuclear receptor complex [20,21]. In the late 1980s, it was finally demonstrated that hyperthyroidism was able to induce a 61% decrease in phospholamban mRNA level and that cardiac genes regulated by TH include sodium-potassium ATPase ion channels, voltage-gated potassium channels, sodium-calcium exchanger, and β1-adrenergic receptor genes [22,23,24].




2. Thyroid and Heart: A Tight Physiological Relation


THs strongly influence the growth, development, and metabolism of cells, organs, and systems. Among these, THs play a pivotal role in cardiovascular (CV) homeostasis maintenance, both directly influencing all components of the system and indirectly via regulation of the autonomous nervous system, renin–angiotensin–aldosterone system, and systemic vasculature, with involvement in cardiac contractility, electrophysiological functions, and cardiac morphology and structure [25].



These effects are mainly mediated by different signaling pathways clustered into genomic and non-genomic actions. THs influence cardiac function with genomic pathways through binding to nuclear receptors that contribute to the regulation of target gene expression. In more detail, these actions, inducing the enhancement of contractile function and diastolic relaxation, are essentially due to gene expression through specific nuclear a and bTH receptors (TRs) [26]. T3 regulates different myocyte genes related to cardiac contractile function, such as sarco-plasmic reticulum (SR)Ca2þ ATPase (SERCA2), phospholamban (PLB), and the myosin heavy chains (MHC), α and β, that encode the protein isoforms of the thick filament. In this regard, many plasma-membrane ion transporters are involved in synchronizing electrochemical functions in the myocardium, and different voltage-gated potassium channels are regulated by T3 [27]. In the cardiac myocyte and on the systemic vasculature, THs also have non-genomic effects, not involving TH response elements (TRE)-mediated transcriptional events via interactions with cytoplasmic and membrane-associated TRs. These properties are related to changes in various membrane ion channels for sodium, potassium, and calcium, both in the heart and vascular smooth muscle cells (VSM). THs exert their effects directly on myocardial structure, modifying the interstitial collagen content, promoting the development of angiogenesis, and consequently, regulate cardiac function through chronotropic, inotropic, and dromotropic effects. Also, THs, via direct action on mitochondria, influence inflammation, neuroendocrine systems, and oxidative stress pathways [28]. Usually, the non-genomic and genomic actions of T3 work in concert to regulate cardiac function and CV hemodynamics. As depicted in Figure 1, TH actions on the heart and peripheral vasculature are realized in a decreased systemic vascular resistance (SVR) and an increased heart rate at rest, left ventricular contractility, and blood volume. THs are also involved in the control of cardiac pacemaker activity influencing the action potential duration and repolarization currents in myocytes and regulating the transcription of the pacemaker-related genes [29,30]. Furthermore, although not all studies show a correlation, evidence obtained from studies on community-based populations indicate that thyroid function is involved in the control of blood pressure [31]. THs enhance basal metabolic rate in most organs and tissues with subsequent raised metabolic demands that lead to modifications in cardiac output, SVR, and blood pressure [31].




3. Hyperthyroidism, Hypothyroidism, and Subclinical Conditions


It is now recognized that clinical characterization of abnormal thyroid metabolism is linked to the TH effects on the heart and CV system [32] (see Figure 1). Both pathological conditions, hyperthyroidism and hypothyroidism, cause alterations in cardiac patterns, such as contractility, myocardial oxygen consumption, cardiac output, blood pressure, and SVR [33].



Thyroid diseases are quite common, with a prevalence in the female population between 9% and 15%, while in the male population, the incidence is lower, probably due to autoimmune mechanisms for the most widespread forms, including both Graves’ and Hashimoto’s disease [34].



Hyperthyroidism is a condition affected by stimulation of the TSH receptors by autoantibodies (Graves’ disease) or as a consequence of the autonomous production of THs by thyroid nodules [35]. In patients with hyperthyroidism, many of the clinical consequences are related to the heart and CV system, including palpitations, exercise intolerance, dyspnea on exertion, widened pulse pressure, and occasionally atrial fibrillation (see Figure 1). In addition, peripheral vascular resistance is reduced, while cardiac contractility and heart rate at rest are improved, resulting in an increase of 50% to 300% of the normal cardiac output [33]. The reduction of SVR determines low renal perfusion, which, in turn, sets the renin–angiotensin–aldosterone system (RAAS) into action, leading to a growth of total blood volume. Cardiac arrhythmias or electrocardiogram alterations, sinus tachycardia, atrial fibrillation, and reduced PR and QT intervals are documented in patients with hyperthyroidism and, in rare instances, also atrio-ventricular blockage [36,37]. Hyperthyroidism has been shown to result in hemodynamic changes with a lowered ejection fraction (EF) and cardiac output due to a decrease in myocardial contractile reserve [38]. Diametrically opposed CV signs and symptoms, such as bradycardia, diastolic hypertension, cold intolerance, and fatigue, are typical for hypothyroidism. Hypothyroidism occurs in 3% of the adult female population and is linked to an increase in SVR, a reduction in cardiac contractility and cardiac output, and an enhanced atherosclerosis [39]. In contrast to hyperthyroidism, in which atrial arrhythmias are well documented, hypothyroidism is characterized by a prolonged QT interval that, in turn, affects ventricular irritability [40].



Subclinical hyperthyroidism is a condition characterized by low serum TSH levels and normal levels of serum T3 and T4. Usually, its prevalence increases in advancing age with concomitant risk for CV mortality and atrial fibrillation [41,42]. Clinical evidence has documented a relationship between subclinical hyperthyroidism and incident CV death, HF, and atrial fibrillation [43,44,45]. Subclinical hypothyroidism is instead the condition associated with serum TSH levels higher than normal range but normal TH levels. Although subclinical disease is frequently “asymptomatic”, cardiac characterization of patients with subclinical hypothyroidism displays alterations, such as impaired ventricular filling, systolic functional changes, and an increased C-Reactive protein, as risk factors [46,47,48]. Atherosclerosis, coronary heart disease, and myocardial infarction risk in the female population (aged 60 and older) were also documented [49].




4. Thyroid and Cardioprotection


Cardioprotection has been defined as including any intervention (and as such, both physiological adaptive and compensatory mechanisms as well as therapeutic strategies) that contribute to heart preservation by reducing or even preventing myocardial damage [50]. TH exerts recognized cardioprotective effects through modulation of different key cellular pathways, including preservation of mitochondrial activity and morphology, antifibrotic and proangiogenic actions, and promotion of cell regeneration and growth after the postischemic injury [51]. Specifically, the large amount of available experimental data suggest multiple TH effects such as regulation of prosurvival pathways (e.g., activation of PI3K)/Akt and PKC, and inhibition of p38MAPK signaling), remodeling of the myocardial interstitium (e.g., TGF-β1 signaling), proangiogenic effects on coronary circulation (e.g., mediated by integrin αVβ3 and HIF-1a expression), anti-inflammatory and anti-oxidative properties (e.g., cytokine reduction, direct/indirect antioxidant action as iodide, can act scavenger of free radicals, or enhancement or inhibition of the activity of antioxidant enzymes and free radical scavengers), effects on the neuroendocrine system (e.g., deactivation of the neuroendocrine system, characterized by a reduction in plasma levels of noradrenaline, NTproBNP, and aldosterone), epigenetic effects and chromatin changes (e.g., regulation of α and β-MHC genes), post-transcriptional regulation of miRNA (e.g., miR-214, miR-208) [28].



In particular, 3,5,3′-triiodothyronine (T3) and its precursor thyroxine (T4), are considered key regulators of mitochondrial function [52]. Accordingly, reduced levels of these hormones induce imbalance of cardiac mitochondrial activity and subsequently, lead to adverse consequences at the cardiac muscle level within the myocardium [53]. Thus, the low T3 syndrome (LT3S), a status characterized by decreased total serum T3 and free T3 (fT3) with normal levels of thyroxine (T4) and thyrotropin (TSH), observed in acute post-ischemic and chronic heart pathologies and generally considered an adaptive response, can actually retain negative effects, favoring the progressive worsening of cardiac function and myocardial remodeling and representing a strong predictor of mortality and adverse CV events in these patients [54].



In view of the beneficial effects of TH on CV function, several attempts have been made utilizing TH replacement therapy in short-term and long-term administration, T3 or T4 at different doses and modalities of administration [54]. However, there are great differences in the population cohorts in which these treatments are given, including HF patients with a normal or abnormal TH profile, stable or unstable HF, or acute myocardial infarction (AMI) patients [54]. Moreover, attention must be paid to avoid important adverse effects due to possible pharmacological-induced hyperthyroidism. Consequently, a shared consensus on the use of TH replacement therapy has not been achieved yet by the scientific community. Nonetheless, the American Association of Clinical Endocrinologists, in conjunction with the American Thyroid Association, guidelines propose TH treatment in patients with HF and TSH levels exceeding the high normality reference limit up to 10 μIU/mL for restoration and maintenance of a normal TH status, monitoring status in order to prevent over-treatment [55].



Recently, a number of additive underlying mechanisms related to the cardioprotective effects of TH have been further emerging, detailing more and more the possible key cellular pathways involved.



One recent advancement concerns the opening of the ATP-sensitive mitochondrial potassium channel (mitoK-ATP), with an important antioxidant and protective role against post-ischemia/reperfusion mitochondrial dysfunction and cell loss [56]. In particular, data obtained in experimental (rats) and in vitro (rat cardiomyocytes) models suggested that T3 administration (given to restore the physiological concentration) was able to modulate the expression level of both the channel subunits (mitoK and mitoSur), downregulated under the stress conditions [57]. These data identify the post-ischemic LT3S as a permissive condition for the inhibition of mitoK and mitoSur. Translated to a clinical setting, it may suggest that restoring T3 plasma and myocardial levels to euthyroidism could represent a beneficial tool to limit the evolution of post-ischemic left ventricular dysfunction, because it is carried out in a window where the activation of dangerous mitochondrial regulatory events can be still prevented or mitigated, at least in part, by derepression of the mitoK-ATP channel.



Another additive key underlying mechanism involves the nuclear factor erythroid 2-related factor (Nrf2) pathway, one of the main endogenous antioxidant responses, effector of the cardioprotective-related TH effects [58]. Nrf2 is a crucial factor in TH-related cardioprotection, which affects different pathways related to oxidative stress, inflammation, cell growth, and energy supply [58]. Interestingly, different natural antioxidants (e.g., vitamin E, curcumin, and quercetin) may modulate Nrf2 signaling, improving altered TH level conditions [58]. This fact opens the possibility of targeting the Nrf2 pathway for thyroid disease prevention or improvement. However, there are difficulties related to the involvement of this factor in a number of diseases and the possibility of eliciting unwanted collateral adverse effects, equally harmful to other pathophysiological conditions.



An exciting development in this field is instead the issue regarding the role of vitamin D and the possibility to use 25-Hydroxyvitamin D (25(OH)D) administration to modulate cardioprotection, also through effects linked to TH modulation. Vitamin D has a number of beneficial effects on cardiometabolic disease (e.g., through modulation of endothelial and smooth muscle cell activity, renin–angiotensin–aldosterone system, nitric oxide, oxidative stress, and inflammatory response) [59,60]. Moreover, the administration of vitamin D3 in diabetic rats increases deiodinase (DIO) 2 expression and, consequently, leads to an increase in fT3 and a decrease in fT4 levels [61]. In vitro studies evidenced that 1,25(OH)2 administration may increase D2 activity, suggesting a cross-talk between TH and vitamin D [62,63]. Other in vitro data suggested a role of vitamin D through central and peripheral activities in the modulation of TSH and THs, as 1,25-(OH)2D3 inhibits TSH-stimulated adenylyl cyclase activity and iodide uptake in rat thyroid cells, whereas it increases TRH-induced TSH release in the normal pituitary cells [64,65]. Moreover, vitamin D administration may increase the serum levels of fT3 and fT4 in offspring of female rats administered 100 times the normal dose of iodide (100 HI; 750 μg/d) during pregnancy and lactation, as well as the protein expression levels of TRα1 and TRβ1 in their thyroid cells. In addition, 1,25(OH)2D3 supplementation reverses the imbalance in proinflammatory and anti-inflammatory cytokines (IL-17A, IFN-γ, and IL-10) [66]. At clinical levels, there is evidence of a relationship between vitamin D [25(OH)D] deficiency and autoimmune thyroid diseases or cancer, as well as between 25(OH)D levels and titers of antibodies and thyroid autoimmunity replacement, although some studies reported a lack of association [67,68]. Many factors may contribute to this high variability between the available results, including the use of different methods to assess circulating 25(OH)D levels, cut-off used to define normality, and the confounding effects of sex, age, obesity, and seasonal blood withdrawal. We previously observed a relationship between LT3S and reduced 25(OH)D levels in AMI [69]. These findings suggest that 25(OH)D might serve as an additional tool to counteract LT3S in acute settings, and, as the association was more evident in those with severe 25(OH)D hypovitaminosis, this particular subgroup of patients may benefit more from vitamin D administration [64].



In the majority of studies evaluating the relationship between vitamin D supplementation and anti-thyroid antibodies (generally in patients with autoimmune thyroid diseases), a decrease of TPOAb and TgAb levels has been observed. Available findings about TSH and TH were less clear, also reporting null association [68]. Nonetheless, one study enrolled a general population of more than 11.000 subjects receiving vitamin D supplementation (in order to achieve blood 25(OH)D levels over 100 nmol/L at 12-month follow-up) in a health and wellness program; hypothyroidism was found in 2% (23% including subclinical hypothyroidism) of subjects at baseline decreasing to 0.4% (or 6% with subclinical) at follow-up. Moreover, 25(OH)D levels ≥125 nmol/L were associated with a 30% reduced risk of hypothyroidism and a 32% reduced risk of elevated anti-thyroid antibodies [70].



Actually, the strategy of T3 replacement, conducted in order to replace fT3 blood levels without eliciting major systemic adverse effects, represents the best tool to be utilized in clinical practice. New insights may identify additional determinants to better understand key mechanisms related to the replacement of T3 (e.g., the mitoK-ATP channel). At the same time, other possibilities, such as those emerging in the oxidative stress field (e.g., modulation of the Nrf2 pathway), may represent alternative/additive therapeutic targets, although this knowledge is still in its infancy. Instead, for what concerns vitamin D, if it is true that clinical data are controversial and far from definitive, it would be wrong to consider irrelevant a hypothesis highly plausible in view of many experimental findings supporting a relationship between vitamin D and TH. Ultimately, vitamin D supplementation is safe as very rarely toxic, even at high doses, unlike thyroid hormones, which can cause hyperthyroidism with all the consequences that may arise from this condition; thus its use alone, but especially in combination with TH treatment in the CV clinical settings, may be of interest and merits further investigation, representing an interesting issue for future research (Figure 2).




5. The Prognostic Impact of TH Abnormalities in Heart Failure and Acute Myocardial Infarction


There is a large amount of data showing that subclinical TH abnormalities have a negative prognostic impact in patients with heart disease. In this context, HF and AMI were the main cardiac diseases in which the prognostic impact of TH mild abnormalities was assessed. Iervasi et al. showed that LT3S is a strong predictor of cardiac death [71]. In this study, fT3 was the main independent predictor of overall death. Interestingly, fT3 increased prognostic prediction of cumulative death after considering all of the other conventional variables (age/sex, cardiac risk factors, historical and clinical data) [71]. LT3S is counted among the subclinical TH disorders, although it is not the expression of a primary thyroid disorder but rather the result of an acute or chronic disease. Instead, it is considered an adaptive TH metabolic phenomenon to minimize energy expenditure. However, experimental data, as shown above, and clinical data questioned this theory because of the negative structural, histological, cellular, and functional effects experimentally documented in line with prognostic data. Therefore, the new hypothesis is that LT3S is initially adaptive but, if persistent, can shift into a maladaptive mechanism, favoring HF progression. This hypothesis comes up from the pathophysiological evidence that the continuous activation of other systems, such as the inflammatory and the sympathetic ones, causes the shift from adaptive to maladaptive and, thus, toxic effects in chronic diseases, such as HF. In addition, this hypothesis finds its reason in the pathophysiology of allostatic overload determined by the continuous activation of the stress-dedicated systems to physiological response, whose main efficiency is the up and down activation. In this context, a reduction in peripheral production of biologically active T3, probably linked to increased proinflammatory markers (interleukin 6), has been documented in asymptomatic or mildly symptomatic patients with non-ischemic dilated cardiomyopathy [72].



Iervasi et al. also showed that the primary subclinical TH abnormalities have negative prognostic implications in cardiac patients. Specifically, after adjustment for several risk factors, hazard ratios for cardiac death were significantly higher in SCH, (HR, 2.40), SCT (HR, 2.32), and LT3 (1.63) in comparison to euthyroidism [43]. The same impact has also been shown in a setting of patients with acute cardiac disease, including mainly patients with acute HF and acute coronary syndrome [73,74]. In particular, overt hypothyroidism and low fT3 levels were independent in-hospital predictors of all-cause mortality. Actually, a major part of the studies on the effects of TH abnormalities in patients with cardiac diseases are focused on HF and AMI. The studies on TH prognostic impact in HF patients are reassumed in Table 1 [75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98]. In general, in HF patients, all three types of subclinical TH abnormalities are predictors of cardiac events, including both hard and soft ones. When we clustered patients according to left ventricular ejection fraction (LVEF), low T3 circulating levels identified patients with a higher probability of overall death in the presence of an LVEF value lower than 20%. In fact, the survival of patients with an LVEF ≤ 20% and LT3S (total T3 level ≤ 1.2 pmol/L) was significantly lower than that in patients with similar LVEF and without LT3S (61 vs. 83%). Similarly, the probability of survival of patients with an LVEF >20% and without LT3s was significantly greater than that in patients with the same LVEF value and with LT3S (90 vs. 73%) [97] Also, LT3S showed additive prognostic stratification power when associated with BNP value for overall and cardiac death: Patients with LT3S and high BNP (>cut-off value 165 ng/L for cardiac death) had a survival probability of 46% in comparison to those normal T3 values and lower BNP (90%) [94]. A relationship between TH and inflammatory markers has also been documented in HF patients, with IL-6, TNFα, and CRP, correlating inversely with fT3 [99]. Interestingly, Shen et al. showed that FT3 and inflammatory patterns (neutrophil-to-lymphocyte ratio) were independently associated with all-cause mortality or HF rehospitalization [100]. Cittadini et al. showed that the occurrence of multiple hormonal and metabolic deficiency syndrome, encompassing several anabolic systems, the somatotropic axis (growth hormone and its tissue effector insulin-like growth factor-1), anabolic steroids (testosterone and DHEA-S), and THs, was associated with increased overall mortality and CV hospitalization in HF [101]. More recently, the prognostic impact of altered thyroid metabolism has also been documented in patients with HF and preserved LVEF (HFpEF). In particular, a low FT3/FT4 ratio was associated with clinical and cardiac instrumental changes and predicted a higher risk of diuretic intensification, urgent HF visits, HF hospitalization, or cardiac death in HFpEF.



However, the results on the prognostic role of subclinical TH abnormalities in HF are non-consensual, and the heterogeneity can depend on different factors, including type and severity of disease, sex, age, race, definition, modality of acquisition, and severity of TH dysfunction, type and number of events considered at follow-up, duration of follow-up. As shown in Table 1, the studies on HF included patients with different levels of left ventricular dysfunction, different ages, and with stable and unstable ischemic and non-ischemic HF. The ages ranged from 37 to 75 years, and the events included both hard and soft ones. Two examples may account for these discrepancies.



In the study of Mahal et al., the conclusion was that in hospitalized patients with HF and subclinical hypothyroidism (SCH), there was no increase in mortality and major morbidity, but there were only differences in the hospital characteristics [102]. Similarly, the study of Perez showed that hypothyroidism was associated with an increased risk of the composite outcome (cardiac death or HF hospitalization and all-cause death), but this association disappeared when NT-proBNP was included in the model [91]. However, in both studies, a major part of the population was old (>80 years, around 90% in the Mahal study, mean age 73 years old in the Perez study), and this may create trouble in the diagnosis of hypothyroidism. Accordingly, TSH normal reference range increases with age, and this may justify the use of different reference intervals in patients >60 years [103]. Another example is the enrolment of patients taking TH substitutive therapy, as in the study of Frey in which levothyroxine treatment was in 20% of patients with subclinical hyperthyroidism (SHY) (iatrogenic SHY) and in 27% of SCH patients [92]. However, a limitation of all the above-mentioned studies is that TH was assessed only one time, at the beginning of the enrolment without any follow-up. This limit is critical if we consider that TH disorders can develop in 27% of HF patients (LT3S 12.5%, SCH 10.4%, overt hypothyroidism 6.2%) during follow-up, highlighting the need to monitor TH metabolism longitudinally, also considering that these abnormalities were associated with additive worse prognosis factors [104]. Moreover, considering HF as a systemic disease, it is conceivable that TH metabolic abnormalities may further aggravate the function of other organs and systems, such as patients with renal insufficiency or those with anemia, inducing thus the development of a vicious circle favoring HF progression [105,106].



In AMI, LT3S has been more extensively assessed in terms of prognostic impact in comparison to the other TH abnormalities. This is in line with the evidence that in the acute phase of AMI, T3 circulating levels rapidly down-regulate with maximal changes 36 h after onset of symptoms [107]. This down-regulation is linked to an increase in the inactive T3 metabolite (reverse T3), which occurs rapidly within 12 h of the onset of symptoms. The reduction is strictly linked with the acute phase of the disease and its severity, as evidenced by the direct relationship among clinical status, myocardial necrosis extent, and LV dysfunction, as well as the intensity of the inflammatory and stress response and levels of T3 [108,109]. Also, changes in T3 levels were associated with early and late recovery of cardiac function after AMI [110]. Interestingly, the persistence of low TSH value in the acute phase of AMI and after 4 months was associated with post-ischemic LV remodeling, as well as the persistence of SCH was associated with more severe coronary artery stenosis and occurrence of cardiac events [111,112]. These data highlight the importance of maintaining TH homeostasis, and this should also be a key point of TH replacement therapy. In general, LT3S or low T3/T4 ratio were associated with a worse prognosis. The association with other predictive variables, such as NT-proBNP and GRACE risk score, increased the weight of prognostic stratification, identifying patients at higher risk of cardiac events [113,114]. Also, the negative prognostic impact of LT3S has been shown in patients with myocardial infarction with nonobstructive coronary arteries [115].




6. TH Replacement Therapy in Heart Failure and Acute Myocardial Infarction


As we stated in a previous review, TH replacement therapy is still considered a pillar in patients with cardiac disorders. Actually, if we consider LT3S an acute physiological response to the acute disease phase, it is correct to avoid any treatment. However, according to the experimental evidence showing the key role of TH in cardioprotection, we also have to hypothesize that prolonged TH abnormalities could reduce or make cardioprotective mechanisms ineffective. Moreover, as already reported in the first paragraph of this review, the Coronary Drug Project (CDP) reinforced this dogma [116]. In HF and AMI patients, thyroxine and triiodothyronine were both used. Table 2 summarizes the main characteristics and findings of these studies in HF patients [117,118,119,120,121,122,123,124,125]. In general, the studies were carried out in a few of patients with different clinical characteristics and with different targets, mainly functional and morphological ones. Furthermore, the main questions regard the type, duration, administration modalities, and TH dosage. In our study, we administered T3 intravenously for three consecutive days in stable hospitalized HF patients having a severe LV dysfunction and LT3S [121]. The drug was well tolerated without any side effects, HR increase, or arrhythmias at Holter EKG monitoring. The results showed a significant increase in LV stroke volume, LVEF, and cardiac index. The improved cardiac function paralleled neuroendocrine deactivation, with a significant reduction in the vasoconstrictor/sodium-retaining norepinephrine and aldosterone, and in the plasma levels of their counterpart NT-proBNP. In contrast, Holmager et al. administered 3-month oral T3 therapy in stable chronic HF patients, without any clinical or functional benefit [118]. However, the differences between the two studies are consistent and could account for the contrasting results. First, patients of our study had lower LVEF and higher –NT-pro-BNP, indicating a more severe clinical and cardiac status than those in Holmager’s study. Furthermore, the type of administration and T3 dosage were definitely different, and this determined a higher increase in fT3 in our treated patients with respect to those of Holmager, from 1.74 pg/mL (range 1.62–1.93 pg/mL) to 3.43 (range 3.20–3.84 pg/mL) and from 1.4 (0.9–1.6 nmol/L) to 1.7 (1.3–3.4 nmol/L), respectively. Indeed, continuous intravenous administration of T3 guarantees the stability of circulating plasma T3 levels, which is unlikely with oral administration of two daily T3 doses. One suggestion coming from the discrepancies between these two studies is that patient selection is a key point for the effectiveness of TH replacement therapy. Thus, we can argue that the positive effect of TH replacement therapy in HF patients occurs in those with more severe clinical and cardiac status. A proof of this is the result of Malik’s study in which thyroxine (20 µg/h) was administered intravenously in patients with severe left ventricular dysfunction, evolving to cardiogenic shock, who were unresponsive to conventional inotropic therapy and intra-aortic balloon counterpulsation. All patients had improvements in cardiac index and hemodynamics at 24 and 36 h after beginning thyroxine. These effects were maintained to complete surgical treatment consisting of heart transplantation or LV device [123]. Another critical point is the modality of administration. If intravenous continuous infusion guarantees the maintenance of a stable TH circulating level, but it is not feasible in daily life, oral administration cannot guarantee this. One solution could be the use of slow-release T3 patches, but there are no studies on their application in HF patients. Importantly, two meta-analyses showed TH replacement therapy was well tolerated and confirmed the positive effects of TH replacement therapy in HF patients with a reduction in neuroendocrine and sympathetic activation, improvement in cardiac function, cardiac output, and diastolic function [126,127].



In the context of AMI, in a phase II, randomized, treated/untreated patients’ study (THYRST Study), we showed that T3 replacement therapy was safe and improved regional systolic function in patients with STEMI and LT3 [128]. Accordingly, the discharge/follow-up decrease in wall motion score index, a semiquantitative method to assess regional systolic wall function, was significantly greater in the T3-treated group, whereas there were no significant changes in systolic global function and in reduction in necrosis extent between the treated and untreated T3 groups. T3 was administered orally three times daily with a maximum dose of 15 mcg/m2/day and continued for 6 months starting after 72 h from hospital admission [128]. The effort was to maintain T3 circulating levels within normal ranges. Also, in the ThyRepair Study, the aim was the effects of acute administration of T3 in patients with anterior AMI, with the treatment starting after coronary revascularization intravenously at a bolus injection of 0.8 μg/kg followed by a constant infusion of 0.113 μg/kg/h i.v. for 48 h [129]. The results showed a reduced intra-hospital LV remodeling, but not at follow-up (lower LV end-diastolic and end-systolic volumes in treated patients) and a tendency to reduction in myocardial necrosis extent at follow-up in treated than in untreated patients. In contrast, the study of Jabbar et al. showed that levothyroxine treatment in AMI patients did not improve global systolic function [130]. The initial T4 dose was 25 μg per day, with the target to maintain TSH between 0.4 and 2.5 mU/L. The starting dose was within 21 days of AMI up to 52 weeks. In this study, the mean TSH value at the beginning of the treatment was 5.7 mU/L, and LVEF was quite normal (>50%). It is noteworthy that the enrolled patients of these three studies were clinically stable with a normal mean LVEF (>50%), and this, very likely, mitigated the effects of T3 therapy. Moreover, TH dose regimen was different, as well as the beginning and the lasting of treatment and the type of TH used. Thus, according to the results of the meta-analysis of Tharmapoopathy, there are still no indications of TH replacement therapy in patients with AMI [131]. Another critical point that could account for the discrepancies in the results on the efficacy of TH treatment in HF and AMI patients is that TH levels may not accurately reflect myocardial TH levels. In particular, cardiac diseases induce an increased expression of cardiac D3 deiodinase with the consequent conversion of T4 into reverse T3, that is, the inactive T3 form. Probably, patients with increased activation of this enzyme can benefit from the TH replacement therapy.




7. Conclusions


In this review, we have addressed several aspects of the complex, intense, dangerous, and still misunderstood liaison between the heart and thyroid. We have seen that this was discovered more than a century ago; its complexity and intensity lie in the close physiological relationship and in the evidence that even minimal and subclinical TH metabolic alterations cause significant morpho-functional changes in the heart, as well as TH exerts a direct and indirect cardioprotective effect at multiple levels. The dangerousness of this relationship lies in the fact that the same small TH alterations have a negative prognostic weight in both HF and AMI patients, identifying patients at higher risk of major cardiac events. Further, the misunderstanding lies in the fact that there are still insufficient clinical data to define the effectiveness of TH replacement therapy in HF and AMI patients. According to Cittadini, TH abnormalities are part of the multiple hormonal and metabolic deficiency syndrome, which is a promising therapeutic target [101]. Finally, we would like to quote the title of a recent editorial by Gerdes MA et al.: “Ignoring a basic pathophysiological mechanism of heart failure progression will not make it go away” [132].
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Figure 1. Interaction of the Thyroid and the Heart. SVR: systemic vascular resistance; HR: heart rate; CV: cardiovascular; ECG: electrocardiogram. 
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Figure 2. Main possible vitamin D-related mechanisms in thyroid functioning. LT3S: low T3 syndrome; 25(OH)D: 25-HydroxyvitaminD. 
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Table 1. Prognostic impact of altered thyroid metabolism in HF patients.
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	TH Dysfunction
	Events (n)
	N° PTS (W,%)
	Age (yy)
	LVEF (%)
	NYHA Class III-IV
	Prognostic Weight
	Ref.





	fT3/fT4 ratio < 2.15
	Cardiac death, Transplantation, LV device implantation
	3257 (18)
	57
	ND
	ND
	HR values of FT3/FT4 ratio predicting the risk of composite endpoint in pts with LVEF <40%, 40–49%, and ≥50% were 0.91, 0.83, and 0.65, respectively
	[75]



	fT3/fT4 cutoff 0.233
	CV death (29%), Overall death (25%)
	8887 (46)
	69
	50
	85%
	HR of all-cause mortality and CV death for pts with a high FT3/FT4 ratio was 0.841 and 0.844 times less than that in pts with a low FT3/FT4 ratio
	[76]



	TSH > 4.70 mIU/L, TSH < 0.35 mIU/L.
	Overall death
	4992 (45)
	74
	ND
	34%
	Hypothyroidism (HR 1.259) and hyperthyroidism (HR 1.21) had a greater risk of death compared to euthyroidism.
	[77]



	LT3, Hypothyroidism
	Overall death
	762
	ND
	ND
	ND
	Independent association with death significant in pts with TSH >10 mIU/L. LT3 was independently associated with HF hospitalization and death
	[78]



	SCH: (TSH 4–10 microUI/mL), HYPO: (TSH > 10 microUI/mL), LT3: (fT3 < 1.8 pg/mL)
	In-hospital death
	1018 (55)
	81
	ND
	80%
	Mortality rate was 27% among HYPO pts, 17% in SCH pts, and 11% among euthyroid pts. HYPO (HR 2.1) and fT3 levels (HR 3.4) were associated with an increased likelihood of in-hospital death.
	[74]



	TSH quartiles (≤1.3; 1.4–2.2; 2.3–3.5; ≥3.6 mlU/L)
	Cardiac death (28), Non-Cardiac death (30) HF impairment (40), Cardiac transplantation (11), Ventricular arrhythmias (24)
	180 (21)
	37
	28
	35%
	Serum TSH levels (>2.67 nIU/L) may provide help for the stratification of the risk of ventricular arrhythmias
	[79]



	LT3:fT3 ≤ 2.03 pg/mL
	CV death (88), non-CV death (105)
	911 (41)
	68
	60
	3%
	LT3 at discharge is associated with higher cardiac and all cause-mortality, accompanied by high central venous pressure, lower nutritional status, and impaired exercise capacity
	[80]



	SCH:TSH > 4.51 mlU/L; LT3: total T3 < 80 ng/dL
	Cardiac transplantation (104), VAD replacement (31), Overall death (327)
	1365 (35)
	57
	34
	No data
	SCH (HR 1.82) and LT3 (HR 2.12) were associated with increased risk of composite endpoint
	[81]



	SCH:TSH > 4 µlU/mL
	Worsening HF (232), CV death (108), non-CV death (128)
	1043 (41)
	67
	42
	3%
	SCH is an independent predictor of cardiac event (HR 1.42) and all-cause mortality (1.421) after adjustment with other confounders
	[82]



	fT3 < 3.00 pmol/L
	CV death (30), non-CV death (6), Hospitalization (45)
	113 (3.5)
	61
	31
	64%
	Patients with fT3 < 3.00 pmol/L had higher overall mortality and HF hospitalization
	[83]



	SCH: TSH of 4.5 to 19.9mIU/L; SHY: TSH < 0.45 mIU/L
	CV death (27), Rehospitalization (80)
	274 (70)
	70
	39
	100%
	Higher TSH is independently associated with composite CV events. SCH is an independent predictor (HR: 2.31) of composite CV events
	[84]



	fT3 < 2.77 pg/mL
	CV death (19), non-CV death (4)
	71 (34)
	54
	26
	No data
	FT3 < 2.77 pg/mL was identified as predictor of events (HR: 8.623)
	[85]



	LT3:fT3 ≤ 2.05 pg/mL
	CV death (16), non-CV death (10)
	270 (31)
	68
	67
	100%
	LT3 on admission is associated with higher in-hospital all-cause, cardiac, and non-cardiac death rates and with increased 1-year death
	[86]



	LT3:fT3 < 1.79 pg/mL; SCH: TSH > 4.78 mlU/L normal fT3 and or fT4; SHY: TSH < 0.55 mlU/L and normal fT3 and or fT4; HYPO: TSH > 4.78 mlU/L and <fT3 and or Ft4
	non-CV death (ND)
	458 (29)
	51
	32
	ND
	HYPO was the strongest predictor of death (HR 4.189), followed by LT3 (HR 3.147) and SHYPO (HR 2.869)
	[87]



	TSH quartiles (≤1.3; 1.4–2.2; 2.3–3.5; ≥3.6 mlU/L)
	CV death (ND) CV hospitalization (ND)
	5599 (51)
	75
	<50
	ND
	Increased risk of death in the highest TSH group (HR 1.54). TSH as an independent predictor of the combined endpoint
	[88]



	Total T3 ≤ 52.3 ng/dL
	CV death (38), non-CV death (16)
	144 (49)
	71
	42
	100%
	T3 as independent predictors for both all-cause and cardiac mortalities among critically ill patients with HF, and high NT-proBNP and low T3 levels predict a worse long-term outcome
	[89]



	SHY: TSH < 0.35 µIU/mL

SCH: TSH > 5.5 µIU/mL
	Overall death
	963 (26)
	52
	32
	72%
	SHY, SCH have higher all-cause mortality rates. However, only SHY (HR 1.793), not SCH, is an independent predictor for increased risk of overall death
	[90]



	SHY: TSH < 0.3 µIU/mL

SCH: TSH > 5.0 µIU/mL
	CV death (1104), Hospitalization (1210), non-CV death (1402)
	4750 (22)
	73
	31
	63%
	SCH associated with an increased risk of the composite outcome of CV death or HF hospitalization (HR: 1.29), as well as all-cause death (HR: 1.36). When NT-proBNP was added to the predictive models, the association between SCH and all outcomes was eliminated
	[91]



	LT3: fT3 < 2.7 pmol/L SHY: TSH < 0.3 mIU/L SCH: TSH > 4.0 mIU/L HYPER: TSH < 0.1 mIU/L HYPO: TSH > 4.0 mIU/L
	CV death (153), non-CV death (111)
	758 (29)
	68
	30
	ND
	SCH, SHY; HYPO, HYPER are not relevant prognostic factors. LT3 is a significant indicator of poor prognosis
	[92]



	HYPO (>5.0 μU/mL), HYPER (<0.3 μU/mL)
	non-CV death (ND)
	2225 (48)
	59
	24
	ND
	HYPO and HYPER were associated with 58% and 85% increases in the risk for death (HR: 1.58; HR: 1.85)
	[93]



	LT3: fT3 < 2.1 ng/L
	CV death (64), non-CV death (46)
	442 (25)
	65
	33
	37%
	Pts with LT3 and higher BNP showed the highest risk of all-cause and cardiac death
	[94]



	SCH: TSH > 5.5 mlU/L
	Hospitalization (55), non-CV death (18), transplantation (6)
	338 (33)
	64
	32
	ND
	TSH levels, even slightly above normal range, are independently associated with a greater likelihood of HF progression
	[95]



	fT3/fT4 ratio ≤ 1.7
	CV death (15), VF (1)
	111 (31)
	62
	29
	ND
	fT3/fT4 ratio ≤ 1.7 was associated with an increased risk of mortality, independent of other prognostic markers. Sensitivity, specificity, positive and negative predictivity of fT3/fT4 ratio ≤ 1.7 for cardiac mortality were 100%, 71%, 36%, and 100%
	[96]



	free T3, 3.2 to 6.5 pmol/L (2 to 4.2 pg/mL);
	CV death (47), non-CV death (17)
	281 (17)
	68
	28
	ND
	Low T3 levels are an independent predictor of mortality, adding prognostic information to conventional clinical (age) and functional cardiac parameters (LVEF)
	[97]



	fT3/reverseT3 ratio ≤ 4
	Cardiac death (17), Transplantation (6)
	84 (16)
	50
	18
	100%
	A low fT3/reverse T3 ratio was a predictor of cardiac events, with a survival rate of 37%. The lowest ratio was associated with the poorest prognosis
	[98]







SCH: Ssubclinical hypothyroidism; SCH: subclinical hypothyroidism; SHY: subclinical hyperthyroidism; HYPO: overt hypothyroidism; SHYPER: overt hyperthyroidism; HT: VAD: ventricular assist device; CV: cardiovascular; LT3: low T3 syndrome; fT3: free triiodothyronine; fT4: free thyroxine; TSH: thyrotropin; W: women; ND: no data.













 





Table 2. TH replacement therapy in patients with ischemic and non-ischemic HF.
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	Patients (N)
	Study Design
	LVEF (%)
	TH Dose Treatment
	Main Findings
	Ref.





	39 ischemic and non-ischemic HF and LT3
	Randomized, prospective, double-blind, placebo-controlled
	31 ± 6
	T3 0.025 mg/day, OS
	Improvement in NYHA class, ↑ LVEF, ↓ LVESV, ↓ NT-proBNP, ↓ hs-C-reactive protein, ↑ 6-MWD
	[117]



	13 ischemic and non-ischemic HF and LT3
	Randomized, double-blind, cross-over, placebo-controlled
	43 (37–52)
	Oral T3 twice daily for 3 months (tablet dose 20 µg)
	No clinical or functional benefit observed
	[118]



	163 ischemic, non-ischemic HF, SCH
	Uncontrolled
	N/A
	T4 dose necessary to normalize TSH
	↑ Physical performance at 6 min walking test
	[119]



	86 ischemic and non-ischemic HF
	Randomized (2:1) placebo-controlled
	28 ± 6
	DTPA twice daily 90 mg increments (every 2 wks to maximum 360 mg)
	↑ CI ↓ SVR, lipoproteins, and cholesterol
	[120]



	20 ischemic and non-ischemic HF and LT3
	Randomized, placebo-controlled
	25 (18–32)
	T3 3 days continuously infused (initial dose 20 g/m2)
	↑ LVSV, LVEDV, ↓ NT-proBNP, Aldosterone, NA
	[121]



	6 ischemic and non-ischemic HF
	Uncontrolled
	24 ± 3
	T3 initial dose 20 mg/m2bs/d

Continuous infusion (4 d)
	↓SVR ↑ CO and UO
	[122]



	10 cardiogenic shock
	Uncontrolled
	N/A
	T4 20 mg/h bolus + continuous infusion (36 h)
	↑ CI, PCWP, and MAP
	[123]



	23 ischemic and non-ischemic HF
	Uncontrolled
	22 ± 1
	T3 cumulative dose 0.15–2.7 mg/kg bolus + continuous infusion (6–12 h)
	↓ SVR ↑ CO
	[124]



	10 non-ischemic HF
	Randomized (1:1) placebo-controlled
	29 ± 6
	T4 100 mg/d OS for 3 months
	Improvement in cardiovascular performance at rest, exercise, and dobutamine stress test
	[125]







CI: cardiac index; CO: cardiac output; DITPA: 3,5-Diiodothyropropionic acid; HF: heart failure; LVEF: left ventricular ejection fraction; LVEDV: left ventricular end diastolic volume; LVSV: left ventricular stroke volume; MAP: mean arterial pressure; NT-proBNP: N-terminal pro-Brain natriuretic peptide; PCWP: pulmonary capillary wedge pressure; T3: triiodothyronine; T4: thyroxine; SVR: systemic vascular resistance; UO: urinary output, 6-MWD: 6 min walking distance; SCH: subclinical hypothyroidism; LT3: low T3 syndrome; NA: not applicable.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
ISCHEMIC HEART

14
u-a - %
0.6 1

0.4 -

Survival (%)

0.2 1

25(0H)D

o 10 20 30 40 &0
Mm:nths
Adverse prognosis

HEART FAILURE

* Dyslipidemia

« Oxidative stress/Inflammation
 Endothelial dysfunction

« Diastolic/Systolic dysfunction





nav.xhtml


  endocrines-04-00053


  
    		
      endocrines-04-00053
    


  




  





media/file5.png





media/file0.png





media/file2.png
THYROID

|

CARDIOVASCULAR SYSTEM

GENOMIC/ NON-GENOMICACTIONS

VASCULAR SYSTEM HEART CVRISK FACTORS MODULATION

Fie. , 8

w P @

e L"'.J
e

* Blood pressure T HR * Inflammation pathway
» Endothelial function f§ Systo-diastolic function = Glycolipid metabolism
] SVR = Cardioprotection * Blood pressure

Diastolic dysfunction
Cardiovascular risk
Hypercholesterolaemia

¥ RestingHR
1+ Bloodvolume
¥ Myocardial contractility

1