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Abstract
The heart is one of the principal targets of thyroid hormones (TH) action, affecting cardiac contractility, heart rate, 
and diastolic function. Oxidative damage is pivotal for onset and development of cardiovascular disease (CVD) and 
heart failure. Specifically, free radical generation is associated to hyper-metabolic state in hyperthyroidism, whereas 
hypo-metabolic state induced by hypothyroidism leads to a decrease of oxidative stress. In the present review, the 
role of oxidative damage in CVD and failing heart-TH interplay will be considered. The main oxidative events leading 
to cardiac dysfunction and TH cardiac regulation at genomic and non-genomic levels will be discussed, as well as 
role of TH in cardioprotection and reversion of cardiac remodeling.
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INTRODUCTION
The heart is one of the principal targets of thyroid hormones (TH) action, in fact, any change in TH directly 
or indirectly affects the cardiac metabolism, influencing contractility, heart rate, and diastolic function. 
Oxidative damage is one of the most relevant mechanisms responsible for the progression of cardiovascular 
disease (CVD) and heart failure[1,2]. Furthermore, free radical production is associated to hyper-metabolic 
state in hyperthyroidism, whereas the hypo-metabolic state induced by hypothyroidism leads to a decrease 
in free radical production[3-5]. In the present review, the role of oxidative damage in CVD and failing heart-
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TH interplay will be considered. The main oxidative events leading to cardiac disease and compromise will 
be described and TH cardiac regulation at genomic and non-genomic levels will be evaluated. Finally, TH 
importance in cardioprotection and reversion of cardiac remodeling will be discussed.

OXIDATIVE STRESS AND HEART: AN OVERVIEW
A correct functioning of the cardiac muscle requires a constant supply of oxygen, in order to ensure an 
efficient cellular metabolism. In the last decades, many clinical and experimental studies have been focused 
on the critical role of oxidative stress (OxS) in several cardiac derangements[6]. OxS is defined as the 
imbalance between reactive oxygen species (ROS) with respect to the antioxidant defense system[7]. ROS 
are physiologically involved in many biological processes since they act as second messengers in different 
cellular pathways. However, in pathological conditions, ROS overproduction can become extremely 
dangerous to proteins, membranes, and nucleic acids, thus compromising crucial enzymes and causing 
mutagenesis at DNA level[7-9]. ROS induction in the heart is promoted by a number of mechanism involving 
nicotinamide adenine dinucleotide phosphate (NADPH), xanthine oxidases (XO), cytochrome P450 
(CYP450), mitochondrial production, uncoupling of endothelial nitric oxide synthetase (eNOs), and auto-
oxidation of catecholamines[6]. OxS is often triggered by the complex interactions among the different pro-
oxidant systems. Moreover, the concomitant inflammatory circuit progression may further sharpen the 
risk of cardiovascular disease[10]. In the vessel wall, NADPH oxidase is the principal source of ROS and, in 
mammals, there are seven different types of NADPH oxidases, all containing one catalytic subunit among 
Nox1-Nox5, DUOX1, DUOX2, and up to five regulatory subunits. Different stimuli may up-regulate Nox 
isoforms with the consequent increase of ROS. The interplay between NADPH oxidase and mitochondria 
leads to the reciprocal stimulation of ROS production[11]. Generated ROS, in turn, promote and maintain 
XO activity and superoxide anion O2

-· synthesis, at the expenses of NO, further triggering new ROS 
synthesis[12]. At the cardiac level, superoxide anion radical O2

-·, hydroxyl radical ·OH, and hydrogen 
peroxide H2O2 are considered the most important ROS and are involved in the hypertrophy, myocardial 
growth, fibroblast proliferation, and cardiac remodeling, and reduction of cardiac function. The action 
of most ROS is restricted to the intracellular environment; however, H2O2 species have higher diffusion 
capacity through the cell membrane, reaching more distant targets[13]. On the antioxidant counterpart, 
protective mechanisms balancing the dangerous effects of ROS include the scavenging activity of superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSHPx)[2]. In particular, the 3 SOD isoforms 
have crucial antioxidant activities, catalyzing the dismutation reaction from O2

- to O2 and H2O2. The three 
isoforms are located at different cellular sites, SOD1 is in the cytoplasm and in the intermembrane space of 
mitochondrion, SOD2 in the mitochondrial matrix, whereas SOD3 is called “extracellular SOD” because 
of its location in the extracellular matrix[14]. SOD enzymes have an important anti-atherosclerotic function 
whose efficacy strongly depends on downstream CAT and GSHPx-mediated H2O2 detoxification. The most 
relevant consequence of OxS is the damage of nucleic acids, cell membrane lipids, proteins, and enzymes, 
provoking severe compromise of cellular response and generation of secondary reactive species. Finally, 
when ROS generation overwhelms the antioxidant effectiveness of the cell, inevitably leads to cell death by 
necrosis or apoptosis. A schematic representation of main cellular sources of reactive oxygen species (ROS) 
activated in heart disease and the antioxidant counterpart is represented in Figure 1.

THYROID HORMONES AND HEART: GENERAL ASPECTS
Triiodothyronine (T3) and thyroxine (T4) produced by the thyroid have multiple effects on the heart. 
Circulating T4 derives from the thyroid, whereas T3 is produced in the peripheral tissues by T4 
5’-monodeiodination. TH affect both diastolic and systolic performances and have important effects on 
cardiac growth and differentiation, morphology, cell protection, and metabolism[15,16]. TH genomic action 
on the heart can be mediated by specific nuclear TH receptors and regulate specific cardiac gene expression. 
There are many cardiac genes considered as targets of transcriptional stimulation by TH. The principal 
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factor regulating cardiac muscle contraction/relaxation activity is intracellular free Ca2+ concentration, 
which is regulated by the synergistic interaction between Ca2+ release from the sarcoplasmic reticulum 
through the ryanodine receptors and Ca2+ re-uptake through the sarcoplasmic reticulum calcium-activated 
ATPase (SERCA2)[17]. SERCA2 activity, in turn, is regulated by phospholamban, an integral sarcolemma 
protein modulated by protein kinases via phosphorylation which has maximal inhibitory activity when 
dephosphorylated[18]. T3 positive activation of SERCA2 and negative regulation of phospholamban, 
determine an accelerated sarcoplasmic reticulum Ca2+ re-uptake and subsequent cardiomyocyte relaxation 
of diastole, whereas the opposite occurs during the systolic phase[19]. The hypothyroid condition is 
characterized by an impairment of Ca2+ intracellular loading and improvement of systolic function. 
Furthermore, TH have opposite effects on gene expression of myosin heavy chains MHC-a and MHC-b in 
the heart since they activate MHC-a and inhibit MHC-b. The most efficient cardiac myosin isoform (V1) 
is composed by two MHC-α subunits and has a more rapid shortening velocity than the other less efficient 
isoenzymes (V2 and V3), in which one or both MHC subunits are of β type. T3 induces a rapid switch 
from MHC-b toward MHC-α, leading to an increased shortening velocity in ventricle myocardium[20]. 
Moreover, TH can act also via non-genomic activity, throughout the interaction with cytoplasmic and 
membrane-associated receptors, in order to maintain a cardiovascular homeostasis by reaching a high level 
of integration with inflammatory, neuroendocrine systems and the oxidative stress machinery[15]. The non-
genomic effects of TH are independent from nuclear uptake of TH and seem to be mediated by receptors 
structurally analogous to TH receptors, in particular by the truncated isoforms of TRα, called holoreceptor, 

Figure 1. Schematic representation of main cellular sources of ROS activated in heart disease and the antioxidant counterpart. ROS: 
reactive oxygen species; AngII: angiotensin II; ET-1: endothelin-1; Ox: Oxidase; NOS: nitric oxide synthase; NADPH: nicotinamide 
adenine dinucleotide phosphate; SOD: superoxide dismutase; GSHPx: glutathione peroxidase; CAT: catalase
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and located at plasma membrane, cytoplasm, and mitochondria[21]. Furthermore, structurally unrelated 
receptors have been considered involved in the non-genomic mediation of TH effects in the target cells, 
such as the plasma membrane integrin αvβ3[22]. Cardiac non-genomic effects of TH are mainly referred to 
the TH modulation of ion transporters and channels such as Na+/K+ activated ATPases, Na+/Ca2+ exchanger, 
and voltage-gated K+ channel isoforms (Kv4.2 and Kv4.3), mediating the Ca2+-independent transient 
outward current, whose role is to determine the electrochemical behavior of the myocardium[23,24].

OXIDATIVE STRESS, CORONARY ARTERY DISEASE AND MYOCARDIAL INFARCTION
Enhanced generation of ROS and reactive nitrogen species in the heart induce a higher consumption 
of oxidants and a strong reduction of antioxidant enzymes, driving to an OxS condition. The heart is a 
constantly active organ and needs an adequate supply of oxygen and nutrients from the blood stream. 
Therefore, structural/functional derangements, acting at different levels in the cardiovascular system (e.g., 
coronaries, myocardium, heart valves, blood pressure, etc.), may increase the risk of heart failure. Alteration 
of oxidative equilibrium may be due either to the overproduction of ROS or to the inhibition of scavenging 
mechanisms. Inflammatory response associated to atherosclerotic events (i.e., endothelial dysfunction and 
hyperlipidemia) and myocardial compromise (i.e., heart failure and myocardial infarction) are considered 
major inducers of OxS.

Coronary artery disease is the number one cause of mortality worldwide and occurs when changes in the 
artery wall lead to the accumulation of atherosclerotic plaques[25]. During coronary inflammatory outbreak, 
OxS plays a crucial role in the pathological LDL oxidation, NO reduction, monocyte and macrophage 
overproduction, and accumulation of metalloproteinases in vascular endothelium. OxS-induced 
growth and proliferation of vascular muscle cells also cause an excess of growth factors (e.g., fibroblast 
growth factor and its receptor, insulin growth factor and its receptor, etc.) and adhesion molecules [e.g., 
intercellular adhesion molecule (ICAM-1), platelet adhesion molecule (PECAM-1), vascular cell adhesion 
molecule (VCAM-1)][26-28]. Atherosclerosis plaque narrows the vessel lumen and restricts blood flow 
progressively leading to ischemic events and oxygen shortage. Complete blockage of blood flow, frequently 
via a thrombotic event, induces a myocardial infarction[29]. Inflammatory response at the infarct region 
and associated neuro-hormonal activation determine a serious modification in myocardial metabolism[30]. 
Mitochondrial unbalancing in ischemia reperfusion is further worsen by intracellular Ca2+ overload caused 
by the opening of voltage-sensitive Ca2+ channels and membrane ions exchangers with a Ca2+ and Na2+ 

accumulation inside the cells[31]. OxS exacerbation is associated to mitochondrial impairment of electron 
chain transport activity, inflammatory cytokines accumulation, and extracellular matrix production, in 
the pathological attempt to repair damaged cardiac tissue[32,33]. After the infarct of myocardium, a relevant 
loss of functional tissue occurs and the following modification in structure, geometry and metabolism of 
the heart is called cardiac remodeling[34]. Main events associated to cardiac remodeling are represented 
in Figure 2. Cardiac remodeling is a multifactorial process and regards many aspects strictly inter-related 
such as oxidative stress promotion, inflammatory cytokines, and metalloproteinases activation, mechanical 
stress, hypertrophy, apoptosis, and necrosis. The final common result is the loss of contractile capacity of 
the still vital myocardium in a compensatory effort, aiming to maintain a sufficient perfusion pressure in 
the heart. Even though in the initial phase, all the occurring changes seem to be compensatory, successively 
they turn out to be maladaptive and unbeneficial. At the cellular level, a characteristic marker of cardiac 
remodeling consists in the so-called fetal pattern reactivation, a low-energy state that tries to adapt and 
protect the damaged myocardium upon stress[35]. The features of fetal heart metabolism re-emerged, 
glucose metabolism for energy providing is favored with respect to fatty acids substrates and the a-MHC to 
b-MHC switch takes place, typical for the progression of the pathological cardiac hypertrophy observed in 
heart failure.
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OXIDATIVE STRESS, THYROID HORMONES AND CARDIOPROTECTION
Altered cardiac metabolism in the failing heart is related to unbalanced myocardial contractile function, 
compromised cell signaling, mitochondrial impairment, and exacerbation of inflammatory machinery[1]. 
In this pathological picture, all the mechanisms contributing to reduce or prevent myocardial injury 
are considered part of the cardioprotection process. Therefore, any possible protective factor might be 
potentially investigated with the final aim to develop novel therapeutical strategies to contrast post-
ischemic heart failure evolution. Among new treatments to combat reperfusion injury and cardiac 
remodeling, TH showed a good efficacy in contrasting OxS detrimental products and carry out a reparative 
action on the diseased myocardium[36,37]. It has been long recognized that normal thyroid homeostasis 
can vary in particularly stressful conditions such as myocardial infarction and several organ compromise, 
and that in this condition the fall in circulating T3 and a rise in reverse (rT3) are evident, whereas T4 and 
thyroid-stimulating hormone (TSH) usually remain normal, even though T4 levels can drop as well in the 
severely ill patients. This state is called low T3 syndrome (LT3S)[38,39]. The most reliable pathophysiological 
mechanism to explain LT3S are OxS and hypoxia induction, reduction of 5’-monodeiodinase (DIO1 
and DIO2) enzyme activity, and activation of 5-monodeiodination (DIO3) enzyme[40,41]. The decrease of 

Figure 2. Main events associated to cardiac remodeling. Pk: protein kinase; ACE: angiotensin converting enzyme; AT1R: angiotensin 
type I receptor; TH: thyroid hormones; MMPs: metallo proteinases; ROS: reactive oxygen species; FGF: fibroblast growth factor; IGF: 
insulin growth factor; ICAM-1: intercellular adhesion molecule-1; PECAM-1: platelet adhesion molecule-1; VCAM-1 vascular cell adhesion 
molecule-1
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TH activating enzymes DIO1 and DIO2, and the rise of TH inactivating enzyme DIO3 are observed in 
infarcted myocardium. The deiodinases arrangement induce a local hypothyroid state in the remodeling 
ventricle, with the final decrease of active T3 and T4 and the increase of inactive rT3. Furthermore, 
accumulating evidence shows that the LT3S is a strong prognostic, independent predictor of death in 
patients affected by both acute and chronic heart disease. In experimental models of cardiac hypertrophy 
or myocardial infarction, alterations in the TH signaling, concerning cardiac mitochondrion, interstitium, 
and vasculature, have been suggested to be strictly related to heart dysfunction[15]. In fact, TH regulate 
many genes known to have a cardioprotective and antioxidant action with antiapoptotic, antifibrotic, and 
anti-inflammatory effects[42-44]. Recently, data on ischemia-reperfusion rat model showed a T3 regulatory 
activity on hypertrophy through the regulation of receptors AT1R, AT2R, and MAS1 and, thus, on the 
cardiac renin-angiotensin-system (RAS). T3 administration to the ischemic heart revealed an anti-
hypertrophic effect inducing the so-called “protective arm” (involving Ang1-7/AT2/MAS1) and inhibiting 
the “detrimental arm” (involving AngII/AT1R) of RAS[45].

Moreover, TH affect the microRNA cardiac profile and upregulate 19% of microRNAs inducing 
physiological myocardial changes and downregulate 56% of microRNAs regulating pathological changes[46]. 
In experimental model of myocardial infarction, administration of TH shortly after coronary ligation 
induces determinant changes aiming to ameliorate the OxS-mediated damage and contraction efficiency; 
a-MHC expression and SERCA2/phospholamban ratio increased, whereas b-MHC expression decreased[47]. 
Moreover, the expression of protein kinase C (PKC) -a (which reduces contractility) and -e (with pro-
hypertrophic function) were significantly diminished[48,49]. Thus, TH principal effects on infarcted 
myocardium is to contribute to the reversion of fetal-like to normal adult contractile phenotype, in the 
attempt of restoring as much as possible a correct cardiac performance[49].

CONCLUSION
In conclusion, the identification of TH-responsive molecular pathways involving ROS will help to obtain 
more information on molecular mechanisms regulating the interplay of TH with CVD with the aim to 
develop new efficient therapeutical strategies. However, because of the complexity of CVD, no complete 
information can be given by a single biomarker and it is crucial to individuate a panel of OxS-induced 
molecules, relevant for heart disease progression and under TH regulation. Moreover, it is important to 
consider that TH influence not only major CV changes but also many subtle events that may have a role in 
the cardiovascular risk. So far, available data have been collected mainly by limited randomized controlled 
studies or experimental investigations. It is desirable that the efforts of future research might be oriented 
towards the applicability of well-designed longitudinal clinical trials where T3, T4, or combination therapy 
is administered in LT3S patients with altered CV conditions, with the ultimate aim to define the most 
appropriate personalized schedule of treatment. In this scenario, another possible clinical application may 
imply the counteraction of OxS-induced CV injury through specific drugs or antioxidant supplementation 
(e.g., vitamin D, selenium) and/or life-style interventions (e.g., exercise or diet habit). This strategy will 
open further possibilities to be evaluated in longitudinal studies, which may include the combination of 
antioxidants supplementation and/or TH replacement therapies.
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