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Abstract: Heart failure affects more than 64 million people worldwide, having a serious impact on
their survival and quality of life. Exploring its pathophysiology and molecular bases is an urgent
need in order to develop new therapeutic approaches. Thyroid hormone signaling, evolutionarily
conserved, controls fundamental biological processes and has a crucial role in development and
metabolism. Its active form is L-triiodothyronine, which not only regulates important gene expression
by binding to its nuclear receptors, but also has nongenomic actions, controlling crucial intracellular
signalings. Stressful stimuli, such as acute myocardial infarction, lead to changes in thyroid hormone
signaling, and especially in the relation of the thyroid hormone and its nuclear receptor, which are
associated with the reactivation of fetal development programmes, with structural remodeling and
phenotypical changes in the cardiomyocytes. The recapitulation of fetal-like features of the signaling
may be partially an incomplete effort of the myocardium to recapitulate its developmental program
and enable cardiomyocytes to proliferate and finally to regenerate. In this review, we will discuss
the experimental and clinical evidence about the role of the thyroid hormone in the recovery of the
myocardium in the setting of heart failure with reduced and preserved ejection fraction and its future
therapeutic implications.

Keywords: thyroid hormone; thyroid receptors; low T3 syndrome; heart failure; coronary disease;
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1. Introduction

Heart failure (HF) is a clinical syndrome with specific symptoms and signs (e.g.,
breathlessness, peripheral edema) due to structural or functional cardiac abnormalities
that result in elevated intracardial pressure and/or impaired cardiac output [1]. Although
the prognosis of patients has considerably improved over the last few decades, HF still
affects more than 64 million people worldwide, having a serious impact on their survival
and quality of life [2]. Hospitalizations because of HF represent 1–2% of all admissions
in Western countries, and HF is the most common cause of hospitalization of individuals
>65 years. Around 30–40% of HF patients have a history of hospital admission, and 50%
are readmitted within 1 year of their initial diagnosis. Mortality is high, with the 1-year
risk being between 15–30% and the 5-year risk up to 75% in several populations [2]. The
current health care costs per year for every HF patient are up to EUR 25,000 in the Western
world, while the increasing prevalence of HF is expected to lead to prohibitive costs,
even for developed countries [2]. Therefore, there is an urgent need to better understand
the pathophysiology and molecular basis of HF in order to develop new therapeutic
approaches.

Thyroid hormone (TH) signaling, evolutionarily conserved, controls fundamental
biological processes and has a crucial role in development and metabolism [3]. The active
form of TH is L-triiodothyronine (T3), which regulates important gene expression by
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binding to its nuclear receptors, TH receptors (TRs; TRalpha1-2 and TRbeta1-2) [4]. In
the heart, ventricular cardiomyocytes mostly express TRalpha1, while both TRalpha1
and TRbeta1 are expressed in the peripheral ventricular conduction system [5]. TRs
are transcription factors that reside in the nucleus but also rapidly shuttle between the
cytoplasm and nucleus. Genomic actions of TRs include interactions with TH response
elements in specific genes [6]. Nongenomic actions of TH regulate important intracellular
signaling pathways and are mediated via cytosolic TRs or via the membrane integrin
receptor αvβ3 [6].

One of the best-characterized TRs in mammals is TRalpha1, which is present and
well described in the heart [7]. Interestingly, during fetal life, due to low levels of T3,
TRalpha1, highly expressed, is in an unliganded state, acting as an aporeceptor, repressing
the expression of the adult gene program and allowing the proliferation of cardiomy-
ocytes and an increase in cardiac mass. After birth, a burst of T3 results in the liganded
state of TRalpha1, which, acting as a holoreceptor, triggers the expression of adult genes
promoting heart maturation and development [8]. It is of great interest that TRalpha1
seems to act like a “molecular switch” during heart development, since its status as an
apo- or a holoreceptor controls the proliferation and differentiation of the cardiomyocytes,
and thereby this role can be of great clinical relevance [9]. Indeed, in a recent study, a
dominant negative TRalpha1—which is unable to bind T3 and become a holoreceptor—in
a mouse heart, prevented myocardial cells from complete differentiation and permitted
their proliferation—and thus the regeneration—of the myocardium after acute myocardial
infarction (AMI) [10]. Importantly, in adult life after stressful stimuli and during disease
states, such as in HF, the fetal profile of the TRalpha1-T3 axis recurs. This recapitulation
of fetal-like features of the signaling may be an incomplete effort of the myocardium to
recapitulate its developmental program and enable cardiomyocytes to proliferate and
finally to regenerate [8]. In organs with very limited regenerative potential, such as the
heart, the fetal profile of the TRalpha1-T3 axis during stress results in cell hypertrophy
without progressing to reductive mitosis. This hypertrophy can temporally compensate
the dysfunction, but when accompanied by adoption of a low energy profile, it becomes
maladaptive and leads to failure [11]. Therefore, after stress, a drop in T3 serum levels takes
place—a phenomenon known as “low T3 syndrome”—whilst the unliganded TRalpha1
moves to the nucleus to induce dedifferentiation and reactivation of fetal genes, as well as
growth in cardiomyocytes. The main regulators of T3 concentration at the tissue level are
enzymes called deiodinases, which mediate the activation or inactivation of TH. Types 1,
2, and 3 iodothyronine deiodinases have unique catalytic properties and tissue distribu-
tions [12–14]. Deiodinase type 3 (D3) has a high affinity in inactivating T3, playing a critical
role in T3 availability in the systematic level as well as locally in the injured tissue [13].
Interestingly, D3 is highly expressed in the heart after myocardial injury [15]. In addition,
the shuttling of TRalpha1 to the nucleus is shown to be controlled by the activation of
the adrenergic system [16], which is thought to be involved in fetal gene reactivation and
cardiac remodeling. Milestones of the fetal-like shift in the myocardium are an increase
in the beta myosin heavy chain (the predominantly fetal type of myosin, which is slower
and less energy-consuming than the adult alpha type of myosin), the decreased ratio of sar-
coplasmic reticulum-calcium ATPase (SERCA) to phospholamban (PLN), and the “energy
shift” of the stressed myocardium to the use of glucose as an energy substrate instead of
fatty acids (like in fetal life) [17,18]. Although this transcriptional shift in the short term
allows the cardiomyocytes to recover to a less energy-demanding state by having a lower
maximum shortening velocity [19], in the long term it becomes detrimental, leading to
further deterioration of the organ’s structure and function [20] (Figure 1).

Exogenous administration of T3 in the setting of acute or chronic heart injury turns
TRalpha1 to its holoreceptor form, promoting the expression of the adult transcriptional
program and ameliorating cardiac structure and function [9]. In accordance, a series of
epidemiological studies reveal an association of low T3 levels after stress with adverse
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clinical outcomes in cardiological patients such as the ones with HF, while exogenous T3
treatment has promising results [7].

In this review, we will discuss the experimental and clinical evidence about the role of
TH in the recovery of the myocardium in HF with reduced and preserved ejection fraction
(HFrEF, HFpEF) and its future therapeutic implications.
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2. TH and HFrEF

Cardiac dysfunction results from myocardial injury and/or changes in the viable
nonischemic myocardium, a process known as cardiac remodeling. This response is charac-
terized by altered cardiac chamber geometry, a shift in cardiomyocyte protein expression to
a fetal pattern, energy deficit, and the induction of fibrosis [21,22]. Despite the advances
in current treatments, cardiac remodeling occurs in nearly 30–40% of patients with AMI
treated with reperfusion, and results in progressive dilatation and HF, making coronary
artery disease the most common cause of HfrEF [23].

2.1. Preclinical Studies

Significant changes in TH signaling take place during cardiac remodeling after acute
myocardial injury. In a model of AMI in rats, T3 levels drop within a week, and TH-related
genes, such as myosin isoforms and SERCA, normalize after TH administration [18]. A
distinct pattern of TRalpha1 alteration is also present after acute injury and in the course
of HF. During the compensatory stage of HF, TRalpha1 expression increases and declines
thereafter with the progression to the noncompensatory left ventricular dysfunction [24]. In-
terestingly, the pharmacological inactivation of TRalpha1 in the postischemic myocardium
in mice results in a decreased ratio of SERCA to PLN and in activated proapoptotic p38
mitogen-activated protein kinase (MAPK). Therefore, there is a further dramatic deteriora-
tion of postischemic heart function [25], and this makes the emerging role of TH signaling
in the response to stress after myocardial injury clear. In more detail, mice with AMI,
which are treated with the selective TRalpha1 inhibitor debutyl-dronedarone, exhibit a
significantly depressed left ventricular (LV) function with lower ejection fraction (EF) and
higher wall tension index compared to the control group. These changes are accompanied
by a marked activation of the proapoptotic p38 MAPK, known for its negative inotropic
effect. On the other hand, when TH is administered to the same model of acute myocardial
injury and HFrEF, in a replacement dose, there is a significant improvement of LV function
and geometry, a decrease in the expression of the fetal type of myosin (beta myosin), and
an enhancement of the prosurvival signaling Akt [26]. Likewise, in a rat model of ischemic
heart disease, TH treatment results in improved LV geometry as well as function, inhibits
the expansion of the scar over time [27], and reduces apoptosis by activating Akt again [28].
Early and constant replacement of T3 levels in the same model also prevents the progression
towards HF, likely due to increased capillary formation and mitochondrial protection [29].
Even with the presence of comorbidities, such as diabetes, TH administration improves
wall stress, increases cardiac mass, and ameliorates cardiac remodeling [30]. Moreover, TH
pretreatment in ex vivo rat models of ischemia show a protective effect against ischemia–
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reperfusion injury by suppressing the activation of the proapoptotic p38 kinase cascade [31],
while T3 treatment at reperfusion significantly helps the recovery of function and reduces
apoptosis and tissue necrosis [32].

2.2. Epidemiological Studies

On the basis of the aforementioned experimental evidence, TH signaling appears to
be essential for the response of the myocardium to stress in the setting of acute myocardial
injury. In fact, in numerous epidemiological studies, researchers have noticed the asso-
ciation of TH levels with clinical outcomes in the clinical conditions of acute myocardial
ischemia and HF. In patients with AMI followed by percutaneous coronary intervention
(PCI), the levels of T3 six months after the incidence appear to be an independent predictor
of recovery of cardiac function [33]. In the same setting, patients younger than 75 years old
with low free T3 levels have higher mortality [34], while patients with elective or primary
PCI and subclinical hypothyroidism have worse outcomes of repeat revascularization
and cardiac death following PCI [35]. Interestingly, patients with ST segment elevation
myocardial infarction, treated with PCI who developed cardiogenic shock, have lower free
T3 (FT3) and higher free T4 (FT4) upon admission compared to those without cardiogenic
shock. During 2.5 years of follow-up, those with low FT3 (<2.85 pg/mL) and high FT4
(≥0.88 ng/dL) have the highest all-cause mortality (18.2%), while those with high FT3 and
low FT4 have the lowest (3.8%) [36]. The prognostic value of the ratio FT3 to FT4 is also
examined in patients with myocardial infarction with nonobstructive coronary arteries.
Patients with lower ratio have a higher incidence of major adverse cardiovascular events
(MACE) (10.0%, 13.9%, 18.2%; p = 0.005) over the median follow-up over 41.7 months. The
risk of MACE also increases when FT3/FT4 is decreased after multivariate adjustment, and
a low level of FT3/FT4 ratio is strongly connected to a poor prognosis [37]. The association
between low T3 levels and mortality was once again highlighted by a ThyAMI-1 study in
which patients with AMI and low T3 syndrome had significantly higher all-cause mortal-
ity [38]. In patients with chronic HF, Pingitore et al. also showed that low T3 levels are an
independent predictor of mortality [39]. Significantly worse one-year all-cause mortality
was also identified in patients with decompensated acute HF [40]. In those patients, levels
of T3 are proposed to be used for their risk stratification [41]. In hospitalized patients
with chronic HF, low T3 is associated with higher cardiac and all-cause mortality [42],
while exercise capacity, as an indicator of functional status, is reduced in patients with
HF and low T3 levels [43]. Kannan et al. showed that in patients with pre-existing HF,
subclinical hypothyroidism with thyroid stimulating hormone (TSH) ≥7 mIU/L and low
T3 levels is associated with poor prognosis [44]. Interestingly, in patients with idiopathic
dilated cardiomyopathy, low FT3 level is also associated with myocardial fibrosis and
perfusion/metabolism abnormalities as evaluated by cardiac magnetic resonance imaging
(CMR), single-photon emission computed tomography (SPECT), and positron emission
tomography (PET) [45].

2.3. Clinical Trials

Based on the above clinical findings and on the aforementioned experimental evidence,
TH treatment has been used in several trials in patients with HF or ischemic heart disease.
A study of acute intravenous administration of T3 in a small number of patients with
advanced HF established the basis for further investigation into the safety and potential
benefits of TH treatment. An intravenous bolus dose of T3 was administered to 23 patients
with advanced HFrEF without adverse events. T3 administration increased cardiac output
along with a reduction in systemic vascular resistance in patients receiving the largest
dose [46]. In another study, short-term synthetic L-T3 replacement therapy in patients with
HF had positive results [47]. A total of 20 patients with ischemic or nonischemic HF and low
T3 syndrome, clinically stable, were enrolled. The study group (10 patients) underwent 3-d
synthetic L-T3 infusion in order to restore normal T3 levels as rapidly as possible without
adverse effects. The control group (10 patients) underwent placebo infusion. The main
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finding of the study was the positive effect in the cardiac function and neuroendocrine
profile of the patients. Thus, the study group had an improved stroke volume of the LV and
a significantly reduced noradrenalin, aldosterone, and N-terminal-pro-B-type natriuretic
peptide (NTproBNP) [47]. On the contrary, in a small randomized, double-blind, crossover,
placebo-controlled interventional study, oral T3 given twice daily for three months in pa-
tients with low T3 levels, chronic HF, and modestly reduced LVEF did not improve cardiac
function and neurohormonal profile [48]. Although this could be partly explained by the
small sample size and the oral type of treatment for a relatively short time of period, another
randomized double-blind, placebo-controlled trial had different results. In more detail,
fifty adult patients with clinically stable HF and low T3 levels received oral liothyronine or
placebo for 6 weeks. Liothyronine had an important impact in patients’ functional status
by significantly improving the 6 min walk test, their neurohormonal profile, and cardiac
LVEF [49]. Although the above studies examine the effect of T3 in patients with HF and
low T3 syndrome, an ongoing multicenter, open-label, randomized, parallel group trial
(ThyroHeart-CHF), aims to evaluate the efficacy and safety of levothyroxine replacement
on the exercise capability in chronic systolic HF patients with subclinical hypothyroidism
without examining T3 levels [50]. In more detail, eligible patients have to be 18 years or
older, with systolic HF (New York heart association (NYHA) class II–III), LVEF ≤ 40%,
and subclinical hypothyroidism. They will be randomly 1:1 assigned in order to receive
thyroxine replacement therapy along with standard chronic HF treatment or only standard
HF therapy. The initial levothyroxine dose will be 12.5µg once a day and will be titrated
until TSH normalization (T3 or T4 values are not examined). The primary endpoints in-
clude the difference in 6 min walk test results between 24 weeks and baseline. Secondary
endpoints are the differences in neurohormonal and serum lipid profiles, changes in the
NYHA classification, cardiovascular death, rehospitalization, differences in heart structure
and function as assessed by echocardiogram and CMR imaging measures, and Minnesota
living with heart failure questionnaire results between 24 weeks and baseline.

In the last few years, several phase II studies have been conducted for the first time to
investigate the potential of TH treatment after AMI to prevent the development of cardiac
remodeling and HF. Pingitore et al. investigated whether TH replacement therapy is safe in
patients after AMI with low T3 syndrome and whether it has an impact on the infarct size
and LV volumes and function. In this study, 37 patients with AMI were randomly treated
or untreated with T3 for 6 months in addition to the standard therapy. At discharge and at
6 months, the LV volumes, LVEF, wall motion score index (WMSI), and infarct extent were
measured by CMR. At follow-up, there was a significant reduction in WMSI for patients
in both groups, while the difference value (discharge/follow-up) was significantly higher
in the T3-treated group. In addition, stroke volume increased significantly at follow-up
after T3 treatment, which appeared to be safe and able to improve regional dysfunction
in patients with AMI. However, no effect of TH replacement therapy was found in infarct
extent, LV volumes, and EF [51].

In another double-blind, randomized clinical trial, 95 patients with AMI were ran-
domized to receive either levothyroxine (starting at 25 µg) or a placebo for 52 weeks, and
cardiac function was assessed by CMR imaging at baseline and at the end of the study.
Treatment with levothyroxine was shown to be safe but did not significantly improve EF,
LV volumes, or infarct size after 52 weeks [52]. The dose and timing of administration may
play a significant role in these trials. Upon ischemic stress, there is an impaired conversion
of T4 to T3, while T3 inactivation is increased due to alterations in deiodinase activity.
Furthermore, changes at the level of TH receptors take place and modify the response of
the myocardium to THs [7]. More recently, a pilot, randomized, double-blind, placebo-
controlled trial (ThyRepair study) investigated potential effects of acute, high-dose LT3
treatment in patients with ST-elevation anterior AMI. LT3 treatment started after primary
PCI with an intravenous bolus injection of LT3 followed by a constant infusion for 48 h.
Data were analyzed from 37 patients who had CMR at hospital discharge and 6 months
follow-up. Acute LT3 treatment resulted in significant lower LV end-diastolic volume index
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and LV systolic volume index at hospital discharge, while CMR infarct volume was lower
in the LT3-treated group at 6 months. These findings may be of high clinical relevance.
Early LV dilatation, as assessed by CMR, was shown to carry 57% long-term mortality vs.
27% and 26% of late and absence of dilatation, respectively [53]. Moreover, after adjustment
for LVEF and age, early dilatation was the exclusive independent predictor of long-term
mortality [53]. The primary endpoint of the present study, LVEF%, was found increased in
the LT3-treated group of compared to the placebo, although without statistical significance.
It seems that at this stage, LV with higher dilatation, which was found in untreated patients,
could contribute to higher LVEF% via Starling’s law effect [53]. However, LVEF% difference
between groups, evident at 6 months of follow-up, was at a magnitude of 5 units, and this
is of clinical relevance since an LVEF% change of higher than 5 units is a powerful predictor
of both HF hospitalizations and survival [54], although a bigger sample size was necessary
to designate a significant change in LVEF% at this stage. Furthermore, it is also interesting
that ECG QRS duration at 6 months follow-up was significantly lower in the LT3-treated
group, indicating a potential positive effect of T3 on electrical remodeling of the heart. In
fact, the prolonged duration of QRS after AMI shows adverse electrical remodeling and
correlates with increased mortality [55]. Despite a tendency for increased incidence of atrial
fibrillation during the first 48 h, serious, life-threatening events related to LT3 treatment
were not observed [56].

Interestingly, TH therapy has been also used for the hemodynamic support of heart
donors in cardiac transplantation, having a protective role against ischemic injury. This
effect was evident in a series of 66,629 organ donors, where T3 or T4 treatment was con-
nected to the attainment of a significantly higher number of cardiac grafts. Astonishingly,
this effect was also associated with increased graft survival after transplantation and was
also independent of other factors [57,58].

We could consider several variables in any attempt to explain inconsistencies between
the above trials, such as the time and dosing of administration, intrinsic methodological
differences in the analysis tools, and clinical endpoints and the nature and severity of
injury/disease. Based on the above, the exogenous administration of TH seems to be both
safe and beneficial for patients with HF and ischemic heart disease. However, large-scale
trials are needed in order to validate these results (Table 1).

Table 1. Clinical studies with TH administration in HF and AMI settings.

Clinical Study Patients (N) Setting Treatment Outcome Safety

Hamilton et al. [46] 23 Advanced HF and
low T3

0.15–2.7 ìg/kg (iv) T3 for
6–12 h

Increased CO and
reduction in SVR No AEs

Pingitore et al. [47] 20 HF and low T3
35.6 ìg LT3 (iv) in the first
24 h and 15 ìg/day until
72 h

Increased SV and lower HR;
decrease in NT-proBNP,
noradrenaline, and
aldosterone

No AEs

Holmager et al. [48] 13 Stable systolic HF
and low T3

20 µg oral T3 per day for
3 months

No changes in cardiac
function and
neurohormonal profile

No AEs

Amin et al. [49] 50 Chronic stable HF
and low T3

T3 replacement dose by oral
liothyronine for 6 weeks

Increased 6 min walk test,
decreased hsCRP, decrease
in NTproBNP

No AEs

Zhang et al. [50] 124 (estimated) Chronic HF and
low T3

Oral levothyroxine with a
starting dose of 12.5 µg Ongoing Ongoing

Pingitore et al. [51] 37 AMI and low T3
Oral liothyronine (T3)
(maximum dosage 15
mcg/m2/die for 6 months

Significant reduction in
WMSI difference value
(discharge/follow-up),
increased stroke volume at
follow-up

No AEs
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Table 1. Cont.

Clinical Study Patients (N) Setting Treatment Outcome Safety

Jabbar et al. [52] 95
AMI and
subclinical
hypothyroidism

Oral levothyroxine (25 µg
titrated to serum
thyrotropin levels between
0.4 and 2.5 mU/L

No significant differences No AEs

Pantos et al. [56] 52 Anterior STEMI
undergoing PCI

(i.v.) bolus injection of
0.8µg/kg of LT3 followed
by a constant infusion of
0.113µg/kg/h i.v. for 48 h

Significantly lower LV
end-diastolic volume index
and LV end-systolic volume
index at discharge, CMR IV
tended to be lower in the
LT3-treated group at
6 months

Tendency for an
increased
incidence of AF
during the first
48 h

2.4. TH and HFpEF

Although the prevalence of HFpEF is rapidly growing, due to the aging population
and an increase in pathological conditions such as hypertension and diabetes [59], its
therapy remains challenging [60]. Pathophysiologicaly, diastolic impairment with abnormal
relaxation and increased passive stiffness predominate [61]. Myocardial stiffening can be
attributed to the giant cytoskeletal protein titin as well as to the extracellular matrix,
and HFpEF patients have both increased collagen content and titin-dependent stiffness.
Changes in calcium homeostasis, including increased diastolic calcium levels [62], are also
quite important contributors to abnormal relaxation in HFpEF, while impaired bioenergetics
have also been proposed as a key mechanism [63]. Interestingly, TH biological actions
can pleiotropically affect the underlining pathophysiology of HFpEF. It is known that THs
not only stimulate cell growth and neoangiogenesis, but also decrease cardiac fibrosis by
enhancing metalloproteinase activity [64]. It is also of great importance that THs enhance
the expression of genes encoding SERCA and negatively regulate the transcription of PLN.
The increase in SERCA and the inhibition of PLN not only increase the calcium available in
systole, but also improve its reuptake into the sarcoplasmic reticulum during relaxation of
the heart [65]. In terms of bioenergetics, importantly, THs stimulate cardiac mitochondrial
biogenesis and improve oxidative phosphorylation, and this can have a great impact not
only in systolic but also in diastolic cardiac function [66].

Indeed, abnormal and especially low TH levels are associated with diastolic cardiac
impairment [67]. Patients with subclinical hypothyroidism that were evaluated by Doppler
echocardiography showed significant prolongation of the isovolumic relaxation time, re-
duced E/A ratio, and an increased A wave [68]. In the subgroup of patients that were
re-evaluated after TH profile normalization, diastolic abnormalities were reversed [68]. In
patients with overt HFpEF, subclinical hypothyroidism and low T3 syndrome are quite
common. The inflammatory process in HFpEF, along with the intracellular hypoxia, may
contribute to the increased D3 gene expression, which results in the degradation of T3 into
inactive metabolites and in local hypothyroidism [15,69]. In an interesting study, among 89
patients with HFpEF, 22% exhibited low T3 levels, which were associated with markers of
severity, such as B-type natriuretic peptides as well as echocardiographic parameters of
diastolic impairment [70]. Data from animal models of HFpEF suggest an improvement
in diastolic function after TH treatment. Longstanding hypertension, in animal models,
results in low T3 in serum and heart tissue along with increased collagen and a fetal
phenotype shift in myosins. Treatment with low doses of T3 in the long term not only
normalizes serum and cardiac tissue T3 levels, but also restores α/β myosin protein levels,
collagen, and systolic wall stress, tending to improve diastolic function [71]. In a rat model
of type II diabetes, T3 treatment prevents tissue fibrosis, cardiomyocyte dedifferentiation
and cytoarchitectural alterations, reverses the diabetes-induced reactivation of fetal genes
and pathological growth, and improves myocardium ultrastructure (unpublished data).

There are no clinical trials that have investigated the effects of TH treatment in patients
with HFpEF. Interestingly, a phase II randomized trial aims to determine the feasibility,
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safety, and preliminary efficacy of oral LT3 therapy in patients with HfpEF, and is expected
to be completed in 2023. The design includes a treatment during an approximate period
of 8 weeks, with every week titration of study drug for 4 weeks, a maintenance dose of 4
weeks, then a 2-week washout, and finally crossing over to the other arm (drug/placebo).
LT3 is titrated based on serum T3 levels. The minimum LT3 dose is set to 2.5 mcg three
times daily and the maximum LT3 dose to 12.5 mcg three times daily. Endpoints of efficacy
include the peak maximal rate of oxygen consumption during exercise (VO2 Max), quality
of life, and NT-proBNP levels [72].

Effective treatments for HFpEF are lacking. Thus, understanding the potential ther-
apeutic role of TH in this syndrome could prove the missing link in the quest for novel
treatments for diastolic dysfunction.

3. The Challenge of Clinical Translation

Exogenous administration of TH in experimental models of HF has showed, as already
mentioned, great therapeutic potential. Nevertheless, translating this new therapeutic
strategy into clinical practice has proven a great challenge. The coronary drug project
was the first randomized, placebo-controlled trial that investigated the effect of a TH
analog, dextrothyroxine (DT4), in patients after AMI. In this old study, in an era when
reperfusion with PCI or thrombolysis did not exist, DT4 was given at high doses for
several months, and resulted in small but significant increases in arrhythmia and mortality,
which caused the discontinuation of this treatment arm [73]. In another, more recent
study, patients with chronic HF were treated with excessive doses of another TH analog,
diiodothyropropionic acid (DITPA), for 6 months. DITPA improved some hemodynamic
parameters, such as cardiac index and vascular resistance, but was poorly tolerated, mainly
due to fatigue [74]. Several preclinical studies published during the last few years have
increased our knowledge about the favorable or detrimental actions of TH treatment in
cardiovascular diseases. In the injured or failing heart, the conversion of T4 to T3 is
impaired and deactivation of T3 is enhanced due to increased D3 activity. Furthermore,
changes occur in the expression and/or shuttling of TRs, resulting in an altered response of
the myocardium to THs compared to the normal myocardium [7]. Thus, high doses of TH
are needed in order to increase T3 levels locally in the diseased heart. However, in dose-
dependent preclinical studies, long-term administration of high doses of T4 and T3 have
shown adverse effects in cardiac remodeling and increased mortality [26]. The dose, timing,
and duration of administration are probably critical points in translating the beneficial
effects of TH. As reported above, three recent phase II randomized, double-blind, placebo-
controlled trials were performed in patients with AMI, and three different therapeutic
approaches were tested: low-dose (replacement) LT4 treatment for 52 weeks [52]; low-dose
(replacement) LT3 treatment for 6 months [51]; and high-dose (7–10 times the replacement
dose), acute LT3 treatment for 48 h [56]. The safety of the treatment was observed in
each case. LT4 did not show any beneficial effect, while some secondary beneficial effects
were seen after LT3 treatment for 6 months. On the other hand, acute, high-dose LT3
showed great therapeutic potential, improving LV dilatation and reducing infarct volume.
However, some concerns were raised due to a trend towards a higher incidence of early
reversible atrial fibrillation in LT3-treated patients. Furthermore, there was a modest
increase in heart rate, and nervousness was observed in some patients during the period of
administration [56].

A different or complementary therapeutic approach could include the development of
drugs that enhance local tissue T3 levels indirectly by potentiating the conversion of T4 to
T3 or by inhibiting D3 activity [75]. In fact, a beneficial role of vitamin D supplementation
has been shown in the conversion of LT4 to LT3 via D2 in experimental studies. In addition,
in a recent clinical study in AMI patients, a relationship between hypovitaminosis D and
LT3 levels has been found, indicating that vitamin D supplementation could potentially act
to restore local T3 levels [76].
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The development and synthesis of novel TH analogs could also prove valuable in order
to selectively target specific TRs [77]. In this regard, TH analogs lacking iodine molecules
would be resistant to deiodinase activity and could specifically activate TR receptors of
interest in low doses.

Specific delivery and targeting of injured tissues could also be achieved through
novel nanotechnology approaches. Recently, Karakus et al. formulated and characterized
chemically modified polymeric nanoparticles (NPs) incorporating T3 in the surface in order
to target membrane integrin receptor αvβ3 in such a manner that only the nongenomic
effects are activated [78]. Modified T3 was conjugated to polylactide-co-glycolide (PLGA),
which is a biodegradable and hydrophobic FDA-approved drug delivery carrier, in order
to enhance T3 delivery and restrict its nuclear translocation [79,80]. Interestingly, PLGA-T3
NPs showed an enhanced cardioprotective effect, improved mitochondrial function, energy
status, and preserved cytoskeletal integrity under hypoxic conditions. This nanotargeted
delivery of T3 can prolong the circulation half-life of T3 and allows for the encapsulation of
different bioactive molecules such as phosphocreatine, which could further improve the
energy status of cardiomyocytes. In the field of HFpEF, nanomedicine-based approaches
could be of utmost importance for the specific delivery of TH in the heart and the avoidance
or minimization of TH-associated adverse effects. One recent attempt (funded by the
EuroNanoMed III) incorporates computational, chemistry, and cellular biology approaches
to develop a nanoparticle-based drug delivery system that will target and deliver T3 in
diabetes-injured cells in order to restore cardiac and renal function. Both polymeric and
lipid nanoparticles are functionalized with specific molecules in the surface that permit
targeting and uptake from stressed cells. After uptake, T3 is released in the cell and acts
on TRs. The main advantages of these smart nanocarriers are that adverse effects such as
tachycardia, arrhythmias (mainly atrial fibrillation), kidney hyperfiltration, nervousness,
and disruption of the thyroid axis could be avoided [81].

4. Conclusions

HF greatly affects patients’ quality of life and survival, and novel therapeutic ap-
proaches for its treatment are quite necessary. TH signaling, on the other hand, has a crucial
role in the pathophysiology of HF and ischemic heart disease, while past and ongoing
studies are promising, regarding TH’s therapeutic results. Novel or complementary thera-
peutic approaches with the use of cutting-edge technologies could become an important
tool to highlight and enhance TH therapeutic potential, at the same time avoiding probable
adverse effects.
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et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur. Heart J. 2021, 42, 3599–3726.
[CrossRef] [PubMed]

2. Savarese, G.; Becher, P.M.; Lund, L.H.; Seferovic, P.; Rosano, G.M.C.; Coats, A. Global burden of heart failure: A comprehensive
and updated review of epidemiology. Cardiovasc. Res. 2022, 118, 3272–3287. [CrossRef] [PubMed]

3. Mantzouratou, P.; Lavecchia, A.M.; Xinaris, C. Thyroid Hormone Signalling in Human Evolution and Disease: A Novel
Hypothesis. J. Clin. Med. 2021, 11, 43. [CrossRef] [PubMed]

4. Brent, G.A. Mechanisms of thyroid hormone action. J. Clin. Investig. 2012, 122, 3035–3043. [CrossRef] [PubMed]

http://doi.org/10.1093/eurheartj/ehab368
http://www.ncbi.nlm.nih.gov/pubmed/34447992
http://doi.org/10.1093/cvr/cvac013
http://www.ncbi.nlm.nih.gov/pubmed/35150240
http://doi.org/10.3390/jcm11010043
http://www.ncbi.nlm.nih.gov/pubmed/35011782
http://doi.org/10.1172/JCI60047
http://www.ncbi.nlm.nih.gov/pubmed/22945636


Biomedicines 2023, 11, 975 10 of 13

5. Stoykov, I.; Zandieh-Doulabi, B.; Moorman, A.F.M.; Christoffels, V.; Wiersinga, W.M.; Bakker, O. Expression pattern and
ontogenesis of thyroid hormone receptor isoforms in the mouse heart. J. Endocrinol. 2006, 189, 231–245. [CrossRef]

6. Anyetei-Anum, C.S.; Roggero, V.R.; Allison, L.A. Thyroid hormone receptor localization in target tissues. J. Endocrinol. 2018, 237,
R19–R34. [CrossRef]

7. Pantos, C.; Mourouzis, I. Thyroid hormone receptor α1 as a novel therapeutic target for tissue repair. Ann. Transl. Med. 2018, 6,
254. [CrossRef]

8. Mourouzis, I.; Lavecchia, A.M.; Xinaris, C. Thyroid Hormone Signalling: From the Dawn of Life to the Bedside. J. Mol. Evol. 2020,
88, 88–103. [CrossRef]

9. Pantos, C.; Mourouzis, I. The emerging role of TRα1 in cardiac repair: Potential therapeutic implications. Oxid. Med. Cell Longev.
2014, 2014, 481482. [CrossRef]

10. Hirose, K.; Payumo, A.Y.; Cutie, S.; Hoang, A.; Zhang, H.; Guyot, R.; Lunn, D.; Bigley, R.B.; Yu, H.; Wang, J.; et al. Evidence for
hormonal control of heart regenerative capacity during endothermy acquisition. Science 2019, 364, 184–188. [CrossRef]

11. Lavecchia, A.M.; Pelekanos, K.; Mavelli, F.; Xinaris, C. Cell Hypertrophy: A ‘Biophysical Roadblock’ to Reversing Kidney Injury.
Front. Cell Dev. Biol. 2022, 10, 854998. [CrossRef]

12. Luongo, C.; Dentice, M.; Salvatore, D. Deiodinases and their intricate role in thyroid hormone homeostasis. Nat. Rev. Endocrinol.
2019, 15, 479–488. [CrossRef]

13. Dentice, M.; Marsili, A.; Zavacki, A.; Larsen, P.R.; Salvatore, D. The deiodinases and the control of intracellular thyroid hormone
signaling during cellular differentiation. Biochim. Biophys. Acta 2013, 1830, 3937–3945. [CrossRef]

14. Barca-Mayo, O.; Liao, X.H.; Alonso, M.; Di Cosmo, C.; Hernandez, A.; Refetoff, S.; Weisse, R.E. Thyroid hormone receptor α and
regulation of type 3 deiodinase. Mol. Endocrinol. 2011, 25, 575–583. [CrossRef]

15. Simonides, W.S.; Mulcahey, M.A.; Redout, E.M.; Muller, A.; Zuidwijk, M.J.; Visser, T.J.; Wassen, F.W.J.S.; Crescenzi, A.; da-Silva,
W.S.; Harney, J.; et al. Hypoxia-inducible factor induces local thyroid hormone inactivation during hypoxic-ischemic disease in
rats. J. Clin. Investig. 2008, 118, 975–983. [CrossRef]

16. Pantos, C.; Xinaris, C.; Mourouzis, I.; Perimenis, P.; Politi, E.; Spanou, D.; Cokkinos, D.V. Thyroid hormone receptor alpha 1: A
switch to cardiac cell ‘metamorphosis’? J. Physiol. Pharmacol. 2008, 59, 253–269.

17. Pantos, C.; Mourouzis, I.; Xinaris, C.; Papadopoulou-Daifoti, Z.; Cokkinos, D. Thyroid hormone and ‘cardiac metamorphosis’:
Potential therapeutic implications. Pharmacol. Ther. 2008, 118, 277–294. [CrossRef]

18. Ojamaa, K.; Kenessey, A.; Shenoy, R.; Klein, I. Thyroid hormone metabolism and cardiac gene expression after acute myocardial
infarction in the rat. Am. J. Physiol. Endocrinol. Metab. 2000, 279, E1319–E1324. [CrossRef]

19. Alpert, N.R.; Brosseau, C.; Federico, A.; Krenz, M.; Robbins, J.; Warshaw, D.M. Molecular mechanics of mouse cardiac myosin
isoforms. Am. J. Physiol. Heart Circ. Physiol. 2002, 283, H1446–H1454. [CrossRef]

20. Pantos, C.; Mourouzis, I.; Cokkinos, D.V. New insights into the role of thyroid hormone in cardiac remodeling: Time to reconsider?
Heart Fail. Rev. 2011, 16, 79–96. [CrossRef]

21. Rajabi, M.; Kassiotis, C.; Razeghi, P.; Taegtmeyer, H. Return to the fetal gene program protects the stressed heart: A strong
hypothesis. Heart Fail. Rev. 2007, 12, 331–343. [CrossRef]

22. Swynghedauw, B. Molecular mechanisms of myocardial remodeling. Physiol. Rev. 1999, 79, 215–262. [CrossRef] [PubMed]
23. Bolognese, L.; Neskovic, A.N.; Parodi, G.; Cerisano, G.; Buonamici, P.; Santoro, G.M.; Antoniucci, D. Left ventricular remodeling

after primary coronary angioplasty: Patterns of left ventricular dilation and long-term prognostic implications. Circulation 2002,
106, 2351–2357. [CrossRef] [PubMed]

24. Pantos, C.; Mourouzis, I.; Galanopoulos, G.; Gavra, M.; Perimenis, P.; Spanou, D.; Cokkinos, D.V. Thyroid hormone receptor
alpha1 downregulation in postischemic heart failure progression: The potential role of tissue hypothyroidism. Horm. Metab. Res.
Horm. Stoffwechs. Horm. Metab. 2010, 42, 718–724. [CrossRef] [PubMed]

25. Mourouzis, I.; Kostakou, E.; Galanopoulos, G.; Mantzouratou, P.; Pantos, C. Inhibition of thyroid hormone receptor α1 impairs
post-ischemic cardiac performance after myocardial infarction in mice. Mol. Cell Biochem. 2013, 379, 97–105. [CrossRef]

26. Mourouzis, I.; Mantzouratou, P.; Galanopoulos, G.; Kostakou, E.; Roukounakis, N.; Kokkinos, A.D.; Cokkinos, D.V.; Pantos,
C. Dose-dependent effects of thyroid hormone on post-ischemic cardiac performance: Potential involvement of Akt and ERK
signalings. Mol. Cell Biochem. 2012, 363, 235–243. [CrossRef]

27. Iliopoulou, I.; Mourouzis, I.; Lambrou, G.I.; Iliopoulou, D.; Koutsouris, D.D.; Pantos, C. Time-dependent and independent effects
of thyroid hormone administration following myocardial infarction in rats. Mol. Med. Rep. 2018, 18, 864–876. [CrossRef]

28. Chen, Y.F.; Kobayashi, S.; Chen, J.; Redetzke, R.A.; Said, S.; Liang, Q.; Gerdes, A.M. Short term triiodo-L-thyronine treatment
inhibits cardiac myocyte apoptosis in border area after myocardial infarction in rats. J. Mol. Cell Cardiol. 2008, 44, 180–187.
[CrossRef]

29. Forini, F.; Lionetti, V.; Ardehali, H.; Pucci, A.; Cecchetti, F.; Ghanefar, M.; Nicolini, G.; Ichikawa, Y.; Nannipieri, M.; Recchia, F.A.;
et al. Early long-term L-T3 replacement rescues mitochondria and prevents ischemic cardiac remodelling in rats. J. Cell Mol. Med.
2011, 15, 514–524. [CrossRef]

30. Mourouzis, I.; Giagourta, I.; Galanopoulos, G.; Mantzouratou, P.; Kostakou, E.; Kokkinos, A.D.; Tentolouris, N.; Pantos, C.
Thyroid hormone improves the mechanical performance of the post-infarcted diabetic myocardium: A response associated with
up-regulation of Akt/mTOR and AMPK activation. Metabolism 2013, 62, 1387–1393.

http://doi.org/10.1677/joe.1.06282
http://doi.org/10.1530/JOE-17-0708
http://doi.org/10.21037/atm.2018.06.12
http://doi.org/10.1007/s00239-019-09908-1
http://doi.org/10.1155/2014/481482
http://doi.org/10.1126/science.aar2038
http://doi.org/10.3389/fcell.2022.854998
http://doi.org/10.1038/s41574-019-0218-2
http://doi.org/10.1016/j.bbagen.2012.05.007
http://doi.org/10.1210/me.2010-0213
http://doi.org/10.1172/JCI32824
http://doi.org/10.1016/j.pharmthera.2008.02.011
http://doi.org/10.1152/ajpendo.2000.279.6.E1319
http://doi.org/10.1152/ajpheart.00274.2002
http://doi.org/10.1007/s10741-010-9185-3
http://doi.org/10.1007/s10741-007-9034-1
http://doi.org/10.1152/physrev.1999.79.1.215
http://www.ncbi.nlm.nih.gov/pubmed/9922372
http://doi.org/10.1161/01.CIR.0000036014.90197.FA
http://www.ncbi.nlm.nih.gov/pubmed/12403666
http://doi.org/10.1055/s-0030-1255035
http://www.ncbi.nlm.nih.gov/pubmed/20560106
http://doi.org/10.1007/s11010-013-1631-9
http://doi.org/10.1007/s11010-011-1175-9
http://doi.org/10.3892/mmr.2018.9008
http://doi.org/10.1016/j.yjmcc.2007.09.009
http://doi.org/10.1111/j.1582-4934.2010.01014.x


Biomedicines 2023, 11, 975 11 of 13

31. Pantos, C.; Malliopoulou, V.; Paizis, I.; Moraitis, P.; Mourouzis, I.; Tzeis, S.; Karamanoli, E.; Cokkinos, D.D.; Carageorgiou, H.;
Varonos, D.; et al. Thyroid hormone and cardioprotection: Study of p38 MAPK and JNKs during ischaemia and at reperfusion in
isolated rat heart. Mol. Cell Biochem. 2003, 242, 173–180. [CrossRef]

32. Pantos, C.; Mourouzis, I.; Saranteas, T.; Clavé, G.; Ligeret, H.; Noack-Fraissignes, P.; Renard, P.-Y.; Massonneau, M.; Perimenis, P.;
Spanou, D.; et al. Thyroid hormone improves postischaemic recovery of function while limiting apoptosis: A new therapeutic
approach to support hemodynamics in the setting of ischaemia-reperfusion? Basic Res. Cardiol. 2009, 104, 69–77. [CrossRef]

33. Lymvaios, I.; Mourouzis, I.; Cokkinos, D.V.; Dimopoulos, M.A.; Toumanidis, S.T.; Pantos, C. Thyroid hormone and recovery
of cardiac function in patients with acute myocardial infarction: A strong association? Eur. J. Endocrinol. 2011, 165, 107–114.
[CrossRef]

34. Lazzeri, C.; Sori, A.; Picariello, C.; Chiostri, M.; Gensini, G.F.; Valente, S. Nonthyroidal illness syndrome in ST-elevation myocardial
infarction treated with mechanical revascularization. Int. J. Cardiol. 2012, 158, 103–104. [CrossRef]

35. Lee, Y.; Lim, Y.H.; Shin, J.H.; Park, J.; Shin, J. Impact of subclinical hypothyroidism on clinical outcomes following percutaneous
coronary intervention. Int. J. Cardiol. 2018, 253, 155–160. [CrossRef]

36. Xue, Y.; Zhu, Y.; Shen, J.; Zhou, W.; Xiang, J.; Xiang, Z.; Wang, L.; Luo, S. The Association of Thyroid Hormones With Cardiogenic
Shock and Prognosis in Patients with ST Segment Elevation Myocardial Infarction (STEMI) Treated with Primary PCI. Am. J. Med.
Sci. 2022, 363, 251–258. [CrossRef]

37. Gao, S.; Ma, W.; Huang, S.; Lin, X.; Yu, M. Predictive Value of Free Triiodothyronine to Free Thyroxine Ratio in Euthyroid Patients
With Myocardial Infarction With Nonobstructive Coronary Arteries. Front. Endocrinol. 2021, 12, 708216. [CrossRef]

38. Jabbar, A.; Ingoe, L.; Thomas, H.; Carey, P.; Junejo, S.; Addison, C.; Vernazza, J.; Austin, D.; Greenwood, J.P.; Zaman, A. Prevalence,
predictors and outcomes of thyroid dysfunction in patients with acute myocardial infarction: The ThyrAMI-1 study. J. Endocrinol.
Investig. 2021, 44, 1209–1218. [CrossRef] [PubMed]

39. Pingitore, A.; Landi, P.; Taddei, M.C.; Ripoli, A.; L’Abbate, A.; Iervasi, G. Triiodothyronine levels for risk stratification of patients
with chronic heart failure. Am. J. Med. 2005, 118, 132–136. [CrossRef] [PubMed]

40. Xinke, Z.; Rongcheng, Z.; Hugang, J.; Kai, L.; Chengxu, M.; Ming, B.; Tao, A.; Younan, Y.; Xinqiang, W.; Ming, W.; et al. Combined
Use of Low T3 Syndrome and NT-proBNP as Predictors for Death in Patients with Acute Decompensated Heart Failure. BMC
Endocr. Disord. 2021, 21, 140.

41. Rothberger, G.D.; Gadhvi, S.; Michelakis, N.; Kumar, A.; Calixte, R.; Shapiro, L.E. Usefulness of Serum Triiodothyronine (T3) to
Predict Outcomes in Patients Hospitalized with Acute Heart Failure. Am. J. Cardiol. 2017, 119, 599–603. [CrossRef] [PubMed]

42. Sato, Y.; Yoshihisa, A.; Kimishima, Y.; Kiko, T.; Kanno, Y.; Yokokawa, T.; Abe, S.; Misaka, T.; Sato, T.; Oikawa, M.; et al. Low
T3 Syndrome Is Associated with High Mortality in Hospitalized Patients With Heart Failure. J. Card. Fail. 2019, 25, 195–203.
[CrossRef]

43. Fontana, M.; Passino, C.; Poletti, R.; Zyw, L.; Prontera, C.; Scarlattini, M.; Clerico, A.; Emdin, M.; Iervasi, G. Low triiodothyronine
and exercise capacity in heart failure. Int. J. Cardiol. 2012, 154, 153–157. [CrossRef]

44. Kannan, L.; Shaw, P.A.; Morley, M.P.; Brandimarto, J.; Fang, J.C.; Sweitzer, N.K.; Cappola, T.P.; Cappola, A.R. Thyroid Dysfunction
in Heart Failure and Cardiovascular Outcomes. Circ. Heart Fail. 2018, 11, e005266. [CrossRef]

45. Wang, W.; Guan, H.; Fang, W.; Zhang, K.; Gerdes, A.M.; Iervasi, 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. [CrossRef]

46. Hamilton, M.A.; Stevenson, L.W.; Fonarow, G.C.; Steimle, A.; Goldhaber, J.I.; Child, J.S.; Chopra, I.J.; Moriguchi, J.D.; Hage, A.
Safety and hemodynamic effects of intravenous triiodothyronine in advanced congestive heart failure. Am. J. Cardiol. 1998, 81,
443–447. [CrossRef]

47. 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. [CrossRef]

48. Holmager, P.; Schmidt, U.; Mark, P.; Andersen, U.; Dominguez, H.; Raymond, I.; Zerahn, B.; Nygaard, B.; Kistorp, C.; Faber, J.
Long-term L-Triiodothyronine (T3) treatment in stable systolic heart failure patients: A randomised, double-blind, cross-over,
placebo-controlled intervention study. Clin. Endocrinol. 2015, 83, 931–937. [CrossRef]

49. Amin, A.; Chitsazan, M.; Taghavi, S.; Ardeshiri, M. Effects of triiodothyronine replacement therapy in patients with chronic stable
heart failure and low-triiodothyronine syndrome: A randomized, double-blind, placebo-controlled study. ESC Heart Fail. 2015, 2,
5–11. [CrossRef]

50. Zhang, X.; Wang, W.; Zhang, K.; Tian, J.; Zheng, J.L.; Chen, J.; An, S.M.; Wang, S.Y.; Liu, Y.P.; Zhao, Y.; et al. Efficacy and
safety of levothyroxine (L-T4) replacement on the exercise capability in chronic systolic heart failure patients with subclinical
hypothyroidism: Study protocol for a multi-center, open label, randomized, parallel group trial (ThyroHeart-CHF). Trials 2019,
20, 143. [CrossRef]

51. Pingitore, A.; Mastorci, F.; Piaggi, P.; Aquaro, G.D.; Molinaro, S.; Ravani, M.; De Caterina, A.; Trianni, G.; Ndreu, R.; Berti, S.;
et al. Usefulness of Triiodothyronine Replacement Therapy in Patients with ST Elevation Myocardial Infarction and Border-
line/Reduced Triiodothyronine Levels (from the THIRST Study). Am. J. Cardiol. 2019, 123, 905–912. [CrossRef] [PubMed]

http://doi.org/10.1023/A:1021162417490
http://doi.org/10.1007/s00395-008-0758-4
http://doi.org/10.1530/EJE-11-0062
http://doi.org/10.1016/j.ijcard.2012.03.100
http://doi.org/10.1016/j.ijcard.2017.09.192
http://doi.org/10.1016/j.amjms.2021.06.020
http://doi.org/10.3389/fendo.2021.708216
http://doi.org/10.1007/s40618-020-01408-0
http://www.ncbi.nlm.nih.gov/pubmed/32897534
http://doi.org/10.1016/j.amjmed.2004.07.052
http://www.ncbi.nlm.nih.gov/pubmed/15694896
http://doi.org/10.1016/j.amjcard.2016.10.045
http://www.ncbi.nlm.nih.gov/pubmed/28017303
http://doi.org/10.1016/j.cardfail.2019.01.007
http://doi.org/10.1016/j.ijcard.2010.09.002
http://doi.org/10.1161/CIRCHEARTFAILURE.118.005266
http://doi.org/10.1038/srep39811
http://doi.org/10.1016/S0002-9149(97)00950-8
http://doi.org/10.1210/jc.2007-2210
http://doi.org/10.1111/cen.12648
http://doi.org/10.1002/ehf2.12025
http://doi.org/10.1186/s13063-019-3219-5
http://doi.org/10.1016/j.amjcard.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30638544


Biomedicines 2023, 11, 975 12 of 13

52. Jabbar, A.; Ingoe, L.; Junejo, S.; Carey, P.; Addison, C.; Thomas, H.; Parikh, J.D.; Austin, D.; Hollingsworth, K.G.; Stocken, D.D.;
et al. Effect of Levothyroxine on Left Ventricular Ejection Fraction in Patients With Subclinical Hypothyroidism and Acute
Myocardial Infarction: A Randomized Clinical Trial. JAMA 2020, 324, 249–258. [CrossRef] [PubMed]

53. Sinn, M.R.; Lund, G.K.; Muellerleile, K.; Freiwald, E.; Saeed, M.; Avanesov, M.; Lenz, A.; Starekova, J.; von Kodolitsch, Y.;
Blankenberg, S.; et al. Prognosis of early pre-discharge and late left ventricular dilatation by cardiac magnetic resonance imaging
after acute myocardial infarction. Int. J. Cardiovasc. Imaging 2021, 37, 1711–1720. [CrossRef] [PubMed]

54. Breathett, K.; Allen, L.A.; Udelson, J.; Davis, G.; Bristow, M. Changes in Left Ventricular Ejection Fraction Predict Survival and
Hospitalization in Heart Failure With Reduced Ejection Fraction. Circ. Heart Fail. 2016, 9, e002962. [CrossRef] [PubMed]

55. Yerra, L.; Anavekar, N.; Skali, H.; Zelenkofske, S.; Velazquez, E.; McMurray, J.; Pfeffer, M.; Solomon, S.D. Association of QRS
duration and outcomes after myocardial infarction: The VALIANT trial. Heart Rhythm 2006, 3, 313–316. [CrossRef]

56. Pantos, C.I.; Trikas, A.G.; Pissimisis, E.G.; Grigoriou, K.P.; Stougiannos, P.N.; Dimopoulos, A.K.; Linardakis, S.I.; Alexopoulos,
N.A.; Evdoridis, C.G.; Gavrielatos, G.D.; et al. Effects of Acute Triiodothyronine Treatment in Patients with Anterior Myocardial
Infarction Undergoing Primary Angioplasty: Evidence from a Pilot Randomized Clinical Trial (ThyRepair Study). Thyroid 2022,
32, 714–724. [CrossRef]

57. Novitzky, D.; Mi, Z.; Sun, Q.; Collins, J.F.; Cooper, D.K. Thyroid hormone therapy in the management of 63,593 brain-dead organ
donors: A retrospective review. Transplantation 2014, 98, 1119–1127. [CrossRef]

58. Novitzky, D.; Cooper, D.K. Thyroid hormones and the stunned myocardium. J. Endocrinol. 2014, 223, R1–R8. [CrossRef]
59. Omote, K.; Verbrugge, F.H.; Borlaug, B.A. Heart Failure with Preserved Ejection Fraction: Mechanisms and Treatment Strategies.

Annu. Rev. Med. 2022, 73, 321–337. [CrossRef]
60. Gevaert, A.B.; Kataria, R.; Zannad, F.; Sauer, A.J.; Damman, K.; Sharma, K.; Shah, S.J.; Van Spall, H.G.C. Heart failure with

preserved ejection fraction: Recent concepts in diagnosis, mechanisms and management. Heart Br. Card Soc. 2022, 108, 1342–1350.
[CrossRef]

61. Gevaert, A.B.; Boen, J.R.A.; Segers, V.F.; Van Craenenbroeck, E.M. Heart Failure with Preserved Ejection Fraction: A Review of
Cardiac and Noncardiac Pathophysiology. Front. Physiol. 2019, 10, 638. [CrossRef]

62. Runte, K.E.; Bell, S.P.; Selby, D.E.; Häußler, T.N.; Ashikaga, T.; LeWinter, M.M.; Palmer, B.M.; Meyer, M. Relaxation and the Role of
Calcium in Isolated Contracting Myocardium from Patients with Hypertensive Heart Disease and Heart Failure With Preserved
Ejection Fraction. Circ. Heart Fail. 2017, 10, e004311. [CrossRef]

63. Neves, J.S.; Vale, C.; von Hafe, M.; Borges-Canha, M.; Leite, A.R.; Almeida-Coelho, J.; Lourenço, A.; Falcão-Pires, I.; Carvalho, D.;
Leite-Moreira, A. Thyroid hormones and modulation of diastolic function: A promising target for heart failure with preserved
ejection fraction. Ther. Adv. Endocrinol. Metab. 2020, 11, 2042018820958331. [CrossRef]

64. von Hafe, M.; Neves, J.S.; Vale, C.; Borges-Canha, M.; Leite-Moreira, A. The impact of thyroid hormone dysfunction on ischemic
heart disease. Endocr. Connect. 2019, 8, R76–R90. [CrossRef]

65. Dan, G.-A. Thyroid Hormones and the Heart. Heart Fail. Rev. 2016, 21, 357–359. [CrossRef]
66. Madathil, A.; Hollingsworth, K.G.; Blamire, A.M.; Razvi, S.; Newton, J.L.; Taylor, R.; Weaver, J.U. Levothyroxine Improves

Abnormal Cardiac Bioenergetics in Subclinical Hypothyroidism: A Cardiac Magnetic Resonance Spectroscopic Study. J. Clin.
Endocrinol. Metab. 2015, 100, E607–E610. [CrossRef]

67. Vale, C.; Neves, J.S.; von Hafe, M.; Borges-Canha, M.; Leite-Moreira, A. The Role of Thyroid Hormones in Heart Failure. Cardiovasc.
Drugs Ther. 2019, 33, 179–188. [CrossRef]

68. Biondi, B.; Fazio, S.; Palmieri, E.A.; Carella, C.; Panza, N.; Cittadini, A.; Bonè, F.; Lombardi, G.; Saccà, L. Left ventricular diastolic
dysfunction in patients with subclinical hypothyroidism. J. Clin. Endocrinol. Metab. 1999, 84, 2064–2067. [CrossRef]

69. Razvi, S. Novel uses of thyroid hormones in cardiovascular conditions. Endocrine 2019, 66, 115–123. [CrossRef]
70. Selvaraj, S.; Klein, I.; Danzi, S.; Akhter, N.; Bonow, R.O.; Shah, S.J. Association of serum triiodothyronine with B-type natriuretic

peptide and severe left ventricular diastolic dysfunction in heart failure with preserved ejection fraction. Am. J. Cardiol. 2012, 110,
234–239. [CrossRef]

71. Weltman, N.Y.; Pol, C.J.; Zhang, Y.; Wang, Y.; Koder, A.; Raza, S.; Zucchi, R.; Saba, A.; Colligiani, D.; Gerdes, A.M. Long-term
physiological T3 supplementation in hypertensive heart disease in rats. Am. J. Physiol. Heart Circ. Physiol. 2015, 309, H1059–H1065.
[CrossRef] [PubMed]

72. Coppola, A. Developing Oral LT3 Therapy for Heart Failure with Preserved Ejection Fraction. clinicaltrials.gov. 2021 Dec. Report
No.: NCT04111536. Available online: https://clinicaltrials.gov/ct2/show/NCT04111536 (accessed on 9 June 2022).

73. The Coronary Drug Project. Findings leading to discontinuation of the 2.5-mg day estrogen group. The coronary Drug Project
Research Group. JAMA 1973, 226, 652–657. [CrossRef]

74. Goldman, S.; McCarren, M.; Morkin, E.; Ladenson, P.W.; Edson, R.; Warren, S.; Ohm, J.; Thai, H.; Churby, L.; Barnhill, J.; et al.
DITPA (3,5-Diiodothyropropionic Acid), a thyroid hormone analog to treat heart failure: Phase II trial veterans affairs cooperative
study. Circulation 2009, 119, 3093–3100. [CrossRef] [PubMed]

75. Trivieri, M.G.; Oudit, G.Y.; Sah, R.; Kerfant, B.G.; Sun, H.; Gramolini, A.O.; Pan, Y.; Wickenden, A.D.; Croteau, W.; Morreale de
Escobar, G.; et al. Cardiac-specific elevations in thyroid hormone enhance contractility and prevent pressure overload-induced
cardiac dysfunction. Proc. Natl. Acad. Sci. USA 2006, 103, 6043–6048. [CrossRef]

76. Pingitore, A.; Mastorci, F.; Berti, S.; Sabatino, L.; Palmieri, C.; Iervasi, G.; Vassalle, C. Hypovitaminosis D and Low T3 Syndrome:
A Link for Therapeutic Challenges in Patients with Acute Myocardial Infarction. J. Clin. Med. 2021, 10, 5267. [CrossRef]

http://doi.org/10.1001/jama.2020.9389
http://www.ncbi.nlm.nih.gov/pubmed/32692386
http://doi.org/10.1007/s10554-020-02136-5
http://www.ncbi.nlm.nih.gov/pubmed/33433745
http://doi.org/10.1161/CIRCHEARTFAILURE.115.002962
http://www.ncbi.nlm.nih.gov/pubmed/27656000
http://doi.org/10.1016/j.hrthm.2005.11.024
http://doi.org/10.1089/thy.2021.0596
http://doi.org/10.1097/TP.0000000000000187
http://doi.org/10.1530/JOE-14-0389
http://doi.org/10.1146/annurev-med-042220-022745
http://doi.org/10.1136/heartjnl-2021-319605
http://doi.org/10.3389/fphys.2019.00638
http://doi.org/10.1161/CIRCHEARTFAILURE.117.004311
http://doi.org/10.1177/2042018820958331
http://doi.org/10.1530/EC-19-0096
http://doi.org/10.1007/s10741-016-9555-6
http://doi.org/10.1210/jc.2014-2942
http://doi.org/10.1007/s10557-019-06870-4
http://doi.org/10.1210/jcem.84.6.5733
http://doi.org/10.1007/s12020-019-02050-4
http://doi.org/10.1016/j.amjcard.2012.02.068
http://doi.org/10.1152/ajpheart.00431.2015
http://www.ncbi.nlm.nih.gov/pubmed/26254335
https://clinicaltrials.gov/ct2/show/NCT04111536
http://doi.org/10.1001/jama.1973.03230060030009
http://doi.org/10.1161/CIRCULATIONAHA.108.834424
http://www.ncbi.nlm.nih.gov/pubmed/19506112
http://doi.org/10.1073/pnas.0601072103
http://doi.org/10.3390/jcm10225267


Biomedicines 2023, 11, 975 13 of 13

77. Pantos, C.; Mourouzis, I. Translating thyroid hormone effects into clinical practice: The relevance of thyroid hormone receptor α1
in cardiac repair. Heart Fail. Rev. 2015, 20, 273–282. [CrossRef]

78. Karakus, O.O.; Darwish, N.H.E.; Sudha, T.; Salaheldin, T.A.; Fujioka, K.; Dickinson, P.C.T.; Weil, B.; Mousa, S.A. Development of
Triiodothyronine Polymeric Nanoparticles for Targeted Delivery in the Cardioprotection against Ischemic Insult. Biomedicines
2021, 9, 1713. [CrossRef]

79. Makadia, H.K.; Siegel, S.J. Poly Lactic-co-Glycolic Acid (PLGA) as Biodegradable Controlled Drug Delivery Carrier. Polymers
2011, 3, 1377–1397. [CrossRef]

80. Rezvantalab, S.; Drude, N.I.; Moraveji, M.K.; Güvener, N.; Koons, E.K.; Shi, Y.; Lammers, T.; Kiessling, F. PLGA-Based
Nanoparticles in Cancer Treatment. Front. Pharmacol. 2018, 9, 1260. [CrossRef]

81. Regenerating the Diabetic Heart and Kidney by Using Stress-Specific Thyroid Hormone Nanocarriers—ERA-LEARN. Avail-
able online: https://www.era-learn.eu/network-information/networks/euronanomed-iii/joint-transnational-call-2019
/regenerating-the-diabetic-heart-and-kidney-by-using-stress-specific-thyroid-hormone-nanocarriersAuthor (accessed on 13
June 2022).

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.

http://doi.org/10.1007/s10741-014-9465-4
http://doi.org/10.3390/biomedicines9111713
http://doi.org/10.3390/polym3031377
http://doi.org/10.3389/fphar.2018.01260
https://www.era-learn.eu/network-information/networks/euronanomed-iii/joint-transnational-call-2019/regenerating-the-diabetic-heart-and-kidney-by-using-stress-specific-thyroid-hormone-nanocarriersAuthor
https://www.era-learn.eu/network-information/networks/euronanomed-iii/joint-transnational-call-2019/regenerating-the-diabetic-heart-and-kidney-by-using-stress-specific-thyroid-hormone-nanocarriersAuthor

	Introduction 
	TH and HFrEF 
	Preclinical Studies 
	Epidemiological Studies 
	Clinical Trials 
	TH and HFpEF 

	The Challenge of Clinical Translation 
	Conclusions 
	References

