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Thyroid hormones (THs) play an essential role in the maintenance of cardiovascular homeostasis and are
involved in the modulation of cardiac contractility, heart rate, diastolic function, systemic vascular resistance,
and vasodilation. THs have actions on cardiovascular physiology through the activation or repression of target
genes or the activation of intracellular signals through non-genomic mechanisms. Hyperthyroidism alters certain
intracellular pathways involved in the preservation of the structure and functionality of the heart, causing
relevant cardiovascular disorders. Reactive oxygen species (ROS) play an important role in the cardiovascular
system, but the exacerbated increase in ROS caused by chronic hyperthyroidism together with regulation on the
antioxidant system have been associated with the development of cardiovascular dysfunction. In this review, we
analyze the role of THs-induced oxidative stress in the cellular and molecular changes that lead to cardiac
dysfunction, as well as the effectiveness of antioxidant treatments in attenuating cardiac abnormalities developed

during hyperthyroidism.

1. Introduction

Hyperthyroidism is the most frequent pathology among endocrine
diseases, affecting approximately 0.8-1.3% of the population of adult
women and a lower percentage of men. In countries with deficient
iodine intake, the prevalence of hyperthyroidism is significantly higher
[1]. About 6-15% of patients with hyperthyroidism can develop car-
diovascular complications. THs has both direct and indirect actions on
the cardiovascular system [2]. Patients with thyroid disease, especially
those with hyperthyroidism, often have symptoms and signs indicating
hemodynamic changes and contractile dysfunction of the heart. In the
cardiovascular system, THs produce hypertension and cause several
effects ranging from physiological cardiac hypertrophy with enhanced
function to cardiac dilation and heart failure [2]. Several reports have
associated hyperthyroidism with cardiac dysfunction in both experi-
mental animals and human patients, indicating that excess THs could be
a potential risk factor for heart failure [3,4]. Cardiac complications are

the main cause of death in hyperthyroid patients. Return of hyperthy-
roid patients to euthyroidism through treatments that include antithy-
roid drugs, radioactive iodine therapy, or surgery, improves cardiac
function and decreases the mortality [5].

THs are key regulators of cellular metabolism. THs increase the levels
of many enzymes involved in the catabolism of glucose, fats, and pro-
teins, as well as mitochondrial enzymes that participate in oxidative
phosphorylation. Several studies have shown evidence that THs increase
the production of ROS in most tissues, including heart tissue [6,7].

The effects of THs on the cardiovascular system are the result of their
genomic actions that alter the transcription of cardiac genes and their
non-genomic actions that regulate the function of structural proteins and
ion channels, among others [8,9]. ROS exert essential functions in cell
physiology, acting as redox signaling molecules and activating or
repressing the activity of several kinases and transcription factors that
participate in signaling pathways that lead to the transcription of car-
diac target genes [10]. ROS regulate several physiological processes;
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however, their excess production can cause oxidative damage to pro-
teins, lipids and DNA, leading to cellular dysfunction. THs-induced
oxidative stress differs widely between tissues, with greater effects of
oxidative damage on cell types more metabolically sensitive to THs,
such as the liver, muscle tissue, lymphoid tissue, and the heart [11]. A
set of enzymatic and non-enzymatic antioxidants are responsible for the
removal of ROS within cells, avoiding oxidative effects on macromole-
cules and cell damage, but when oxidative stress is high as in hyper-
thyroid conditions, the antioxidant system is unable to scavenge excess
intracellular ROS [11].

THs-mediated transduction pathways are well documented and have
been discussed by several authors [8,12-14].

The aim of this review is to summarize the effects of hyperthyroidism
on cardiovascular physiology, analyzing the role of oxidative stress
induced by THs on cellular and molecular changes in cardiac tissue, as
well as the signaling pathways involved in these events. This review also
examines the effectiveness of antioxidant treatments to attenuate ab-
normalities in hemodynamic parameters and cardiac function during
hyperthyroidism.

This review focuses on the analysis of hyperthyroid cardiac pathol-
ogy from two points of view: (1) analyzing the direct action of THs and
(2) analyzing the role of ROS in cardiac dysfunction, and points out the
need for adjuvant therapeutic treatments that attenuate the effects of
both, HTs and ROS.

2. Hyperthyroidism and the cardiovascular system

Hyperthyroidism is an endocrine disorder characterized by an
excessive activity of the thyroid gland that manifests with the over-
production and secretion of 3,3',5'-triiodo-L-thyronine (T3) and L-
thyroxine (T4). High serum levels of THs produce a negative feedback on
the pituitary, causing the inhibition of thyroid-stimulating hormone
(TSH) secretion [15]. The prevalence of overt hyperthyroidism is
0.2-1.3% worldwide with an incidence of 20 to 50 new cases per
100,000 inhabitants per year. In general, the incidence of hyperthy-
roidism is correlated with the intake of iodine in the population’s diet,
with higher rates of hyperthyroidism in countries with iodine deficiency,
mainly due to excess thyroid nodular disease in elderly patients [16,17].

Several pathophysiological causes can lead to hyperthyroidism. The
most common cause of hyperthyroidism is Graves’ disease, an endocrine
autoimmune disorder caused by the presence in serum of TSH receptor-
stimulating autoantibodies that induce the overproduction of THs by the
thyroid gland [15]. Other important causes of hyperthyroidism include
toxic adenoma, toxic multinodular goiter, or thyroiditis. Toxic adenoma
and toxic multinodular goiter are hyperfunctional nodules of the thyroid
gland that autonomously secrete a large amount of THs, whereas
thyroiditis is an inflammation of the thyroid gland caused by pregnancy,
autoimmunity or viral infections that generates an excess in the storage
of THs which are then released into the blood. In patients with thyroid
disease, antithyroid treatments have been shown to improve both
endocrine disorder and heart function. Treatment options for thyroid
disease include antithyroid drugs (such as propylthiouracil, methiama-
zole, or carbimazole), radioactive iodine ablation, and surgery. These
three options are effective for the treatment of patients with Graves’
disease, however patients with toxic multinodular goiter or toxic ade-
noma rarely go into remission after antithyroid drug therapy and, should
therefore receive radioactive iodine therapy or surgery [17-19].

The clinical manifestations of hyperthyroidism depend on the pa-
tient’s age, severity, and duration of hyperthyroidism prior to treatment.
The most common symptoms and signs of hyperthyroidism include
nervousness, anxiety and irritability, increased sweating and heat
intolerance, mild hand tremors, menstrual dysfunction, diarrhea, fa-
tigue, muscle weakness and weight loss, thin skin and fine hair, enlarged
thyroid gland (goiter), and heart problems (palpitations, arrhythmia and
tachycardia with a frequency of more than 100 beats per minute). Pa-
tients with Graves’ disease also usually have diffuse goiter, pretibial
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myxedema, ocular signs such as exophthalmos, edema of the eye con-
junctiva, and eyelid retraction and, rarely, abnormalities of the finger-
tips and nails [15,20].

The cause of Graves’ disease is multifactorial, involving genetic and
environmental factors. Several studies have shown that certain poly-
morphisms in immunoregulatory genes such as HLA, CD40, CTLA4,
PTPN22 and FCRL3 could be involved in the susceptibility of individuals
to develop the disease [21]. Non-genetic risk factors such as stress,
pregnancy, certain infections, smoking and female sex could induce
epigenetic alterations in immunoregulatory genes, altering their
expression and thus contributing to the development of Graves’ disease
[21]. Due to the higher prevalence of the disease in women, it is sus-
pected that sex hormones and chromosomal factors, such as inactivation
of the X chromosome, could be triggers for the disease [18].

THs are involved in the regulation of metabolism, development,
tissue differentiation, survival, and cell proliferation. THs increase the
basal metabolism in most tissues, regulating the biosynthesis of proteins,
fats, carbohydrates and vitamins and, exerting control of body temper-
ature. They have effects on numerous tissues including bone, muscle,
and nervous and cardiovascular tissue [22].

The most adverse effects of hyperthyroidism are due to the action of
THs on the cardiovascular system [23]. Hyperthyroidism can lead to
various cardiac complications including increased heart rate, abnormal
heart rhythm (atrial fibrillation), and congestive heart failure. The main
cause of death associated with hyperthyroidism is cardiac dysfunction
[24]. Several authors have studied cardiac functions and the alteration
of hemodynamic parameters in patients with hyperthyroidism
compared to euthyroid subjects. T3 increases the resting heart rate and
the strength of myocardial contractions (positive chronotropic and
inotropic effects, respectively), increases stroke volume and cardiac
output, and decreases the time to induce myocardial relaxation (positive
lusitropic effect).

Patients with hyperthyroidism have an accelerated heart rate
(tachycardia), with a frequency greater than 90 beats per minute in
resting conditions due to the action of the sympathetic nervous system
that increases the slope of the action potential. During physical exercise,
these patients show an increase in heart rate greater than expected in
euthyroid subjects [12,25-27]. It has been shown that hyperthyroid
patients have an increased sensitivity to catecholamines due to a posi-
tive regulation on the genomic expression of f-adrenergic receptors
(B-AR) in the cell membrane of cardiomyocytes [28]. Administration of
B-AR antagonists such as propranolol or atenolol to patients with hy-
perthyroidism slows the heart rate to values similar to those in euthyroid
subjects [29].

Hyperthyroid patients have increased left ventricular systolic and
diastolic contractility as a result of increased expression of several
proteins that regulate myocardial tissue contractility and participate in
the regulation of intracellular cat transport [12,30]. In addition, T3
reduces systemic vascular resistance by dilation of blood vessels and
arterioles of the peripheral circulation through direct action on vascular
smooth muscle that involves the functional alteration of Na™ and K*
channels, which leads to a decrease in smooth muscle contractility and
vascular tone. A lower systemic vascular resistance produces a decrease
in effective arterial volume causing an increase in renin release and
activation of the angiotensin-aldosterone axis. This, in turn, induces an
increase in Na™ reabsorption in the renal tubules causing an increase in
total blood volume. By another way, T3 stimulates the secretion of
erythropoietin in the kidney, which induces the production of red blood
cells in the bone marrow, contributing to the increase in blood volume.
Higher blood volume increases cardiac preload prior to myocardial
contraction or systole, further causing an increase in cardiac output
[12]. Lower systemic vascular resistance and higher stroke volume in-
crease intraventricular pressure during systole, left ventricular blood
ejection fraction, and blood flow rate to the aorta artery, allowing
greater flow of oxygenated blood to tissues. This is essential in hyper-
thyroid conditions since the tissues have a higher oxygen requirement
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due to the increase in cellular metabolism induced by THs [11]. During
diastole, there is a decrease in intraventricular pressure (isovolumic
relaxation) and the filling of the left ventricle through blood flow from
the atrium [12].

In patients with hyperthyroidism, cardiac output (defined as the
blood volume ejected by the heart per minute) is significantly high,
reaching values up to 3 fold higher than in euthyroid subjects. The
higher cardiac output found in hyperthyroid patients is the result of the
THs-induced alteration in hemodynamic parameters, which include a
decrease in systemic vascular resistance, an increase in total blood
volume, an increase in heart rate, an increase in myocardial contractility
and an increase in left ventricular blood ejection fraction [12].

In patients with hyperthyroidism, sinus tachycardia is the most
common heart rhythm disorder. However, more than 10% of patients
have atrial fibrillation, a heart rate disturbance in which the atrial
chambers beat uncoordinated from the ventricular chambers. The
prevalence of atrial fibrillation is higher in patients 60 years of age or
older and is usually treated with anticoagulant drugs. In younger pa-
tients, atrial fibrillation caused by hyperthyroidism is rare. Atrial
fibrillation increases the risk of systemic embolization and can also lead
to chest pain, heart attack, or heart failure [31,32].

Several reports indicate that THs induce cardiomyocyte hypertro-
phy, which contributes to increased myocardial contractility and could
be a compensatory mechanism to increase oxygen delivery to tissues
[33]. Cardiac hypertrophy is associated with increased heart function.
However, patients with cardiac hypertrophy and chronic hyperthy-
roidism may have reduced cardiac output, poor cardiac contractility,
and symptoms and signs of heart failure. It is more frequent in hyper-
thyroid patients with persistent sinus tachycardia or atrial fibrillation
[11]. In animals models and in human patients it has also been described
that chronic hyperthyroidism can cause dilated cardiomyopathy due to
the prolonged action of THs on the cardiovascular system [34].

The alteration of hemodynamic parameters during hyperthyroidism
are the result of signal transduction mediated by THs that alter gene
transcription pathways or modulate the activity of ion channels in the
cell membranes of cardiomyocytes [12]. THs increase the cellular
metabolism of most tissues, leading to increased oxygen consumption
and increased ROS production [7]. ROS are highly reactive species that
can react quickly and thus act as second messengers, introducing
reversible oxidative changes in a lot of cellular components and thus
modulating their biological activity or altering intracellular signaling
pathways. ROS can also produce deleterious effects on cardiac cell
physiology through oxidative changes on macromolecules [35]. The
joint activation of the signaling pathways triggered by THs causes
changes in the physiology of the cardiovascular system, altering its
anatomy and functionality, which could lead to cardiovascular compli-
cations that are the main cause of death in hyperthyroid patients.

3. Thyroid hormone-mediated transduction signals in the
cardiovascular system

The thyroid gland produces and releases mainly T4 and to a lesser
extent T3 into the blood. In the blood circulation, THs are bound to
transporter proteins, with only 0.05% remaining free. Only free or un-
bound hormone has metabolic activity [36].

T3 is the biologically active TH in cardiomyocytes and cells of other
tissues. Most of T3 in the blood is produced by deiodinase-mediated
monodeiodination of T4 in the liver and kidney [37]. There is no
expression and activity of deiodinases in cardiomyocytes, therefore
myocardial tissue acts in response to minimal fluctuations in serum T3
levels [38].

The action of THs on the cardiovascular system is mediated by
transduction signals that are triggered through its binding to nuclear
receptors that lead to the modulation of gene transcription (genomic
effects) or through non-genomic actions [39].

THs are soluble in lipids, however, they have a low rate of diffusion
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through cell membranes due to their size and not being charged mole-
cules. It has been reported that T3 is transported into myocardial cells
through carriers that are dependent on ATP and the Na™ ion gradient
[38]. In addition, the monocarboxylate transporter MCT-8, whose
expression is prominent in cardiac tissue, has been shown to be the
specific transporter for THs in cardiomyocytes [40].

Within the nucleus, T3 binds to nuclear receptors that recognize
specific sequences in DNA and activates the transcription of target genes
[41]. Numerous genes have been identified that are targets of the
transcriptional activation of T3, among which are structural proteins of
myocardial tissue and proteins that regulate cardiac functionality. These
genes include the o-myosin heavy chain (a-MHC), the sarcoplasmic re-
ticulum calcium-dependent ATPase (SR Ca'/ATPase), the Nat/K"
ATPase, the pl-adrenergic receptor (f1-AR), the guanine nucleotide-
binding protein (G protein), voltage-gated potassium channels and
cardiac troponin I [12,42]. Using cDNA microarray, other authors have
identified more than 37 genes whose expression is increased in hyper-
thyroid heart tissue, which include various types of proteins related to
metabolism, matrix and cytoskeletal structures, transcription factors,
growth factors, transporters and Ca?" channels [43]. In contrast, under
hyperthyroid conditions the transcriptional repression of several cardiac
genes has been described, such as p-myosin heavy chain (-MHC),
phospholamban and the Na*/Ca?" exchanger [44,45]. MHC (a-and p)
are contractile myofibrillar proteins of cardiac myocytes, thus the
regulation of their genetic expression by THs alters the contractile
properties of the myocardium. More recently it has been reported that
the regulation of MHC gene expression by THs involves epigenetic
modifications in chromatin histones associated with MHC genes [46].
Cardiac troponin I is also increased under hyperthyroid conditions. Its
phosphorylation mediated by Protein Kinase A (PKA) contributes to an
increase in the strength of cardiac contractility and the rate of
myocardial relaxation [47].

The release of Ca®" and its reuptake in the sarcoplasmic reticulum
(SR) are processes necessary for systolic contractility and diastolic
relaxation of the heart. These processes are mediated by proteins whose
gene expression is regulated by THs. Active Ca>" transport to the lumen
of the SR is mediated by SR Ca"/ATPase whose activity is negatively
regulated by non-phosphorylated phospholamban located in the retic-
ulum membrane. The phosphorylation of phospholamban by kinases
causes an increase in Ca?* uptake by SR Ca%t/ATPase, increasing the
Ca?" pool in the SR and promoting its release through Ca®* channels
(ryanodine receptor), a process that increases cardiac contractility
[12,14]. THs regulate phospholamban activity by decreasing its
genomic expression and increasing the expression of PKA, which causes
its phosphorylation. In addition, an increase in the Ca%* pool of the SR
lumen and its release has been described in transgenic mice that do not
express phospholamban, demonstrating the importance of the negative
regulation of its gene expression on the ionotropic effects of the heart
[48].

THs also modulate the gene expression of ion transporters in the
plasma membrane of the cardiomyocyte, such as Na*/K™ ATPase, the
Na*/Ca?" exchanger and voltage-gated potassium channels, altering the
electrochemical and mechanical properties of the tissue cardiac. Regu-
lation of gene expression of both structural proteins and ion transporters
increases myocardial contractility during systole and decreases
myocardial relaxation time during diastole [49].

The f-adrenergic system participates in the increase of myocardial
contractility and heart rate during the hyperthyroidism. In myocardial
tissue, the B1-AR is the predominant subtype, representing 70-80% of
the total population of -AR [50]. The p1-AR is coupled to a subunit of
the G protein known as Gs, which activates adenylyl cyclase causing an
increase in the intracellular concentration of cyclic adenosine mono-
phosphate (cAMP) in cardiomyocytes [51,52]. Increased levels of cAMP
cause the activation of PKA, which phosphorylates key Ca2*t transport
proteins, such as the sarcolemmal L-type Ca®* channel, phospholamban
and the Ca* release channel of the SR. Phosphorylation of sarcolemmal
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L-type Ca?* channels increases intracellular Ca%* concentration, while
phosphorylation of both phospholamban and Ca?* release channels of
the SR increases Ca>" turnover in the SR, causing a positive inotropic
effect [52]. Genomic transduction signals induced by THs in cardiac
myocytes are shown in Fig. 1.

Serum catecholamine concentrations in hyperthyroid patients are
normal or low; however, a higher susceptibility to catecholamines has
been described during the hyperthyroidism. This could be explained by
the increase in THs-mediated genomic expression of both the p1-AR and
the receptor-coupled G protein [53]. The role of the f-adrenergic system
in the ionotropic and chronotropic effects of the heart mediated by THs
is controversial and has been discussed by several authors. Thus,
Bachman et al. have reported that transgenic mice lacking all p-adren-
ergic receptor subtypes showed metabolic and cardiovascular responses
similar to those of wild-type mice under conditions of excess THs [54].
Ojamaa et al. have described an increase in the gene expression of the
B1-AR/G protein complex, but a decrease in the gene expression of
adenylyl cyclase types V and VI that could result in normal adrenergic
stimulation in hyperthyroidism [51].
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THs also activate other metabolic pathways that lead to increased
genomic expression of nitric oxide synthase (NOS) in vascular endo-
thelium. NOS catalyzes the synthesis of nitric oxide (NO®), responsible
for vascular smooth muscle relaxation, vasodilation, and decreased pe-
ripheral vascular resistance, which contributes to increased cardiac
output [55].

THs modulate the transcription of several genes involved in cardiac
functionality, but they also exert non-genomic actions through the
activation of multiple intracellular signaling pathways [56]. The non-
genomic mechanisms triggered by THs cause short-term effects
because they do not require gene transcription. THs modulate the ac-
tivity of several ion channels, altering the electrophysiological proper-
ties in cardiac myocytes and increasing the ionotropic and chronotropic
effects on the heart. In addition, ROS could act as mediator molecules for
several of the non-genomic actions of THs through oxidation-reduction
reactions on proteins involved in the intracellular signaling pathways
that regulate the functionality of the cardiovascular system.

ROS are small molecules, characterized by their high reactivity and
biological activity. These include superoxide anion (Oze~), hydroxyl
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Fig. 1. Genomic signals triggered by thyroid hormones involved in the contraction-relaxation of cardiac myocytes.

T3 enters cardiac myocytes through specific transporters and binds to their nuclear receptors. Within the nucleus, the T3-nuclear receptor complex upregulates the
transcription of several target genes such as a-myosin heavy chain (a-MHC) and cardiac troponin I (cTn I) in sarcomeres, Ca>* ATPase of the sarcoplasmic reticulum
(SR Ca%* ATPase), pl-adrenergic receptor ($1-AR), G protein, Na*/K* ATPase, and voltage-gated K* channel. In contrast, T3 downregulates the gene transcription of
p-myosin heavy chain (-MHC), phospholamban (PL) and the Na*/Ca?* exchanger, among others.

Intracellular signals that induce myocardial contraction are initiated with the entry of Ca%* through the L-type Ca®" channels of the sarcolemma, which induces the
release of Ca" from the sarcoplasmic reticulum (SR) through the Ca®" channels. Ca®" released to the cytoplasm binds to cardiac troponin I (¢Tn I) of sarcomeres and
causes contraction of cardiac myofibrils in myocytes. During relaxation, part of the cytoplasmic Ca?" is extruded from the cell by the Na*/Ca?* exchanger, but most
of it is recaptured by the SR through SR Ga?*ATPase. SR Ca>*ATPase activity is negatively regulated by non-phosphorylated PL located in the SR. T3 decreases the
gene transcription of PL and induces its phosphorylation mediated by Protein Kinase A (PKA), which increases the activity of SR Ca>*ATPase. The G protein coupled
to the p1-AR activates adenylyl cyclase (AC) causing an increase in the intracellular concentration of cAMP that induces the activation of PKA. PKA phosphorylates
the L-type Ca®" channel, PL and the Ca®" release channel of the SR. Phosphorylation of L-type Ca?" channel increases intracellular Ca%* concentration, while
phosphorylation of both PL and Ca®* channel increases Ca" turnover in the SR.

T3 also modulate the gene expression of several ion transporters in the plasma membrane, altering the electrochemical and mechanical properties of the tis-
sue cardiac.
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radical (*OH), hydrogen peroxide (H205), and peroxynitrite (ONOO-).
ROS regulate several physiological processes including proliferation,
differentiation, migration, angiogenesis, and metabolism, and play an
important role in cardiovascular physiology in both physiological and
pathological conditions [57].

The half-life of ROS in tissues is very brief, however due to their high
reactivity with other molecules they can act as second messengers
modulating intracellular signaling pathways as well as intercellular
communication. The radical Oze ™ can dismute to HO, spontaneously or
by action of the enzyme superoxide dismutase (SOD). Hydrogen
peroxide can in turn react with transition metals to form *OH with high
oxidation capacity, through the Fenton reaction. The radical Oze™ can
also react with nitric oxide (NO®) to form ONOO- or can react with H,O5
to form *OH through the Haber-Weiss reaction [58]. Reactions under-
lying the generation and degradation of ROS are shown in Fig. 2. Both,
H50, and ONOO- can cross cell membranes and act as intracellular or
intercellular messengers. The Oye ™~ radical could only act as a signaling
molecule at the formation sites due to its brief half-life, although some
authors have demonstrated the ability of Oge™ to cross the outer mem-
brane of the mitochondria. Due to its short half-life, it is thought that the
*OH radical could not act as an intracellular signaling molecule [59].
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Although different ROS and their sources of production have been
identified in cardiac tissue, their exact contribution to the development
of heart pathologies cannot be clarified due to the high speed (of the
order of milliseconds) with which oxygen radicals are interconverted in
other reactive species (Fig. 2) and to their high reactivity with biological
macromolecules. Thus, the damage that each oxidative species can cause
in cardiac tissue will depend on its half-life, its reactivity and its ability
to diffuse through cell membranes, which causes oxidative damage at
distant sites of its formation. In addition, its harmful effects on tissues
will depend to a great extent on the activity of the antioxidant system.
Thus, the reactivity of Oze™ is weak, but it can cross biological mem-
branes and cause damage to specific targets, it is also the initiator of
chain reactions that give rise to other free radicals with greater reac-
tivity such as *OH, HoO and ONOO-. H20,, due to its greater stability
and intracellular molar concentration, is the ROS with the highest
oxidative activity and, although it is not a free radical, it can diffuse to
other cell locations, giving rise to *OH and spreading oxidative damage.
*OH has the ability to react with almost all biological molecules, mainly
with polyunsaturated fatty acids in cell membranes, a process called
lipid peroxidation [58,59].

There are several sources of ROS production in cardiac tissue, such as

T3 and T4
High levels

Uncoupled NOS
CYP450 oxidase

mitochondrial and nuclear DNA, others.

ROS-regulated molecular targets: Protein kinases, protein phosphatases, transcription
factors, SR Ca?*-ATPase; Ca?*-ATPase of plasma membrane, lipids of cell membranes,

Redox Signaling

Homeostasis of the
cardiovascular system

Hemodynamic changes; Contractile
dysfunction; Myocardial remodeling;
Fibrosis; Hypertrophy; Apoptosis

Fig. 2. ROS generation mediated by thyroid hormones and their role in the oxidative regulation of signaling molecules involved in cardiac function.

In euthyroid conditions, ROS is produced at low levels and participates in cell redox signaling, exerting an essential role in cardiac tissue homeostasis. In hyperthyroid
conditions, the excess of THs increases the basal metabolism of the cells causing a higher consumption of oxygen and production of ROS. Hyperthyroidism induces
oxidative stress as a result of increased oxidative enzyme activity and decreased antioxidant levels. Oxygen free radicals include the superoxide anion (Oze ),
hydroxyl radical (-OH), and peroxynitrite (ONOO™), which together with hydrogen peroxide (H>O5) are responsible for the oxidation of many biological macro-
molecules. The enzyme superoxide dismutase (SOD) catalyzes the conversion of Oze~ to Hy05, which in turn is degraded by glutathione peroxidase (GPx) or catalase
(CAT). Single electron reduction of HyO, can lead to the formation of -OH, either by the Fenton reaction in the presence of iron or by the Haber-Weiss reaction when
reacting with Oqe ™. In addition, Oze~ reacts with nitric oxide (NO-) forming the ONOO™, a highly reactive molecule with biological macromolecules. Several proteins
involved in cardiac functionality are susceptible to oxidation by ROS, including protein kinases, phosphatases, transcription factors, and ion transport system
proteins. ROS also oxidize membrane lipids, altering their biological properties, and oxidize mitochondrial and nuclear DNA, modulating apoptotic processes.

In pathological conditions such as hyperthyroidism, ROS produces alterations in hemodynamic parameters as well as structural and functional changes in cardiac
tissue, leading to dysfunction of the cardiovascular system.
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mitochondria, NADPH-oxidases, NOS, xanthine oxidase, and cyto-
chrome P450 [60]. Cardiac tissue has higher oxygen requirements than
other tissues due to the high number of active mitochondria that pro-
duce chemical energy to maintain cardiac contractile function [61]. On
the other hand, it has been reported that THs increase cellular meta-
bolism in most tissues, including heart tissue, which leads to higher
oxygen consumption and increased oxidative stress.

Mitochondria are both the main sites of production and the main
target of ROS, which can lead to mitochondrial dysfunction and cell
damage [62]. The increase in cellular metabolism induced by THs ac-
celerates the oxidation-reduction reactions carried out in the mito-
chondrial respiratory chain and produces large amounts of Oe ™, which
in turn can lead to the generation of other ROS [58]. It has been esti-
mated that up to 5% of the oxygen consumed by the mitochondria can be
used by different enzyme complexes of the respiratory chain for the
production of Oze . The major source of Oze  is complex I NADH-
dehydrogenase, but the semiquinone-Q radical and complex III of the
respiratory chain can also produce Oge™ [63].

Mitochondrial DNA encodes 13 polypeptides of the mitochondrial
respiratory chain that include seven subunits of complex I, one subunit
of complex III, three subunits of complex IV and two subunits of complex
V [64]. However, the vast majority of mitochondrial proteins are
encoded by the nuclear genome and are imported into the mitochondria
through translocation systems localized in the mitochondrial mem-
branes [65]. THs induce genomic expression of mitochondrial proteins
encoded by both nuclear and mitochondrial DNA [66]. Additionally,
several reports indicate the presence of T3 receptors in mitochondria
suggesting a possible direct action of THs on mitochondrial functionality
[671.

A decrease in the number of mitochondria per cell has been observed
in hyperthyroid heart tissue [68], however, the increase in the amount
and activity of the proteins of the mitochondrial respiratory chain cause
a higher mitochondrial activity that leads to an increase in the pro-
duction of ROS [66,69].

NAD(P)H-oxidase was first identified in phagocytic cells where it
plays an essential role in the elimination of pathogens, but numerous
reports indicate that NADPH-oxidase is expressed in the plasma mem-
brane of numerous cell types including cardiac myocytes. Each member
of the NAD(P)H-oxidase family contains a catalytic unit called Nox
involved in the transfer of electrons from NAD(P)H to molecular oxygen
resulting in the formation of superoxide anion. There are five isoforms of
Nox that are expressed in different tissues (Nox1-5). The Nox2 and Nox4
isoforms are expressed in cardiac myocytes, endothelial cells, and fi-
broblasts while the Nox1 isoform is highly expressed in vascular smooth
muscle cells [70]. The NAD(P)H oxidase proteins Nox2 and Nox4 are
major enzymatic sources of ROS involved in cell signaling in car-
diomyocytes [71]. Under physiological conditions, NAD(P)H-oxidase
regulate key vascular functions through redox-sensitive signaling path-
ways, but under pathological conditions, NAD(P)H-oxidase can increase
its expression and activity leading to the overproduction of Oge™ [72].
Ago et.al have shown that Nox4, located mainly in the mitochondria of
cardiac myocytes, is involved in enhanced ROS production and cardiac
remodeling due to pressure overload [73], pointing out its role in
hyperthyroidism-mediated cardiac dysfunction. In this same sense,
other authors have reported the participation of NAD(P)H-oxidase in the
induction of oxidative stress in the hyperthyroid status and its associa-
tion with cardiovascular dysfunction [72].

Xanthine oxidoreductases are synthesized as NAD™-dependent
xanthine dehydrogenase (XDH), which catalyzes the synthesis of NADH
and urate from xanthine, but this enzyme can be converted to Oy-
dependent Xanthine Oxidase (XO), which produces Oge~, Hy0O, and
urate. Both forms of the enzyme can reduce O, but the binding of NAD ™"
to the active site of XDH inhibits the binding of O5 to the enzyme. XDH
can be converted to XO by oxidation of its sulfhydryl residues or by
proteolysis. Both mechanisms induce a conformational change that
blocks the access of the NAD' substrate to the flavin adenine
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dinucleotide (FAD) cofactor and changes the electrostatic environment
of the active site, however these changes do not affect the binding of O,
to the FAD, which causes a switch of substrate specificity [74]. In a
context of oxidative stress induced by T3, the most probable mechanism
of conversion of XDH to XO could be due to the oxidation of sulfhydryl
groups and the formation of intra-subunit disulfide bonds that induce
conformational changes that allow enzymatic conversion.

Several studies have shown that XO is an important source of Oge ™,
which leads to the formation of other oxidant molecules in hyperthyroid
heart tissue [75]. In this sense, some authors have shown that allopu-
rinol, an inhibitor of XO activity, attenuates oxidative stress in the hy-
perthyroid status [76].

XO is expressed in the heart of many mammals, however it has been
found that this enzyme has low activity in the human myocardium [77].

NAD(P)H cytochrome P450 reductase (CYP450) is an important
source of ROS production. It is expressed mainly in the liver where it
plays an essential role in drug detoxification, but its expression has been
reported in the kidney, lung, adrenal and heart [78]. Several studies
have shown an increased expression and activity of CYP450 in hyper-
thyroid hearts [43]. Reports have indicated that CYP450 participates in
the progression of cardiovascular diseases, including cardiac hypertro-
phy and heart failure in experimental animal models, as well as in
human patients. In addition, different CYP isoforms expressed in cardiac
tissue can be involved in drug metabolism within the heart and influence
pharmacologic efficacy [79].

Nitric oxide (NO®) is produced during the conversion of L-arginine to
L-citrulline mediated by NOS. There are three isoforms of NOS expressed
in cardiomyocytes, called endothelial (eNOS), neuronal (nNOS), and
inducible (iNOS). NOS isoforms are expressed in subcellular compart-
ments and synthesize NO°® in proximity to their cellular signaling
pathway [80]. NO*® is essential in normal cardiac physiology, regulating
several processes such as coronary vasodilation, inhibition of neutrophil
and platelet adhesion, and modulation of myocardial contractile func-
tion [81]. In the heart, NO® inhibits L-type Ca®* channels and stimulates
sarcoplasmic reticulum Ca?' release, modulating cardiac contractility
[80]. NO*® has a protective role in heart disease by modulating various
signaling pathways, however, it can exert toxic effects on heart tissue
when it is produced in excess. Several reports have indicated an
increased expression and activity of all NOS isoforms with over-
production of NO*® in cardiac tissue of hyperthyroid animals. In addition,
increased NO® production has been associated with cardiac hypertrophy
and cardiac dysfunction in hyperthyroid animal models [82-84]. In the
absence of L-arginine or the cofactor tetrahydrobiopterin, the NOS
enzyme can uncouple and produce Ose™ instead of NOe [85,36]. The
Oge ™ can react with NOe to form the highly reactive oxidant ONOO-.
Thus, the cytotoxic effects of the Oze™ may be due to its direct action as
an oxidant molecule or through the inactivation of the cytoprotector
NOe [87].

A wide range of oxidation-reduction modifications in numerous
proteins are involved in redox signaling and regulate the functionality of
cardiac tissue [88]. ROS induces post-translational modifications in
proteins through the oxidation of their amino acid residues cysteine.
Cysteine oxidation can also occur by reacting with NOe or ONOO-. ROS-
mediated oxidation of thiol groups can modulate the activity of
numerous proteins in which cysteine groups are critical for substrate
binding [89]. Furthermore, the oxidation of cysteine residues can cause
the formation of intra- or intermolecular disulfide bonds, altering the
conformational structure of proteins and their biological activity
[90,91]. ROS-mediated protein oxidation is reversible and is regulated
by intracellular antioxidants such as glutathione that can remove di-
sulfide bonds in oxidized proteins and restore their activity [10].

ROS regulates the activity of several proteins such as kinases, phos-
phatases transcription factors and proteins of the ion transport system.
Protein kinases whose activity is modulated by ROS include Ca®*/
Calmodulin-dependent Kinase II (CaMKII), Protein Kinase G (PKG),
PKA, Protein Kinase C (PKC), Extracellular signal-Regulated Kinases
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(ERK), Phospholipid-dependent kinase-1 (PDK), tyrosine kinase Src,
Phosphatidylinositol-3 kinase (PI3K), Akt kinase, p38 MAP kinase, and
c-Jun N-terminal kinase (JNK). It has not been demonstrated whether
ROS exerts a direct effect on kinase activation or an indirect effect
through inhibition of phosphatase activity [59,71,92,93]. Some authors
have described the ROS-mediated regulation of several phosphatases
such as Protein Phosphatase 1 (PP1) and Phosphatase and Tensin ho-
molog (PTEN), which could participate in intracellular signaling path-
ways triggered by oxidative stress in cardiac tissue. ROS also modulates
the activity of several transcription factors, including Nuclear Factor NF-
kB, Nuclear factor erythroid-derived 2-like (Nrf-2), Hypoxia-Inducible
Factor 1 (HIF-1) and Signal Transducer and Activator of Transcription
(STAT3/STATS5). Protein kinases, phosphatases, and transcription fac-
tors regulated by redox signaling participate in the transcription of
several genes involved in cardiac physiology, and that contribute to
hypertrophy, metabolic changes, cytoprotection, and angiogenesis
[59,71,92,93].

In addition, ROS are involved in the regulation of ion transport
through their effects on ion channels and pumps. ROS have a biphasic
effect on Ca?* transport in the cardiac myocyte. Thus, ROS activate the
SR Ca2+/ATPase, which causes the reduction of Ca®' levels in the
cytoplasm, but ROS also inactive the Ca>"-ATPase of the plasma mem-
brane and open the Transient Receptor Potential-Melastatin-2 channels
(TRPM2), which induce the loading of Ca®* in the cell [59,94].

Physiological levels of ROS control cell proliferation and angiogen-
esis [95]. Redox signaling is also involved in protection against ischemia
and hypoxia, however, ROS levels that exceed physiological values can
induce apoptosis or autophagy, and remodeling of cardiac tissue with
the appearance of arrhythmias and contractile dysfunction of the heart
[96].

4. Role of the antioxidant system in the regulation of oxidative
stress mediated by thyroid hormones

Redox signaling is involved in the maintenance of the physiological
homeostasis of the heart by regulating several key proteins necessary for
the normal function of cardiac tissue, however the excessive production
of ROS mediated by THs causes harmful effects on the functionality of
the cardiomyocytes. Cells have efficient enzymatic and non-enzymatic
defense systems to counteract the action of ROS and, thereby, protect
cells from oxidative damage.

The cellular redox state is defined as the balance between the pro-
duction of ROS and its removal by the antioxidant system. Several
antioxidant enzymes such as superoxide dismutase (SOD), glutathione
peroxidase (GPx) and catalase (CAT), as well as other non-enzymatic
antioxidants (vitamin E, ascorbic acid, p-carotene, ubiquinone and
glutathione) are involved in the scavenger or degradation of ROS to non-
toxic molecules [58,97]. Oxidative stress occurs when ROS production is
increased with respect to the content of enzymes and molecules with
antioxidant capacity.

SOD enzymes catalyze the conversion of Oge™~ to HyO, and O. The
three isoforms of SOD (extracellular membrane bound-EcSOD, MnSOD,
and CuZnSOD) are expressed in heart tissue [98]. While EcSOD is the
major extracellular Oge~ scavenger, the other SOD isoenzymes are
heterogeneously expressed in cardiac tissue and scavenge Oge~ within
cells [99].

GPx is a key enzyme that catalyzes the oxidation of glutathione
(GSH) to glutathione disulfide (GSSG) using H20». GPx plays an essen-
tial role in antioxidant defense against oxidative stress induced by THs in
cardiac tissue. GPx not only removes HoO5 and hydroperoxides, but also
prevents the formation of other highly reactive molecules such as the
*OH. CAT enzyme catalyzes the conversion of HoO3 to O2 and H20. GPx
has a higher affinity and capacity to reduce HyO2 than CAT and is
expressed in relatively high amounts in cardiac tissue, mainly in the
cytosol and mitochondria [100,101].

Although all the evidence concludes that hyperthyroidism induces
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oxidative stress in tissues, both the expression and activity of antioxi-
dant enzymes and the content of endogenous antioxidant molecules in
hyperthyroid heart tissue is controversial [7,102-104]. Some authors
have reported an increased activity of MnSOD and CuZnSOD in hyper-
thyroid heart tissue, while other authors have reported no changes or a
decreased activity of these enzymes [11,103,105]. CAT activity has been
reported to be unchanged or decreased in hyperthyroid hearts [11,105].
These discrepancies have been attributed to differences in the treatment
period, the iodothyronine used (T3 or T4) or the age of the animals at the
beginning of treatment [7]. Regarding this last point, it is known that
oxidative stress in tissues increases with age, therefore a modulation of
antioxidant activity with aging is to be expected [106].

Several authors have reported that oxidative stress can induce the
expression of antioxidant enzymes in several cell types, including car-
diac tissue, as a compensatory mechanism to counteract the increase in
ROS. Thus, they have described the participation of the transcription
factor Nrf-2 in the regulation of gene expression of a variety of redox-
sensitive proteins, which are essential for antioxidant defense, as well
as for cell survival. ROS oxidize the sulfhydryl groups of Keap-1, a
cytoplasmic inhibitor of Nrf-2, causing the translocation of Nrf-2 to the
cell nucleus, where it induces the gene transcription of antioxidant en-
zymes [97,107].

Glutathione, a low molecular weight thiol, is the main antioxidant
molecule involved in the scavenger of ROS. Intracellular GSH and GSH/
GSSG ratio were decreased in cardiac tissue from hyperthyroid animals,
which is evidence of tissue oxidative stress [82,105]. Several studies
have indicated alterations in the plasma levels of ascorbic acid, vitamin
E and coenzyme Q10 in patients with hyperthyroidism, however the
results are not conclusive. It is hypothesized that the disparity in the
results could be due to the incorporation of these antioxidants in the diet
and not due to the regulation of oxidative metabolism in hyperthy-
roidism [108]. A decreased activity of the enzymatic antioxidant system
or reduced concentrations of endogenous antioxidants may further
contribute to the increase in ROS mediated by hyperthyroidism [58].
Thus, when the antioxidant system is not sufficient to eliminate excess
ROS induced by hyperthyroidism, oxidative stress exerts harmful effects
on the functional and structural integrity of cardiac tissue. ROS can react
with biological macromolecules such as lipids, proteins, and nucleic
acids, causing irreversible cell damage and apoptosis, which has been
implicated in a wide range of cardiovascular diseases including hyper-
thyroidism [7,109].

The mitochondria is one of the main sources of ROS production in the
myocardium. Excessive ROS production in mitochondria causes signif-
icant damage to mitochondrial DNA and functional loss of the organelle,
leading to increased ROS generation and heart tissue dysfunction
[58,110,111]. On the contrary, oxidative damage has not been observed
in genomic DNA, which can be attributed to the elimination of ROS by
the cytosolic antioxidant system before its arrival in the nucleus, to the
DNA structure in nucleosomes that protect from ROS attack or to the
DNA repair system of the cell nucleus [112-114]. Polyunsaturated fatty
acids are especially susceptible to attack by ROS. Several evidences
indicate an increased lipid peroxidation in hyperthyroid heart tissue
[104,105,115,116]. Some authors point out that this increase is higher
in older animals than in young animals, which could be explained by the
regulation of the antioxidant system mediated by aging [117]. Other
authors have reported increased protein carbonylation, a type of protein
oxidation, in the hearts of hyperthyroid animals [105].

ROS oxidize membrane phospholipids and ion channels, causing
electrophysiological alterations in the heart [118]. ROS also oxidize the
proteins involved in excitation-contraction coupling, altering their ac-
tivity and causing contractile dysfunction in the myocardium of hyper-
thyroid hearts. Oxidative stress plays an important role in the regulation
of cardiac myocyte growth and survival. In addition, several reports
suggest that the increase in ROS induced by THs is associated with
myocardial hypertrophy, myocardial infarction and heart failure [119].

ROS activate a broad variety of protein kinases and transcription
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factors that induce proliferation of cardiomyocytes and fibroblasts and
activate extracellular matrix metalloproteinases (MMPs), leading to
hypertrophy and remodeling of cardiac tissue. Thus, Tsutsui et al. have
reported that the oxidative stress induced by THs increases the expres-
sion of the IGF-1 receptor in the cardiomyocyte membrane. Further-
more, they have reported that the binding of the IGF-1 receptor with its
ligand stimulates cardiomyocyte proliferation via Akt and ERK signaling
[58]. Other authors have also reported the involvement of Akt-1 in THs-
induced cardiac hypertrophy and have suggested the redox activation of
the Akt-1 and JUN/FOS signaling pathways with HyO, acting as a
possible intracellular messenger in the adaptive response to experi-
mental hyperthyroidism [82]. On the other hand, the modulation of
ROS-mediated signaling pathways and their effects on cell physiology
could be dependent on the intracellular levels of ROS. Thus, low levels of
H,0, would be associated with physiological processes such as protein
synthesis, while high levels of ROS would induce apoptosis and
remodeling of cardiac tissue. These biological effects would respond to
the differential activation of protein kinases and signaling pathways
[120].

The oxidation of macromolecules such as proteins, lipids and DNA
can alter their biological function, causing cell damage and triggering
signaling pathways that lead to apoptosis [121]. Some authors have
reported an increase in pro-apoptotic proteins and caspase activity in
hypertrophied cardiac tissue with impaired cardiac function, but
apoptosis has not been reported when cardiac tissue function is still
preserved [122]. In addition, ROS cause oxidation and breakage of DNA
strands, which activates the nuclear enzyme poly (ADP-ribose)
polymerase-1 (PARP-1) involved in the expression of inflammatory
mediators, which facilitate the progression of cardiac remodeling [123].
ROS can also induce the expression of MMPs through the activation of
transcription factors NF-kappaB and Activator Protein-1 (AP-1). MMPs
are a family of proteolytic enzymes involved in tissue remodeling pro-
cesses, such as proliferation, cell migration, invasion, and apoptosis
[124].

The increase in ROS mediated by THs induces relevant functional
and structural changes in cardiac tissue, which leads to alteration of
myocardial contractile function, hypertrophy, interstitial fibrosis and
apoptosis of cardiomyocytes, and can cause heart failure [125].

5. Effects of antioxidant treatment on cardiac dysfunction
developed in hyperthyroidism

Clinical trials and studies in experimental hyperthyroidism models
have described the effect of treatment with antioxidant molecules or
inhibitors of several ROS-producing sources on cardiac dysfunction.

Vitamin E (a-tocopherol) is a lipophilic molecule that interacts with
the lipids of cell membranes, where it exerts an antioxidant action,
eliminating ROS and thus inhibiting both lipid peroxidation and protein
oxidation. The protective effect of vitamin E on lipid peroxidation in
hyperthyroid hearts has been described [126]. Some authors have
shown that vitamin E plays an essential role in the elimination of ROS
from the mitochondria. Thus, these authors have reported that vitamin E
reacts with peroxyl radicals faster than the molecules of polyunsaturated
fatty acids, protecting mitochondrial membranes from oxidative dam-
age. In addition, they found that supplementation with vitamin E re-
duces the levels of ROS induced by THs in the mitochondria of
hyperthyroid animals [62]. Some authors have suggested that vitamin E
or curcumin could interact with Keap-1 (Nrf-2 inhibitor), which would
lead to the activation of the NRf-2 signaling pathway and the tran-
scription of antioxidant enzymes, reducing oxidative stress in heart tis-
sue [127]. Vitamin E scavenges ROS, preventing the oxidation of ionic
channels and pumps, proteins involved in cardiac excitation-contraction
and lipids of cell membranes. Several authors have demonstrated in
experimental models that the administration of vitamin E partially at-
tenuates the THs-mediated alteration of electrical activity in cardiac
tissue [128]. Thus, they have described a decrease in heart rate and a
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shortening of the duration of the action potential in hyperthyroid ani-
mals treated with vitamin E [129]. Although there is some evidence of
the effect of vitamin E on cardiac activity, its action on the improvement
of myocardial hypertrophy is not conclusive. While some authors have
reported that vitamin E does not induce effects on myocardial hyper-
trophy [130], others have pointed out a decrease in heart weight gain
induced by hyperthyroidism and have proposed that vitamin E would be
useful to prevent cardiac remodeling during stress oxidative [84,130].
Studies on the therapeutic use of vitamin E are controversial and some
authors have questioned its effectiveness in improving heart disease.
Short-term dietary supplementation with vitamin E reduced the levels of
oxidative stress biomarkers and showed improvements in cardiac
function. However, when vitamin E is administered in high doses or for
long-term, it worsens cardiovascular function and induces heart failure,
which may be associated to the formation of the pro-oxidative vitamin E
radical [57,130].

Coenzyme Q10 (CoQ10) or ubiquinone is part of enzyme complexes
in the mitochondrial electron transport chain and is a powerful antiox-
idant. Several reports have indicated that CoQ10 treatment significantly
inhibits structural disorganization and mitochondrial damage in hy-
perthyroid heart tissue. Furthermore, the administration of CoQ10
decreased the THs-mediated increase in iNOS and eNOS expression
levels and oxidative stress in cardiomyocytes [131]. Clinical studies in
patients showed that CoQ10 supplementation reduces oxidative stress,
improves endothelial dysfunction, and decreases mortality from car-
diovascular causes. In addition, CoQ10 supplementation for prolonged
periods is safe and well-tolerated [132].

N-acetylcysteine (NAC) is a compound that contains a thiol group,
that can act both as precursor to reduced glutathione synthesis or as
direct scavenger of ROS. Glutathione is the main thiol compound
involved in the intracellular ROS scavenger, but under some conditions
where there is a significant decrease in glutathione, NAC can act as a
direct scavenger of oxidizing species [133]. NAC reduces the peroxida-
tion in lipids and proteins due to its high capacity to react with free
radicals and because it causes the breaking of disulfide bonds in oxidized
macromolecules. Several authors have indicated that treatment with
NAC in hyperthyroid animals partially reduces the chronotropic effects
induced by THs on cardiac tissue, but has no effect on the reversal of
cardiac hypertrophy [129].

Another antioxidant is Vitamin C, also known as r-ascorbic acid.
Humans are unable to synthesize vitamin C, so they must incorporate it
through the consumption of citrus fruits and vegetables [134]. Several
authors have reported that vitamin C can decrease lipid peroxidation
reducing oxidative damage in hyperthyroid heart tissue and can
improve some altered hemodynamic parameters during hyperthyroid-
ism [57,135,136]. Vitamin C also participates in the regeneration of
other antioxidants such as vitamin E [137].

Despite the crucial role of ROS in the pathogenesis of cardiovascular
disease, dietary supplementation with antioxidants has not shown the
expected therapeutic effects.

Several authors have analyzed the effect of specific inhibitors of
different ROS-producing sources on the alteration of hemodynamic pa-
rameters and cardiac hypertrophy induced by THs. Thus, the effect of
allopurinol (XO inhibitor), apocinin or pravastatin (NADPH-oxidase
inhibitors), L-NIO (NOS inhibitor) or Mito-TEMPO (mitochondria-tar-
geted antioxidant) on cardiac pathophysiology has been described.
These inhibitors showed a partial reversal of lipid and protein oxidation
and an improvement in the cardiac function of hyperthyroid hearts,
although they were ineffective in reducing the structural alterations of
the cardiac tissue induced by hyperthyroidism. Only pravastatin
decreased the size of cardiomyocytes although it was unable to reverse
the THs-induced increase in heart weight [11,84,138-141].

6. Concluding remarks and perspectives

THs induce alterations in hemodynamic parameters and in the
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functionality of the cardiovascular system through genomic and non-
genomic actions. The genomic actions of T3 involve the transcrip-
tional induction or repression of target genes that encode structural and
functional proteins essential for the normal function of cardiac tissue.
However, T3 can act through non-genomic mechanisms, exerting direct
effects on the activity of ion channels and pumps or, increasing cellular
metabolism and ROS production in cardiac tissue. Physiological levels of
ROS are necessary for homeostasis of cardiovascular tissue; however,
the THs-mediated increase in ROS causes oxidative tissue damage and
cardiovascular dysfunction. Oxidative stress has been reported in hy-
perthyroid heart tissue due to the imbalance between the production of
oxidative species and the activity of the antioxidant system. ROS causes
the oxidation of lipids and proteins involved in the transport of ions or in
processes of excitation-contraction of the cardiac muscle, altering the
electrophysiological mechanisms in the heart. In addition, ROS can also
modulate the activity of protein kinases and transcription factors that
participate in signaling pathways that lead to apoptosis, tissue remod-
eling, or hypertrophy of cardiac tissue.

Due to the multiple sites of action and the complexity of the intra-
cellular signals triggered by THs, I believe that therapeutic strategies
that focus on the joint inhibition of the aberrant genomic and non-
genomic actions of THs will be more effective in attenuating damage
to cardiovascular tissue caused by hyperthyroidism.

In patients with hyperthyroidism, antithyroid treatments have been
reported to improve both endocrine disorder and cardiac function.
Thionamide antithyroid drugs such as propylthiouracil, methiamazole,
or carbimazole are effective in reverting the plasma levels of THs to
euthyroid values, and they also exert antioxidant effects [142]. How-
ever, antithyroid treatment must be accompanied by adjuvant therapies
that help reduce oxidative stress, attenuating oxidative damage in car-
diovascular tissue. In this sense, the efficacy of therapeutic strategies
that reduce oxidative stress has been analyzed, ranging from the use of
inhibitors of ROS production sources to dietary supplementation with
antioxidants.

Since the physiological levels of ROS are essential in the maintenance
of cardiac homeostasis, the activity of oxidative enzymes cannot be
completely blocked, therefore inhibitors that partially block the enzyme
activity have been considered. In this context, the efficacy of inhibitors
of p47phox, a subunit that is required for the complete activation of the
NOX1 and NOX2 isoforms of NADPH oxidase, has been demonstrated.
Pharmacological inhibition of p47phox decreases enzyme activity, but
does not completely inhibit ROS production [143]. NADPH oxidase is an
attractive target for partial pharmacological inhibition given its rele-
vance as a source of ROS production in cardiac tissue. However, im-
provements in efficacy, pharmacokinetics and specificity are required
prior to clinical trials. Pharmacological inhibitors of other ROS-
producing sources in cardiac tissue are under study.

Despite the crucial role that ROS play in the pathogenesis of car-
diovascular disease in hyperthyroid conditions, dietary supplementation
with antioxidants has not shown the expected beneficial effects.

Vitamins E and C showed limited effects on the reversal of THs-
mediated oxidative damage in cardiac tissue. A explanation is that
these antioxidant compounds are not specifically targeted at ROS for-
mation sites, such as the mitochondria, mainly involved in the patho-
genesis of hyperthyroid cardiovascular disease. Furthermore, vitamins
could react much more slowly with ROS than these free radicals could
react with biological macromolecules to induce oxidative damage [143].
In recent years, significant advances have been made in the delivery of
antioxidants to the mitochondria. New strategies focus on the conjuga-
tion of antioxidants to lipophilic cationic molecules (such as triphenyl-
phosphonium or MitoQ) that, due to their positive charge and the
negative potential gradient of the inner mitochondrial membrane, are
concentrated within the mitochondria, decreasing the production of
ROS and mitochondrial damage without interfering with the function of
the respiratory chain. The delivery of antioxidants to specific ROS pro-
duction sites in animal models of cardiovascular disease has shown
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promising results, however more studies must be performed to demon-
strate the efficacy of these treatments.
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