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Abstract: Dilated cardiomyopathy (DCM) is the most prevalent cardiomyopathy, typified by left
ventricular dilation and systolic dysfunction. Many patients with DCM have altered thyroid status,
especially lower levels of free triiodothyronine (T3) and elevated levels of thyroid-stimulating hor-
mone. Moreover, growing evidence indicates that even subtle changes in thyroid status (especially
low T3) are linked with a worse long-term prognosis and a higher risk of mortality. Notably, recent
discoveries have shown that not only local myocardial thyroid hormones (THs) bioavailability
could be diminished due to impaired expression of the activating deiodinase, but virtually all genes
involved in TH biosynthesis are also expressed in the myocardium of DCM patients. Importantly,
some studies have suggested beneficial effects of TH therapy in patients suffering from DCM. Our
aim was to discuss new insights into the association between TH status and prognosis in DCM,
abnormal expression of genes involved in the myocardial synthesis of TH in DCM, and the potential
for TH use in the future treatment of DCM.
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1. Introduction

Dilated cardiomyopathy (DCM), the most common form of cardiomyopathy, can be
characterized as a nonischemic heart muscle disease with a structural and functional my-
ocardial alteration. DCM is typified by the dilation of the left ventricle or both ventricles,
myocyte degeneration, and systolic dysfunction in the absence of cardiovascular diseases
such as hypertension, valvular disease, coronary artery disease, or congenital heart dis-
ease [1,2]. The etiology of DCM is heterogeneous and encompasses infections, alcohol,
drugs, neuromuscular diseases, metabolic dysfunction, autoimmune disorders, and idio-
pathic causes [3]. The course of DCM may be complicated by heart failure or sudden car-
diac death [4].

Thyroid hormones (THs) have direct and indirect effects on cardiac function. These
effects are mediated by both genomic and nongenomic mechanisms. Triiodothyronine
(T3) binds to a specific nuclear receptor, which regulates the transcription of various genes
responsible for proper cardiovascular function. Genomic cellular effects of THs are trig-
gered by T3, which binds to specific thyroid hormone receptors (THRs) in the nucleus.
THRs are able to regulate transcription via binding to thyroid hormone response elements
(TREs). TREs are located within promoters of genes and control the transcription of target
genes. Increased transcription of the myosin heavy chain o gene and at the same time,
inhibiting the myosin heavy chain 3 gene, results in an increased rate of contraction. Ad-
ditionally, increased transcription of sarcoplasmic reticulum calcium-activated ATPase
(SERCA), decreased expression of its inhibitory cofactor phospholamban, and enhanced
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Non-genomic actions

phospholamban phosphorylation, accelerate the rate of both contraction and active relax-
ation via potentiated sarcoplasmic Ca?* release and uptake. TH also upregulates [3-adren-
ergic receptors, mediating positive chronotropic, inotropic, and lusitropic effects, alt-
hough these responses can be mitigated by decreased expression of adenylyl cyclase cat-
alytic subunits. Importantly, THs enhance the expression of the hyperpolarization-acti-
vated cyclic nucleotide-gated channel gene, governing the sinoatrial node pacing rate.
Nongenomic cellular mechanisms of TH action include modulation of ion channels in the
cell membrane of cardiomyocytes, Na*/K*-ATPase, Na*/Ca? exchanger, as well as mito-
chondriogenesis, nuclear translocation of mitogen-activated protein kinase (MAP kinase)
responsible for angiogenesis, activation of phosphatidylinositol 3-kinase (PI3-kinase), and
protein kinase B (AKT)-dependent signaling pathways, along with the increased endothe-
lial generation of nitric oxide [5] (Figure 1a).

Beyond metabolic vasodilation linked to higher basal metabolic rate and tissue oxy-
gen demand, THs directly affect cardiovascular hemodynamics by a variety of mecha-
nisms that jointly contribute to an increased cardiac output [5] (Figure 1b).

Recent evidence has made it clear that alterations of TH metabolism are common in
DCM and both clinical, and experimental studies have shown a remarkable negative im-
pact of thyroid dysfunction on the prognosis of these patients [6-8].

Yet, to the best of our knowledge, data on the comprehensive role of TH abnormali-
ties, including molecular mechanisms underlying local alterations of the expression of
genes involved in TH biosynthesis, as well as a possible impact of TH administration on
the course of DCM, have not been summarized thus far.

Therefore, our aim was first to gather current knowledge on the influence of abnor-
mal thyroid status on the course of DCM; secondly, to emphasize a potential pathogenetic
relevance of altered myocardial expression of genes involved in TH metabolism in DCM,
and lastly, to highlight a possible role of TH in future DCM treatment.
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Figure 1. Effects of TH on the cardiovascular system at the cellular level and at organ level: (a) Cellular genomic mecha-
nisms include T3 binding to thyroid hormone receptor (THR) in the nucleus of cardiomyocytes, which regulates transcrip-
tion of various genes by binding to thyroid hormone response elements (TREs). Nongenomic cellular pathways involve
modulation of ion channels in the cell membrane of cardiomyocytes, Na*/K*-ATPase, Na*/Ca?* exchanger, MAP kinase,
PI3-kinase, and AKT-dependent signaling pathways, mitochondriogenesis and endothelial NO generation; (b) TH mod-
ulate cardiac inotropy, lusitropy and chronotropy, systemic vascular resistance and preload with a consequent increase in
cardiac output. TH—thyroid hormones, T3 —triiodothyronine, THR —thyroid hormone receptor, TREs —thyroid hormone
response elements, SERCA —sarcoplasmic reticulum calcium-activated ATPase, MAP kinase —mitogen-activated protein
kinase, PI3-kinase — phosphatidylinositol 3-kinase, AKT —protein kinase B, NO—nitric oxide, EPO—erythropoietin., LV —

left ventricular.

2. Thyroid Status and Prognosis in DCM

DCM patients with thyroid dysfunction have a worse long-term prognosis [6-12].
Seminal investigations of the role of TH in the course of DCM found that although TH
levels remained within the normal range in 111 DCM patients, the concentrations of free
triiodothyronine (FT3) levels were lower and free thyroxine (FT4) higher, compared to 30
age-matched healthy controls [6]. That study also aimed to identify relations between TH
and echocardiographic parameters in DCM. Indeed, FT3 or FT3/FT4 ratio correlated neg-
atively with left atrial diameter, right heart chambers size, isovolumetric relaxation time,
peak early mitral flow velocity, and severity of mitral regurgitation, while respective re-
lations were negative for left ventricular (LV) ejection fraction, fractional shortening and
early mitral flow deceleration time [6]. Additionally, thyroid-stimulating hormone (TSH)
and FT4 levels were unrelated to almost any of the echocardiographic parameters, which
suggests that FT3 might be a crucial hormone that can affect heart function [6]. Further-
more, low FT3/FT4 ratio, but not FT4 or TSH, was associated with a higher risk of adverse
cardiovascular events over about 1 year, mostly (15 out of 16) death from cardiac causes,
including heart failure death and sudden arrhythmic death, and was the only independ-
ent predictor of adverse outcome upon multivariate adjustment by Cox regression [6].

In a single-center cohort study by Li et al. [7], DCM patients with either subclinical
hyperthyroidism or subclinical hypothyroidism, representing 7.1% and 8.2% of the study
group, respectively, had higher all-cause mortality rates. During a mean follow-up period
of 3.5 years, 218 of 963 patients died, and there was a significant difference in the mortality
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rate between patients with euthyroidism (21%), subclinical hyperthyroidism (38.2%), and
subclinical hypothyroidism (26.6%) [7]. In multivariate analysis, only subclinical hyper-
thyroidism independently predicted all-cause mortality [7]. Likewise, subclinical hypo-
thyroidism was more frequent than subclinical hyperthyroidism (9% vs. 7%) in a study of
572 DCM patients by Wang et al. [8], while low-T3 syndrome and overt hypothyroidism
were found in 4% and 3% of the study subjects, respectively. Notably, lower FT3 and
higher TSH were associated with a more advanced stage of heart failure (NYHA III-IV vs.
[-1II). Importantly, both subclinical and overt hypothyroidism, as well as low T3 syndrome,
were independent predictors of all-cause and cardiac death [8], in agreement with the
concept of a contribution to thyroid dysfunction to progressive cardiac dysfunction and
adverse outcome. However, subclinical hyperthyroidism was not an independent predic-
tor of death [8], in contrast to the report by Li et al. [7]. Notwithstanding, the authors
suggested that the latter observation could be biased by the frequent use of [3>-blockers,
which could attenuate detrimental effects of hyperthyroidism, such as increased heart rate
or adrenergic overstimulation [8].

In a recent study, Zhao et al. [9] clearly demonstrated that low FT3 was linked to the
increased mortality rate in patients with DCM. Moreover, the highest risk was associated
with the lowest concentration of FT3, which retained significance after multivariate ad-
justment.

In a large cohort study, Kannan et al. [10] focused on the impact of thyroid status in
1365 patients with heart failure, whose majority had had cardiomyopathy of nonischemic
origin (71%). Most patients were euthyroid, but 14% had low T3 syndrome, 5% subclinical
hypothyroidism, 5% subclinical hyperthyroidism, 1% overt hyperthyroidism, and less
than 1% overt hypothyroidism. In general, associations between TH and heart failure
were consistent with previous reports. A more severe course of heart failure was associ-
ated with a higher level of TSH, lower T3, and higher FT4 [10]. The authors also found a
significant difference between thyroid status and a composite endpoint encompassing to-
tal mortality, cardiac transplantation, or ventricular assist device placement with a higher
risk in subclinical hypothyroidism or low T3 syndrome [10].

Wang et al. [11] studied the correlation between thyroid function and a variety of
myocardial disorders in 71 DCM patients using multimodal imaging, including cardiac
magnetic resonance imaging (MRI), single-photon emission computed tomography
(SPECT), and positron emission tomography (PET). Myocardial fibrosis was detected us-
ing MRI by late gadolinium enhancement (LGE). Notably, FT3 was the predictor of per-
fusion and metabolism abnormalities measured by radionuclide tests in both univariate
and multivariate analysis [11]. Additionally, they observed a strong correlation between
a low level of FT3 and the presence of LGE in DCM. The simultaneous prevalence of LGE
and low FT3 was the strongest predictor of all-cause death over a median follow-up of 46
months [11]. Similar findings were reported by Zhang et al. [12] after the extension of the
previously described group [11] into 220 DCM subjects: the combination of low FT3 and
LGE predicted mortality over about 61 months.

3. Hypothyroidism and the Healthy Heart

Beyond the abovementioned reports on the influence of TH deficiency in DCM, a
hypothyroid state affects the cardiovascular system also in the absence of cardiac disease
via a corollary of pathways. Hypothyroidism is associated with increased systemic vas-
cular resistance (even up to 50%) and endothelial dysfunction, which accounts for mild
hypertension in about 30% of patients, affecting mainly diastolic blood pressure with con-
sequent narrowing of pulse pressure [13]. Additionally, as TH also influence the coronary
vascular tone and arteriolar angiogenesis, long-term hypothyroidism was associated with
decreased coronary blood flow and loss of coronary arterioles in animal studies [13].

As regards direct cardiac effects, beyond bradycardia and pericardial effusion, long-
term hypothyroidism may lead to slowed active diastolic relaxation of cardiomyocytes
and subtle systolic dysfunction owing to the influence of T3 on myosin isoforms and
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calcium-binding proteins [13]. Impaired LV relaxation prolongs isovolumic relaxation
time and early mitral flow deceleration time with concomitant reduction of the ratio of the
peak early and atrial mitral inflow velocity (E/A), all of which are consistent with mild LV
diastolic dysfunction [14,15]. Discrete systolic dysfunction, if present, is reflected by pro-
longed isovolumic contraction [15] and lower LV performance along the longitudinal axis
detected by novel echocardiographic techniques [14-16], while ejection fraction is gener-
ally within the normal range [14-16]. Accordingly, although cardiac output is reduced
mainly due to bradycardia with a rather minor contribution of direct myocardial effects,
hypothyroidism is rarely the primary cause of DCM [13]. Nevertheless, abnormal TH lev-
els may coexist with various causes of DCM, so the exclusion of TH deficiency or excess
by means of thyroid function tests is strongly recommended by the current clinical prac-
tice guidelines, being a part of the routine diagnostic workup in patients with unexplained
DCM [13]. Interestingly, there are case reports that describe patients with DCM and hy-
pothyroidism in whom heart failure symptoms improved after replacement therapy
[13,17].

4. Changes in Myocardial Expression of Genes Involved in Thyroid Hormone
Metabolism in DCM

The thyroid gland produces two tyrosine-based hormones—T4 and T3. The predom-
inant form of circulating TH is T4, which is converted to the bioactive T3 within cells by
two different iodothyronines “activating” deiodinases: type 1 deiodinase (D1) or type 2
deiodinase (D2). On the contrary, type 3 deiodinase (D3) inactivates T4 to reverse T3 and
T3 to 3,3-diiodothyronine (T2), thereby blocking TH biological effects on a cell-specific
basis [18].

Most circulating T3 is derived from the conversion of T4 to T3 by the actions of D1,
which is localized in the plasma membrane and expressed mainly in the thyroid and kid-
neys. Nonetheless, serum TH levels may not accurately reflect their tissue levels as the
activating deiodinase (D2) can locally alter TH signaling in a tissue-specific fashion. It is
worth noting that although D1 activity is the major source of total T3 in plasma, D2 plays
a crucial role in transforming T4 to T3 in extra-thyroidal tissues (Figure 2a).

The posttranslational regulation of D2 expression and its short half-life enables pre-
cise control of intracellular generation and concentration of T3 [19]. Importantly, D2 ac-
tivity is a source of cellular T3 in various tissues, including the human heart. In contrast
to D2, D3 expression appears to play a crucial role during embryogenesis and is undetect-
able in the postnatal healthy heart [20,21]. However, cardiac D3 re-expression was de-
scribed in some pathological conditions including myocardial infarction, LV pressure
overload and some models of heart failure, leading to a state of local hypothyroidism
[20,21].

Animal studies tried to delineate the role of D2 and D3 expression in DCM and their
effects on cardiac function by changing TH signaling [22,23]. However, the results are in-
conclusive, demonstrating either local hypothyroid [22] or hyperthyroid [23] state in the
myocardium of distinct murine models of DCM. In a study by Wassner et al. [22], there
was a 15-fold increase in cardiac-inactivating D3 activity in a transgenic murine model of
DCM. D3 overexpression was noted anatomically in cardiomyocytes, thereby contrib-
uting to local hypothyroidism in addition to decreased serum T3 and T4 levels (Figure
2b). Moreover, D3 induction was associated with the altered expression of cardiac TH-
responsive genes [22]. Specifically, there was a considerable decrease in SERCA-2a
mRNA, positively regulated by TH, and a marked increase in the expression of the f3-
myosin heavy chain, negatively regulated by T3 [22].

In contrast, Wang et al. [23] showed increased D2 activity, leading to a local hyper-
thyroid state within the myocardium despite unchanged serum T3 levels (Figure 2c). Ad-
mittedly, D2 mRNA is physiologically expressed in the human myocardium but not in
the heart of a healthy rodent [24]. Nevertheless, Wang et al. [23], by means of real-time
quantitative reverse transcriptase-polymerase chain reaction analyses, showed that D2
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was overexpressed in the heart of DCM mice. Moreover, it was proposed that enhanced
local formation of TH in DCM might promote cardiac growth by activating non-nuclear
TH signaling pathways involving protein kinase B (also known as Akt) and p38 MAP
kinase. Additionally, treatment with the anti-thyroid drug propylthiouracil improved car-
diac function in DCM mice, reduced the expression of the abovementioned hypertrophic
markers, and prevented cardiac enlargement. Likewise, the use of propylthiouracil was
accompanied by an improvement in ejection fraction and extended lifespan of the DCM
animals [23].

Deiodinases expression in cardiomyocytes in DCM was recently assessed in a human
study by Gil-Cayuela et al. [25], who observed elevated T4 and depressed T3 levels in the
LV tissue in DCM versus non-diseased controls (Figure 2d). Interestingly, levels of all
three types of deiodinases—D1-D3 were diminished by 20 to 30%, although these differ-
ences did not reach statistical significance [25]. Therefore, increased T4 in the cardiac tis-
sue in DCM subjects compared to the control group may reflect downregulation of both
types of deiodinases in the DCM heart, i.e., activating deiodinases (D1 and D2) and inac-
tivating D3 deiodinase, because T4 is the substrate of all these enzymes. Furthermore, the
study established a new field of research by demonstrating that all genes involved in TH
biosynthesis are expressed in the myocardium of patients with DCM [25]. It is worth not-
ing that a comparison of DCM and control samples showed an upregulation of dual oxi-
dase-2 [25] (Figure 2d), a prominent source of hydrogen peroxide which oxidizes iodide
into iodine in the thyrocyte [26]. Curiously, myocardial levels of dual oxidase-2 mRNA
levels were positively correlated with indices of LV remodeling, reflected by LV diameters
and LV mass [25]. In addition, that study also showed a downregulation —albeit unrelated
to remodeling parameters—of thyroperoxidase [25] (Figure 2d), an enzyme responsible
for the catalysis of iodide oxidation, iodination of tyrosine residues in thyroglobulin, and
coupling of iodotyrosines to form iodothyronines attached to thyroglobulin [26].

In addition to local cardiac alteration of genes involved in TH metabolism, another
process was proposed as a contributor to locally impaired TH signaling in the DCM my-
ocardium. Modesti et al. [27] suggested that patients with end-stage heart failure due to
DCM could exhibit a local hypothyroid state owing to disrupted THRs expression. More-
over, they noted reduced expression of not only THRs(al and a2), but also 3-adrenergic
receptors (81 and [32) at both gene and protein levels in cardiomyocytes isolated from their
end-stage DCM subjects [27]. Importantly, T3 is able to enhance the expression of p1-ad-
renergic receptors and some of their downstream targets [28,29]. Thus, local cardiac hy-
pothyroidism could potentiate detrimental consequences of myocardial 1-adrenergic re-
ceptor downregulation accompanying end-stage heart failure caused by DCM [30],
thereby contributing to an adverse outcome.
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Figure 2. Local effects of type 2 (D2) and type 3 (D3) deiodinases in the normal heart and in DCM: (a) The physiological
role of deiodinases in the human heart. In the healthy heart, D2 activates T4 to the bioactive hormone T3. D3 expression
is undetectable in the healthy heart, except for embryonic development; (b) Deiodinase function in cardiomyocytes in a
rodent model of DCM by Wassner et al. [22]. In this model inactivating D3 is overexpressed, which leads to local hypo-
thyroidism by inactivating T3 to T2; (c) Deiodinase function in a rodent model of DCM by Wang et al. [23]. In this model
activating D2 is overexpressed, which leads to local hyperthyroidism by activating T4 to T3; (d) Deiodinase function in
the human cardiomyocytes in DCM and altered genes involved in TH biosynthesis in patients with DCM according to
Gil-Cayuela et al. [25]. In DCM the activity of both D2 and D3 is reduced. Additionally, DCM subjects have increased T4
and decreased T3 levels in the myocardium compared to the control group. Notably, in DCM the myocardial expression
of 2 of 1l genes involved in TH biosynthesis, i.e., dual oxidase-2 and thyroperoxidase, is upregulated and downregulated,
respectively, which may also contribute to a net effect of DCM on cardiac TH levels. T4 —thyroxine, T3 —triiodothyronine,
rT3—reverse T3, T2—3,3-diiodothyronine, D2—type 2 deiodinase, D3—type 3 deiodinase, TH—thyroid hormones,
DCM —dilated cardiomyopathy.

5. Thyroid Hormones as a Possible Treatment for DCM

By a traditional approach, TH is used as a treatment for thyroid dysfunction, and the
standard therapy in hypothyroidism is replacement therapy with synthetic L-thyroxine
(LT4) [31]. Interestingly, the literature reveals a considerable interest in the usefulness of
treatment with TH also in cardiovascular diseases [32]. Beyond the previously mentioned
rare cases of DCM linked to hypothyroidism [13,17], some research studies [33-37] claim
that TH therapy might be beneficial in the treatment of DCM.

Khalife et al. [33] evaluated the effects of TH treatment in a hamster animal model of
DCM associated with subclinical hypothyroidism. They showed that therapeutic doses of
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TH prevented or attenuated decreases in heart rate or maximum rate of LV pressure in-
crease (dp/dtmax) and also improved LV ejection fraction. Additionally, TH therapy re-
duced myocyte loss, normalized impaired coronary blood flow, limited myocardial fibro-
sis, and alleviated progressive LV dilation.

As early as over 25 years ago, promising results of short-term LT4 supplementation
in DCM were reported in euthyroid patients. In a randomized, placebo-controlled study,
Moruzzi et al. [34] compared 2 small groups (10 patients each) of euthyroid DCM patients
(NYHA functional class II-III). The active treatment group was receiving 100 pg of oral
LT4 per day for 7 days, while the control group was taking a placebo. Compared to the
controls, patients in the LT4 group had decreased systemic vascular resistance and in-
creased LV ejection fraction and cardiac output at rest [34], as well as better exercise tol-
erance assessed by a cardiopulmonary exercise test. Furthermore, LT4 supplementation
also improved LV contractility, estimated by the relationship between ejection fraction
and LV end-systolic wall stress during acute changes in LV afterload [34]. The results were
independent of sympathetic activity as hemodynamic responses to dobutamine infusion
were unchanged with either LT4 or placebo [34].

These benefits from short-term LT4 supplementation were confirmed by the same
research group after the extension of the follow-up until 3 months [35]. In addition to the
previous effects observed already after 1 week, reduced LV end-diastolic dimension and
increased cardiac output at peak exercise were observed after 3 months of LT4 therapy.
Additionally, enhanced hemodynamic responses to dobutamine suggested the ability of
a longer LT4 supplementation to up-regulate 31-adrenergic receptor-dependent path-
ways [35]. It is worth noting that no relevant adverse effects or symptoms of thyroid hy-
perfunction were observed throughout the treatment period [34,35].

In a more recent study, Badran et al. [36] explored the effect of oral TH treatment on
LV mechanics and functional status in patients with DCM using two-dimensional strain
imagining, a novel echocardiographic technique. In their study, 60 patients with DCM
and no history of thyroid dysfunction were randomized into 2 groups. The first group (40
patients) was taking LT4, and the second one (20 patients) received a placebo for 3 months.
At first, patients from the active drug group were taking 25 pug LT4 per day for 4 weeks
and then the dose was increased to 50 pg per day for 8 weeks ]36]. LT4 therapy signifi-
cantly improved LV ejection fraction, reduced LV dimensions, decreased LV mass, and
reduced the severity of mitral regurgitation in DCM, compared to the placebo group. In-
terestingly, patients taking LT4 presented an improvement of longitudinal and circumfer-
ential LV strain at both segmental and global levels [36]. It is essential to highlight that
LT4 therapy was safe and well-tolerated in DCM patients and maintained TH levels
within the normal range [36].

Pingitore et al. [37] assessed the short-term effects of synthetic L-triiodothyronine
(LT3) treatment over 3 days in 20 patients with systolic heart failure (including 8 patients
with DCM) and low-T3 syndrome. A 3-day treatment with LT3 infusions (initial dose 20
ug/m? i.v. adjusted to maintain LT3 levels within the normal range) was well tolerated
and quickly ameliorated patients’ hemodynamic parameters in comparison with the con-
trol group of 10 heart failure subjects randomized to placebo. In particular, heart rate and
LV end-diastolic volume decreased, whereas stroke volume increased in LT3-treated
DCM patients [37]. The post-LT3 improvement of cardiac status was not related to higher
myocardial oxygen consumption. Concomitantly, neurohormonal hyperactivation was
attenuated on i.v. LT3, which was reflected by decreased circulating levels of noradrena-
line, N-terminal pro-B Type natriuretic peptide, and aldosterone [37].

Data regarding human randomized controlled studies on TH supplementation in
DCM are summarized in Table 1.
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Table 1. Summary of human-randomized, controlled studies on T3/T4 supplementation in DCM [34-37].

Main Benefits in Patients Randomized to

- . "
Publication Year Patients Treatment TH Compared to Placebo
- increased LV ejection fraction
: - higher cardiac output at rest
Moruzzi et al. [34] 1994 10/10 L-thyroxine (100 g LT4 per day orally” improved LV contractility
for 7 days), 1 week follow-up -
- better exercise tolerance
- decreased systemic vascular resistance
Moruzzi et al. [35] 199 10/10 L-thyroxine (100 pg LT4 per day orally- .reduced LV en.d-diastolic dimension .
for 7 days), 3 months follow-up - increased cardiac output at peak exercise
- increased LV ejection fraction
Loth ine (25 L T4 d v reduced LV mass
-thyroxine ug per day orally- : ;
Badran et al. [36] 2020 40/20  for 4 weeks, then 50 pg per day for 8 decreased LV dimensions

- reduced severity of mitral regurgitation

weeks) - — -
- improvement of longitudinal and circumfer-

ential LV strain

Pingitore et al. [37] 2008

- reduced heart rate

- increased LV stroke volume

3-day intravenous infusion of synthetic
L-triiodothyronine (initial dose 20
pg/m?; adjusted to maintain triiodothy-
ronine levels within the normal range)

- decreased LV end-diastolic volume

20/10 - alleviated neurohormonal hyperactivation,
represented by lower circulating levels of nor-
adrenaline, N-terminal pro-B-type natriuretic

peptide and aldosterone

* number of patients on active treatment and placebo, respectively; LT4—L-thyroxine, LV —left ventricular.

The potential usefulness of TH analogs for the treatment of heart dysfunction in DCM
opens a new scenario for potential improvement of clinical outcomes in DCM patients.
We would like to highlight that no adverse effects were reported on T3/T4 supplementa-
tion in DCM patients [34-37]. However, it must be noted that the study by Badran et al.
[36] was single blinded, and the investigators knew which patients were assigned to LT4
or placebo. Other studies did not provide detailed information about blinding, which may
have an influence on their credibility or suggest some bias. Moreover, the small number
of patients studied, the relatively short period of treatment, as well as differences in the
route and dose of TH used, hamper the interpretation of results and limit their implemen-
tation in clinical practice.

6. Conclusions

A large number of studies suggested that the appropriate function of thyroid glands
is relevant in patients with DCM as thyroid dysfunction worsens cardiac function and
raises the risk of overall mortality. Considering unfavorable effects of even subclinical TH
deficiency on DCM course, the assessment of thyroid status is recommended in every pa-
tient with unexplained DCM.

The relationship between low serum concentrations of TH and impaired cardiovas-
cular hemodynamics has provided a rationale for the clinical use of synthetic forms of
these hormones beyond well-recognized indications to LT4 supplementation. Short-term
treatment of DCM with oral LT4 or intravenous LT3 was associated with beneficial hemo-
dynamic effects without relevant adverse effects. Nevertheless, long-term placebo-con-
trolled studies are necessary to establish the safety and efficacy of long-term TH therapy
in further randomized placebo-controlled studies.

In addition, abnormal myocardial expression of genes involved in TH metabolism
and impaired cellular TH signaling may contribute to a local hypothyroid state in the my-
ocardium of DCM patients. Whether increased understanding of mechanisms governing
cardiac TH-related pathways may contribute to novel therapeutic approaches in DCM
remains to be investigated.



J. Clin. Med. 2021, 10, 3618 10 of 11

Author Contributions: Conceptualization and methodology, K.Z., R.D., A.S., and B.C.; resources,
supervision, and project administration, A.S.; writing—original draft preparation, K.Z. and R.D,;
writing—review and editing, B.C. and A.S. All authors have read and agreed to the published ver-
sion of the manuscript.

Funding: The APC was covered by the Jagiellonian University Medical College (Cracow, Poland).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Schultheiss, H.-P.; Fairweather, D.; Caforio, A.L.P.; Escher, F.; Hershberger, R.E.; Lipshultz, S.E.; Liu, P.P.; Matsumori, A.; Maz-
zanti, A.; McMurray, J.; et al. Dilated cardiomyopathy. Nat. Rev. Dis. Primers 2019, 5, 32, doi:10.1038/s41572-019-0084-1.
Albakri, A. Dilated cardiomyopathy: A review of literature on clinical status and meta-analysis of diagnostic and clinical man-
agement. J. Clin. Investig. Stud. 2018, 1, doi:10.15761/JCIS.1000107.

Kasper, E.K.; Agema, W.R.P.; Hutchins, G.M.; Deckers, ].W.; Hare, ]. M.; Baughman, K.L. The causes of dilated cardiomyopathy:
A clinicopathologic review of 673 consecutive patients. J. Am. Coll. Cardiol. 1994, 23, 586-590, doi:10.1016/0735-1097(94)90740-4.
Jefferies, J.L.; Towbin, J.A. Dilated cardiomyopathy. Lancet 2010, 375, 752-762, doi:10.1016/S0140-6736(09)62023-7.

Hammes, S.R.; Davis, P.J. Overlapping nongenomic and genomic actions of thyroid hormone and steroids. Best Pract. Res. Clin.
Endocrinol. Metab. 2015, 29, 581-593, doi:10.1016/j.beem.2015.04.001.

Kozdag, G.; Ural, D.; Vural, A,; Agacdiken, A.; Kahraman, G.; Sahin, T.; Ural, E.; Komsuoglu, B. Relation between free triiodo-
thyronine/free thyroxine ratio, echocardiographic parameters and mortality in dilated cardiomyopathy. Eur. J. Heart Fail. 2005,
7,113-118, doi:10.1016/j.ejheart.2004.04.016.

Li, X;; Yang, X.; Wang, Y.; Ding, L.; Wang, J.; Hua, W. The prevalence and prognostic effects of subclinical thyroid dysfunction
in dilated cardiomyopathy patients: A single-center cohort study. J. Card. Fail. 2014, 20, 506-512, doi:10.1016/j.card-
fail.2014.05.002.

Wang, W.; Guan, H.; Gerdes, A.M.; Iervasi, G.; Yang, Y.; Tang, Y-D. Thyroid status, cardiac function, and mortality in patients
with idiopathic dilated cardiomyopathy. J. Clin. Endocrinol. Metab. 2015, 100, 3210-3218, d0i:10.1210/jc.2014-4159.

Zhao, H.Y.; Sun, L.; Zhu, Y.Q.; Chen, Q.S.; Zhu, W.W; Toorabally, M.B.; Chen, X.G.; Zhang, F.X. Prognostic value of free triio-
dothyronine in patients with dilated cardiomyopathy. Chin. Med. J. 2020, 133, 2170-2176, doi:10.1097/CM9.0000000000000896.
Kannan, L.; Shaw, P.A.; Morley, M.P.; Brandimarto, J.; Fang, J.C.; Sweitzer, N.K.; Cappola, T.P.; Cappola, A.R. Thyroid Dys-
function in Heart Failure and Cardiovascular Outcomes. Circ. Heart Fail. 2018, 11, €005266, doi:10.1161/CIRCHEARTFAIL-
URE.118.005266.

Wang, W.; Guan, H.; Fang, W.; Zhang, K.; Gerdes, A.M.; lervasi, G.; Tang, Y.-D. Free triiodothyronine level correlates with
myocardial injury and prognosis in idiopathic dilated cardiomyopathy: Evidence from cardiac MRI and SPECT/PET imaging.
Sci. Rep. 2016, 6, 39811, doi:10.1038/srep39811.

Zhang, K.; Wang, W.; Zhao, S.; Katz, S.D.; lervasi, G.; Gerdes, A.M.; Tang, Y-D. Long-term prognostic value of combined free
triiodothyronine and late gadolinium enhancement in nonischemic dilated cardiomyopathy. Clin. Cardiol. 2018, 41, 96-103,
doi:10.1002/clc.22858.

Bozkurt, B.; Colvin, M.; Cook, J.; Cooper, L.T.; Deswal, A.; Fonarow, G.C.; Francis, G.S.; Lenihan, D.; Lewis, E.F.; McNamara,
D.M,; et al. Current Diagnostic and Treatment Strategies for Specific Dilated Cardiomyopathies: A Scientific Statement From
the American Heart Association. Circulation 2016, 134, e579—e646, doi:10.1161/CIR.0000000000000455.

Tafarshiku, R.; Henein, M.Y.; Berisha-Muharremi, V.; Bytyci, I; Ibrahimi, P.; Poniku, A.; Elezi, S.; Bajraktari, G. Left Ventricular
Diastolic and Systolic Functions in Patients with Hypothyroidism. Medicina 2020, 56, 524, doi:10.3390/medicina56100524.
Erdogan, E.; Akkaya, M.; Bacaksiz, A.; Tasal, A.; Ilhan, M.; Kul, S.; Asoglu, E.; Turfan, M.; Sonmez, O.; Tasan, E. Electrocardio-
graphic and echocardiographic evidence of myocardial impairment in patients with overt hypothyroidism. Ann. Endocrinol.
2013, 74, 477-482, doi:10.1016/j.and0.2013.10.001.

Kong, L.Y.; Gao, X.; Ding, X.Y.; Wang, G.; Liu, F. Left ventricular end-diastolic strain rate recovered in hypothyroidism follow-
ing levothyroxine replacement therapy: A strain rate imaging study. Echocardiography 2019, 36, 707-713, d0i:10.1111/echo.14307.
Rastogi, P.; Dua, A.; Attri, S.; Sharma, H. Hypothyroidism-induced reversible dilated cardiomyopathy. J. Postgrad. Med. 2018,
64, 177-179, doi:10.4103/jpgm.JPGM_154_17.

Kuiper, G.G.J.M.; Kester, M.H.A; Peeters, R.P.; Visser, T.]J. Biochemical mechanisms of thyroid hormone deiodination. Thyroid
2005, 15, 787-798, doi:10.1089/thy.2005.15.787.

Salvatore, D.; Bartha, T.; Harney, ].W.; Larsen, P.R. Molecular biological and biochemical characterization of the human type 2
selenodeiodinase. Endocrinology 1996, 137, 3308-3315, doi:10.1210/endo0.137.8.8754756.

Gereben, B.; Zavacki, A.M.; Ribich, S.; Kim, BW.; Huang, S.A.; Simonides, W.S.; Zedld, A.; Bianco, A.C. Cellular and Molecular
Basis of Deiodinase-Regulated Thyroid Hormone Signaling. Endocr. Rev. 2008, 29, 898-938, doi:10.1210/er.2008-0019.



J. Clin. Med. 2021, 10, 3618 11 of 11

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ciavardelli, D.; Bellomo, M.; Crescimanno, C.; Vella, V. Type 3 deiodinase: Role in cancer growth, stemness, and metabolism.
Front. Endocrinol. 2014, 5, 215, d0i:10.3389/fend0.2014.00215.

Wassner, A.J,; Jugo, R.H.; Dorfman, D.M.; Padera, R.F.; Maynard, M.A.; Zavacki, A.M.; Jay, P.Y.; Huang, S.A. Myocardial In-
duction of Type 3 Deiodinase in Dilated Cardiomyopathy. Thyroid 2017, 27, 732737, doi:10.1089/thy.2016.0570.

Wang, Y.Y.; Morimoto, S.; Du, CK,; Lu, Q.W.; Zhan, D.Y,; Tsutsumi, T.; Ide, T.; Miwa, Y.; Takahashi-Yanaga, F.; Sasaguri, T.
Up-regulation of type 2 iodothyronine deiodinase in dilated cardiomyopathy. Cardiovasc. Res. 2010, 87, 636-646,
doi:10.1093/cvr/cvql33.

Pachucki, J.; Hopkins, J.; Peeters, R.; Tu, H.; Carvalho, S.D.; Kaulbach, H.; Abel, E.D.; Wondisford, F.E.; Ingwall, ].S.; Larsen,
PR. Type 2 iodothyronin deiodinase transgene expression in the mouse heart causes cardiac-specific thyrotoxicosis.
Endocrinology 2001, 142, 13-20, doi:10.1210/end0.142.1.7907.

Gil-Cayuela, C.; Ortega, A.; Tarazén, E.; Martinez-Dolz, L.; Cinca, J.; Gonzalez-Juanatey, J.R.; Lago, F.; Rosellé-Lleti, E.; Rivera,
M.; Portolés, M. Myocardium of patients with dilated cardiomyopathy presents altered expression of genes involved in thyroid
hormone biosynthesis. PLoS ONE 2018, 13, 0190987, doi:10.1371/journal.pone.0190987.

Mondal, S.; Raja, K.; Schweizer, U.; Mugesh, G. Chemistry and Biology in the Biosynthesis and Action of Thyroid Hormones.
Angew. Chem. Int. Ed. 2016, 55, 76067630, doi:10.1002/anie.201601116.

Modesti, P.A.; Marchetta, M.; Gamberi, T.; Lucchese, G.; Maccherini, M.; Chiavarelli, M.; Modesti, A. Reduced expression of
thyroid hormone receptors and beta-adrenergic receptors in human failing cardiomyocytes. Biochem. Pharmacol. 2008, 75, 900
906, doi:10.1016/j.bcp.2007.10.011.

Rohrer, D.; Dillmann, W.H. Thyroid Hormone Markedly Increases the mRNA Coding for Sarcoplasmic Reticulum Ca?*-ATPase
in the Rat Heart. J. Biol. Chem. 1988, 263, 6941-6944.

Bahouth, SW.; Cui, X,; Beauchamp, M.]J.; Park, E.A. Thyroid hormone induces [31-adrenergic receptor gene transcription
through a direct repeat separated by five nucleotides. J. Mol. Cell. Cardiol. 1997, 29, 3223-3237, doi:10.1006/jmcc.1997.0549.
Bristow, M.R.; Minobe, W.A.; Raynolds, M.V; Port, ].D.; Rasmussen, R.; Ray, P.E.; Feldman, A.M. Reduced p1 receptor messen-
ger RNA abundance in the failing human heart. J. Clin. Investig. 1993, 92, 2737-2745, doi:10.1172/JCI116891.

Garber, J.; Cobin, R.; Gharib, H.; Hennessey, J.; Klein, I.; Mechanick, J.; Pessah-Pollack, R.; Singer, P.; Woeber, K. Clinical Practice
Guidelines for Hypothyroidism in Adults: Cosponsored by the American Association of Clinical Endocrinologists and the
American Thyroid Association. Endocr. Pract. 2012, 18, 988-1028, doi:10.4158/EP12280.GL.

Razvi, S. Novel uses of thyroid hormones in cardiovascular conditions. Endocrine 2019, 66, 115-123, doi:10.1007/s12020-019-
02050-4.

Khalife, W.I; Tang, Y.-D.; Kuzman, J.A.; Thomas, T.A.; Anderson, B.E.; Said, S.; Tille, P.; Schlenker, E.H.; Martin Gerdes, A.
Treatment of subclinical hypothyroidism reverses ischemia and prevents myocyte loss and progressive LV dysfunction in ham-
sters with dilated cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 2005, 289, H2409-H2415, d0i:10.1152/ajpheart.00483.2005.
Moruzzi, P.; Doria, E.; Agostoni, P.G.; Capacchione, V.; Sganzerla, P. Usefulness of L-thyroxine to improve cardiac and exercise
performance in idiopathic dilated cardiomyopathy. Am. J. Cardiol. 1994, 73, 374-378, d0i:10.1016/0002-9149(94)90011-6.
Moruzzi, P.; Doria, E.; Agostoni, P.G. Medium-term effectiveness of L-thyroxine treatment in idiopathic dilated cardiomyopa-
thy. Am. ]. Med. 1996, 101, 461-467, d0i:10.1016/S0002-9343(96)00281-1.

Badran, H.M.; Faheem, N.; Zidan, A.; Yacoub, M.H.; Soltan, G. Effect of Short-Term L-Thyroxine Therapy on Left Ventricular
Mechanics in Idiopathic Dilated Cardiomyopathy. . Am. Soc. Echocardiogr. 2020, 33, 1234-1244, doi:10.1016/j.echo.2020.05.009.
Pingitore, A.; Galli, E.; Barison, A.; Iervasi, A.; Scarlattini, M.; Nucci, D.; L’ Abbate, A.; Mariotti, R.; Iervasi, G. Acute effects of
triiodothyronine (T3) replacement therapy in patients with chronic heart failure and low-T3 syndrome: A randomized, placebo-
controlled study. J. Clin. Endocrinol. Metab. 2008, 93, 1351-1358, do0i:10.1210/jc.2007-2210.



