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Ostinato rigore. Destinato rigore. 
No’ si volta chi a stella è fisso

Ostinate rigour. To rigour destinated. 
Who is fixed to a star will nothing change

Leonardo da Vinci



The clinical significance of heart failure is enormous, and the need for novel thera-
peutic approaches compelling. In the United States alone, almost six million people
are affected by the condition and another half million are newly diagnosed annually.
Among those older than 65 years, heart failure is the most common indication for
hospitalization. It is estimated that heart failure will account for more than $37 bil-
lion in U.S. healthcare costs in 20091. Overall, heart failure and other cardiovascular
diseases are responsible for more deaths than accidents, cancer, and cerebrovascular
accidents combined. Furthermore, in the decades ahead, the impact of heart failure
on human health and healthcare economics is bound to increase due to aging of the
population. Although the treatment of heart failure with beta-blockers, aldosterone
antagonists, angiotensin I converting enzyme inhibitors and angiotensin II receptor
blockers, implanted defibrillators, and cardiac resynchronization therapy has led to
improvements in mortality and morbidity, the prognosis for patients afflicted with
the condition is still poor. Consequently, the search for novel therapeutic targets to
improve heart failure outcomes continues.

The earliest reports of patients with myxedema and thyrotoxicosis noted the pro-
found effects of thyroid hormone deficiency and excess, respectively, on the cardio-
vascular system. Since then, our knowledge of how thyroid hormones regulate car-
diac and peripheral vascular functions has progressively advanced from the physio-
logical to the biochemical and molecular levels. Concurrently, our understanding of
how systemic illnesses in general, and heart failure in particular, alter thyroid gland
function, thyroid hormone metabolism, and triiodothyronine’s molecular actions has
grown tremendously. Recent animal and pilot clinical studies have begun to examine
the potential of thyromimetic agents–some naturally occurring and others in the form
of synthetic analogues–with targeted actions that selectively affect or spare cardio-
vascular functions. 

Consequently, a monograph comprehensively describing the interrelationships
between thyroid hormones and heart failure is most timely. The distinguished authors
recruited by editors Iervasi and Pingitore summarize the state of the art regarding the
molecular and physiological actions of thyroid hormones on the heart and peripheral
vasculature (Chap. 5); the pathophysiological effects of mild and overt thyroid dys-
function on the cardiovascular system (Chaps. 3, 4, 12, 15, and 19) and cardiovascu-
lar risk factors (Chap. 14); the changes in thyroid function and thyroid hormone recep-
tors and actions that accompany heart failure and are associated with its severity
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1 Lloyd-Jones D, Adams R, Carnethon M et al (2009) Heart disease and stroke statistics–2009
update: a report from the American Heart Association Statistics Committee and Stroke Statistics
Subcommittee. Circulation 119:480-486
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(Chaps. 7, 10, 11, 16, 17, and 18); and pilot studies investigating the application of
native thyroid hormones (Chaps. 13 and 21), their metabolites (Chap. 6), and their
analogs (Chaps. 9 and 20), and their downstream molecular and biochemical actions
(Chap. 22) as potential new approaches to heart failure treatment. 

As we stand at the threshold of testing the applicability of all of this knowledge
about thyroid hormone actions to the enormous and incompletely addressed clinical
challenge of heart failure, this monograph represents an important scholarly map,
summarizing where we have been and plotting the most promising directions ahead.

Baltimore, April 2009 Paul W. Ladenson, MD
Professor of Medicine, Pathology, Oncology,

and Radiology
John Eager Howard Professor of Endocrinology 

and Metabolism 
Distinguished Service Professor 

Director, Division of Endocrinology and Metabolism
Johns Hopkins University

Baltimore, MD, United States



The opportunity to look at old problems from a new angle is always welcome. Today,
the possibility of investigating accepted, traditional paradigms in increasingly finer
detail has been accompanied by the exponential development of research technolo-
gies. These, in turn, have largely been applied in attempts to explain the many and
highly variable clinical observations within the already established framework while
at the same time adding new information to it. Yet, major breakthroughs in our kno-
wledge often occur by looking at problems from a different perspective, which not
infrequently reveals that some long-held and broadly accepted notions are not uni-
versally true, such that new, unexpected avenues for research, diagnosis, and treat-
ment are suddenly opened.

The relationship between the thyroid and the cardiovascular system has, until
now, received insufficient attention because it remained outside the mainstream of
cardiovascular thinking not only in clinical practice but also in research.

This very timely volume offers a unique focus and thereby a clearer understan-
ding of clinical findings with intriguing research potential as well as relevant clini-
cal applications. There is no doubt that this illuminating, very wisely assembled and
coordinated volume will stimulate the work of investigators and provide clinicians
with inquisitive minds new insights into their daily practice.

The book sets the stage very lucidly with a comprehensive analysis of the gene-
ral aspects of the interrelationships between thyroid and cardiac failure and, more
generally, between thyroid hormones and cardiovascular function. This novel, inte-
grated approach also extends to proposals for new therapeutic strategies. The coor-
dinators of this volume should be wholeheartedly congratulated for their wisdom and
foresight in opening a new window of observation into the cardiovascular world.
Their efforts will long be appreciated and gratefully acknowledged by all the readers
of this volume.

Florence, April 2009 Prof. Attilio Maseri, MD
President Heart Care Foundation

Florence, Italy
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In many fields of biomedicine there has been a virtual explosion of new knowledge
over the past few years. Among these, a primary position is occupied by the physio-
logical and pathophysiological neurohormonal control of the cardiovascular system,
in which the state of the thyroid has assumed a prominent role. Extensive investiga-
tions that have made use of new technologies to study animal and human models of
disease have focused on the modulation of cardiovascular function by the thyroid
system. These results have supported and coincided with a growing understanding of
the interacting biomolecular mechanisms that underlie the complex relationships
between the thyroid system and cardiovascular function, although many aspects
remain largely undefined.

The planning of this book was initiated at the end of 2007, as researchers and cli-
nicians became aware of the pathophysiological and clinical significance of thyroid
function with respect to cardiac failure. At the same time, the implications of this
relationship for public health, including the socioeconomic aspects, became clear.
The driving considerations behind the book can be summarized as follows:
1) Cardiac failure worldwide represents a major public health problem.
2) Cardiac failure is the only common cardiovascular condition that is increasing in

prevalence and incidence; it is responsible for about 1 million hospital admis-
sions and 400,000 deaths annually in the United States and in Europe.

3) The critical role of the neuroendocrine system in the evolution of heart failure and
in its prognosis is well defined; there is additional evidence that drugs able to
modify the natural course of cardiovascular disease act on the neuroendocrine
system, namely β-blockers and inhibitors of the renin-angiotensin-aldosterone
system.

4) Thyroid hormones are essential for maintaining cardiovascular homeostasis. An
altered thyroid hormone profile (including both the so-called low-T3 syndrome
and mild primary thyroid dysfunction) is observed in more than 30% of the total
heart failure population.

5) The relationship between an altered thyroid hormone profile and cardiac failure
is nowadays widely accepted: nonetheless, it is controversially interpreted by
research scientists and clinicians.
Considering the importance of cardiac failure and its relationship to thyroid func-

tion, a traditional monographic publication would have been unable to integrate and
give sufficient relevance to all the component inter- and multi-disciplinary issues.
Instead, the task of bringing together the many different but equally significant
aspects was given to the Institute of Clinical Physiology of the National Research
Council of Pisa. The integration and merging of information from different disci-
plines to form a unified whole has been a particular specialty of the Institute since its
founding, in 1968, by Professor Luigi Donato.

Preface
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This book is therefore the result of a collaborative effort aimed at presenting a
broad-ranging discussion of the relationship between thyroid and cardiac (dys)func-
tion, from the cellular mechanisms of thyroid-hormone action on the heart and vas-
cular system to the clinical implications of their relatedness. 

To facilitate the use of this book as a reference work, the contributions have been
organized into four sections. Section one is a general introduction to the problem of
heart failure with respect to thyroid function, while section two explores the basic
aspects of the thyroid-hormone and cardiovascular systems in the normal and in the
failing heart. Section three examines the clinical aspects, and section four the cur-
rent and future therapeutic options for patients with thyroid and cardiac dysfunction.

Once the topics of the book were decided upon, we set about to identify the
authors who could contribute to it by providing state-of-the-art information regard-
ing the complex and widely debated emerging field of cardio-endocrinology. We
sought to take into account the needs of medical students, post-graduates in the var-
ious medical disciplines (especially cardiology, internal medicine, and endocrinolo-
gy), researchers working in the relevant fields of study, physicians of general medi-
cine, and specialists who are confronted daily with the problem of heart failure asso-
ciated with thyroid dysfunction. Accordingly, the scope of the book ranges from the
cellular and subcellular mechanisms of thyroid-related cardiac disease to its clinical
and epidemiological features. The authors who contributed to the volume are spe-
cialists in often very different, at times seemingly unrelated branches of medicine,
such as biochemistry, cardiovascular physiology, endocrine physiology, experimen-
tal cardiology, experimental endocrinology, clinical cardiology, clinical endocrinol-
ogy, nephrology, neuropsychiatry and cardiovascular epidemiology. They were
invited exclusively on the basis of their internationally recognized authority and
leadership, as pioneers and innovators in their areas of expertise. Without exception,
they have transmitted their knowledge in a straightforward, exhaustive, and highly
readable manner. 

Fortunately, what had at first appeared to be a complicated task, joining these
seemingly disparate chapters into a book, was greatly facilitated by the enormous
enthusiasm and spirit of collaboration of the contributing authors, whom we warm-
ly thank. 

The reader of this book will notice that several topics of particular interest have
been treated by authors, some from different specialties, with contrasting points of
view. Rather than being a source of confusion, these differences prevent the book’s
uniformity and coherence from becoming synonymous with a static and dogmatic
vision. Certainty has no place in the medical sciences, and scientific curiosity repre-
sents a first and necessary step in innovation, which derives from a dynamic and crit-
ical exchange of ideas. In our opinion, these differences in opinion and interpreta-
tion are one of the strong points of the book rather than an element of weakness: they
provide the reader with fresh points of view on important topics and reflect the lack
of a common interpretation by the most competent authorities in the field. The same
can be said for the slight overlaps in content that sometimes occur, as in many cases
they present the same information from a different perspective and thus with differ-
ent emphasis.

Moreover, as Editors of the book, we felt that it was important that the book’s
individual chapters be able to stand alone in terms of subject matter. To this end, we
gave the authors free hand to express their personal points of view and to develop
their arguments in the context of their specialties.

The authors are particularly grateful to the Editorial Team of Springer, specifi-
cally, Drs. Donatella Rizza, Alessandra Born, and Angela Vanegas, who believed in
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the goals of the project. Their competence, professionalism, constant support,
patience, and kindness have made this book more than just an adventure but also a
thoroughly enjoyable and stimulating experience. 

If this multi-disciplinary but cohesive book is able to assist the clinician in his or
her clinical practice, guide students and post-doctoral students of medicine, and
encourage clinical as well as basic researchers towards new initiatives and explo-
rations in the field, it will have certainly fulfilled its function. 

Pisa, April 2009 Giorgio Iervasi
Alessandro Pingitore
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Abstract Heart failure (HF) is the leading cause of hospitalization, giving rise
to costs that outrun those of all other causes of disability, illness, and death
throughout developed and even developing countries. HF is an enormous health
problem, leading to significant morbidity and mortality. The pathogenetic inter-
pretation of HF has radically changed in the last 40 years. Nowadays HF is con-
sidered a systemic disease that derives from a “faulty” neurohormonal response
by the organism to primary cardiac damage that is able to elicit the activation of
powerful, phylogenetically well-established mechanisms against the life-threat-
ening loss of blood volume, such as hemorrhage, hypovolemia, and trauma. The
degree of systemic activation is disproportionate to the severity of the primary
cardiac damage, and it is this that is responsible for the development of HF and
its progression. Early clinical recognition of neurohumoral activation is essential
to prevent progression of HF.

Keywords Renin–angiotensin–aldosterone system • Hemorrhage • Systolic dys-
function • Diastolic dysfunction • Cardiac hypertrophy • Intracellular matrix •
Implantable defibrillator • Resynchronization therapy • Myocardial ischemia •
Endothelial dysfunction • Myocardial perfusion • Coronary microvascular dys-
function • Positron emission tomography • Multislice CT coronary angiography

eases are on the rise. In the Euro Heart survey, 24%
of patients discharged from internal medicine, geri-
atric, cardiology, and cardiac surgery hospital wards
in 24 countries were identified as having suspected
or confirmed HF [2].

HF is thus an enormous health problem leading
to significant morbidity and mortality. Moreover,
in spite of evidence of improved survival of HF
patients documented in the past few decades [3],
the progressive aging of the population, the pan-
demic of cardiovascular diseases (CVD), and the
improved survival from acute cardiovascular
events all converge to foster a growing epidemic of
HF, presage a progressive rise in its incidence and
prevalence, and magnify the paramount impor-
tance of its prevention [4].

The challenge of HF involves every part of the
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1.1 Introduction

According to the American Heart Association, more
than 5 million Americans have heart failure (HF);
HF is the leading cause of hospitalization and an
estimated 550,000 new cases occur each year in the
United States [1]. The costs associated with HF out-
run those of all other causes of disability, illness,
and death in the United States and throughout the
developed and even the developing countries, where
cardiovascular risk factors and cardiovascular dis-



community: an aging population increasingly bur-
dened with chronic diseases, particularly of the
heart, kidneys, and lungs; the government seeking
ways of both preventing the surge in organ failure
and controlling the costs of treatment, while assur-
ing a uniform standard of health care; and drug and
technology industries tasked with discovering novel
methods of prediction, diagnosis, and treatment
while keeping the costs of these efforts from spiral-
ing out of control.

The Framingham investigators have estimated that
the lifetime risk of developing HF at the age of 40 is
21% for men and 20% for women (11% and 15% in
the absence of documented myocardial infarction)
[5]. Community-based studies in the United States
also show that the prevalence of HF is seven times
higher in blacks than in Asians, whites, and
Hispanics, with an increasing trend in all groups [6].

1.2 Pathophysiology

As HF is the result of acute and chronic cardiac
injury and its pathogenesis is still elusive, it may
escape a unifying definition. Thus, the best way of
illustrating the advances in our understanding of
HF, the changes in conceptual models of HF, and
hence the changes in its definition, is to summarize
the history of its interpretation and treatment.

Over the last forty years there have been at least
three different models for interpreting HF and its
signs, all with important correlates in different–and
often opposite–ways of treating the syndrome. In
the 1970s, HF was interpreted as the clinical mani-
festation of impaired myocardial contractile force,
which was seen as causing a drop in cardiac output
and thus in renal flow and urine output. Because of
this view, therapy was based on digitalis to potenti-
ate contractile force and on diuretics to limit water
retention. At that time β-blocking drugs were
already available but were specifically contraindi-
cated in HF because of their negative inotropic
effect, while the use of vasoconstrictive drugs was
encouraged to counteract arterial hypotension and
cardiogenic shock. Thus, according to this view, the
entire problem of HF was confined within the heart
and HF was interpreted as the direct consequence of
impaired contractile cardiac function.

In the 1980s, clinical studies accumulated evi-
dence of the presence of diffuse vasoconstriction in
HF, while experimental cardiology was clarifying

the crucial role of increased afterload in the deteri-
oration of cardiac output and enforcement of
myocardial extra energy demand. As a consequence
of this important new information, medical treat-
ment started to include the use of vasodilators in
addition to diuretics and digitalis. New drugs were
developed–the phosphodiesterase inhibitors amri-
none, milrinone, and others, capable of stimulating
cardiac inotropism while dilating the vasculature.
However, they did not appear to be beneficial in
long-term controlled clinical trials.

The third step forward occurred in the 1990s,
when vasoconstriction and sodium and water reten-
tion were recognized as consequences of the activa-
tion of both the adrenergic system and the
renin–angiotensin–aldosterone system (RAAS) [7].
From the physiological point of view, it is well
established that activation of these systems provides
effective protection against the deleterious effects of
hemorrhage or dehydration. On this basis, the signs
and symptoms of HF have been attributed to phylo-
genetically well-established mechanisms elicited by
the body when faced with life-threatening loss of
blood volume–namely, activation of the RAAS and
of the sympathetic nervous system–leading to sys-
temic vasoconstriction and fluid retention in the
attempt to preserve arterial blood pressure and/or
cardiac output (this point is still the subject of
debate) and to divert the available blood flow from
skeletal muscle and visceral organs towards the
heart and brain. In brief, the neurohormonal
response observed during HF is interpreted as an
activation of the powerful stereotyped response of
the body to life-threatening events such as hemor-
rhage, hypovolemia, and trauma [8].

While such a response is beneficial in the short-
term protection from acute loss of blood volume, if
continued in the long term it becomes largely
adverse. In particular, it should be borne in mind
that the natural response evoked by blood volume
loss does not imply a diseased heart. In the presence
of heart disease, any increase in peripheral vascular
resistance increases cardiac afterload and impairs
left ventricular ejection of blood [9]. Table 1.1 sum-
marizes the two groups of vasoconstrictive and
vasodilator substances that modulate vascular tone
and thus resistance to blood flow; in HF, regulation
of tone is unbalanced towards vasoconstriction.
Efforts to delay disease progression and improve
survival are now based on measures aimed at coun-
teracting the above neurohormonal activation and
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mainly consist in the administration of vasodilators,
diuretics, and adrenergic β-blockers, in the careful
control of fluid balance, and in tailored physical
training. In the same decade, the efficacy and safety
of deactivation of the RAAS and the adrenergic sys-
tem by both pharmacological and physical (exer-
cise) intervention have been extensively proved in
controlled clinical trials conducted in large popula-
tions.

Meanwhile, additional information has been col-
lected that adds to the modern concept of HF as no
longer a cardiac disease but rather a systemic dis-
ease involving the main controlling systems of the
entire organism, including the nervous, endocrine,
and immune systems. In this new view, the heart
triggers the activation of a systemic reaction which
in turn further damages the heart, thus feeding a
vicious cycle leading to progressive cardiovascular
dysfunction. The salient points in this scenario are:

− Any alteration affecting the cardiovascular cir-
cuit–i.e., the heart or the vascular tree or the
blood volume (Table 1.2), either separately or in
concert– is signaled, likely through a decrease in
arterial blood pressure, to the control systems, in
particular the autonomic nervous system and the
kidney, thus triggering a systemic reaction
aimed at restoring blood pressure.

− The magnitude of the systemic activation is not
proportional to the initial cardiac damage. This
point is of clinical relevance as it substantiates
the common observation of an inconsistent rela-
tionship between the clinical manifestation of
HF and the instrumental recognition of cardiac
damage.

− The magnitude and time course of activation are
not the same for the different control systems.

− Over time, an untreated systemic response
impairs cardiovascular function. This occurs
through a series of effects at cellular and subcel-
lular levels and leads to substantial changes in
both the anatomy and the function of the heart
and the vasculature (Fig. 1.1). 

− Again, this process, called cardiac and vascular
remodeling, cannot be clinically predicted by
the severity of the primary cardiac damage, but
rather by the magnitude of the systemic activa-
tion.
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Table 1.1 Vasoactive substances involved in heart failure

Vasoconstrictors Vasodilators

Epinephrine–norepinephrine Atrial natriuretic peptide– 
brain natriuretic peptide

Endothelins Bradykinin

Isoprostanes Calcitonin-gene-related 
peptide

Renin–angiotensin–aldosterone Nitric oxide

Vasopressin Prostaglandins

Table 1.2 Factors triggering and/or modulating heart failure

Circuit Heart chambers, valves, vessels 

Circuit content Blood volume

Heart muscle Loss of tissue
Contractile force
Relaxation
Compliance

Time sequence of heart Rhythm and sequence
chambers’ contractions of contraction

Synchronization of ventricular 
contraction

Control systems Neuroendocrine
Inflammation

Fig. 1.1 The vicious cycle of heart failure. Any alteration affect-
ing the heart triggers a systemic reaction involving the control
systems (autonomic nervous system, kidney, hormones, inflam-
mation) which over time, through a series of effects at cellular
and sub-cellular levels, produces substantial changes in both
the anatomy and function of the heart as well as of the vessels



− Systolic dysfunction, i.e., impairment of the
heart’s ability to contract, is not alone responsi-
ble for HF. As many as 40% of patients show
signs of diastolic dysfunction with normal or
near-normal systolic function [10, 11]. This
alteration is related to altered relaxation of the
myocardium and/or reduced compliance of the
ventricular walls (Table 1.2). As to reduced ven-
tricular compliance, myocyte growth (cardiac
hypertrophy) and alterations at the level of intra-
cellular matrix (Fig. 1.1) seem to be the major
actors [12]. 
From the above considerations it may be seen

that the best approach to counteracting progression
of HF is prevention and treatment of neurohormon-
al and inflammatory activation in addition to inter-
ventions aimed at correcting the primary cardiac
and/or vascular damage (coronary revascularization,
for example), and so interrupt the vicious cycle.

As to direct interventions on the heart to modify
the prognosis of overt HF, an important annotation
came from technological advances and the introduc-
tion of novel devices such as the implantable defib-

rillator and the resynchronizing multisite ventricu-
lar electrical stimulator. Both these instruments
belong to the category of “permanent devices” and
differ widely from others, such as the aortic balloon
pump or various types of extracorporeal pumps,
whose purpose is the short-term support of blood
circulation during acute cardiac failure. The use of
“permanent devices” has shown a clear-cut benefi-
cial effect on the prognosis of HF, provided candi-
date patients are selected carefully [13–16].

1.3 HF and Risk Factors

In the past few decades, clinical research has used
prospective epidemiological studies extensively to
identify risk factors and risk markers for the develop-
ment of HF [17], as well as prospective studies in
patients with overt HF for the stratification of the risk
of cardiac events during follow-up. Table 1.3 outlines
the major and minor clinical risk factors identified.
From this table, it is evident that many of the major
and minor risk factors for HF are also well-known

A. L’Abbate6

Table 1.3 Established and hypothesized risk factors for heart failure. (From [4], with permission)

Major clinical risk factors Toxic risk precipitants
Age, male sex Chemotherapy (anthracyclines, cyclophosphamide, 5-FU, trastuzumab)
Hypertension, LVH Cocaine, NSAIDs
Myocardial infarction Thiazolidinediones
Diabetes mellitus Doxazosin
Valvular heart disease Alcohol
Obesity

Minor clinical risk factors Genetic risk predictors
Smoking SNP (e.g., α2CDel322-325, β1Arg389)
Dyslipidemia
Sleep-disordered breathing Morphological risk predictors
Chronic kidney disease Increased LVID, mass
Albuminuria Asymptomatic LV dysfunction
Homocysteine LV diastolic dysfunction
Immune activation, IGF1,TNFα, IL-6, CRP
Natriuretic peptides
Anemia 
Dietary risk factors
Increased heart rate
Sedentary lifestyle 
Low socioeconomic status
Psychological stress

5-FU 5-Fluorouracil, LVH left ventricular hypertrophy, NSAIDs nonsteroidal anti-inflammatory drugs, SNP single-nucleotide poly-
morphism, LVID left ventricular internal dimension, IGF insulin-like growth factor, TNF tumor necrosis factor, IL interleukin,
CRP C-reactive protein



risk factors for coronary artery disease (CAD). This
overlap is in agreement with the epidemiological
finding that CAD is the leading cause of HF in
Western countries. Among all the medical trials
reported in the New England Journal of Medicine
over the past 20 years (24 trials involving over 43
000 patients), CAD was the underlying cause of HF
in 62% of the patients [18]. The main risk factors for
HF and CAD are briefly reported below.

The incidence of HF increases exponentially
with age [19, 20] and is greater in men, particularly
at younger ages [21, 22]. Arterial hypertension
increases the risk of HF two- to threefold [23] and
diabetes two- to fivefold [19, 20, 22, 24].
Myocardial infarction is an important risk factor for
HF, being associated with a two- to threefold
increased risk [17, 22, 23]; obesity [20, 22, 25],
albuminuria, and chronic renal insufficiency [26,
27] have recently been demonstrated to be signifi-
cantly associated with CAD and in turn with HF.
The association of dyslipidemia with HF also seems
to be at least in part mediated by CAD and myocar-
dial infarction [20, 28].

The type and number of risk factors present in
particular individuals differ as well as the combina-
tion of their aggregation (Fig. 1.2). Although the
aggregation of multiple risk factors is generally
associated with a greater likelihood of having the
disease, this correlation is neither linear nor partic-
ularly significant.

On the basis of the documented large overlap of
risk factors for HF and CAD, we may conclude that
prevention and treatment of CAD are the major
tasks in combating HF. However, several questions
on the pathogenesis of CAD and on its relationship
with HF remain unanswered. Because of its strate-
gic importance, this topic will now be discussed in
further detail. 

1.4 CAD and HF: Unanswered
Questions

In everyday clinical practice, the main clinical man-
ifestations of ischemic heart disease (IHD) (angina,
myocardial infarction, cardiac sudden death, and
HF) are attributed to the obstruction of the epicar-
dial (large) coronary arteries (CAD). In this view,
stenotic or occluded coronary arteries hamper
downstream myocardial perfusion, causing
ischemia and contractile dysfunction. Thus, in
patients with ischemic symptoms or cardiac dys-
function (either global or regional), the first clinical
task is to assess the presence of CAD and reestab-
lish blood flow by mechanical or pharmacological
coronary recanalization.

However, the equivalence between IHD and
CAD-a paradigm largely accepted in cardiology-does
not always fit with the clinical manifestations of IHD
and/or with the instrumental signs of myocardial
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Fig. 1.2 Risk factors aggregate diffe-
rently in individual patients with
heart failure. Although the aggrega-
tion of multiple risk factors is gene-
rally associated with a higher preva-
lence of the disease, the correlation is
not linear 



ischemia or infarction, nor does it allow the progres-
sion and response to treatment of IHD to be predict-
ed. In other words, the presence of CAD does not
imply IHD, nor is CAD a prerequisite for IHD.
Endothelial dysfunction can alter the vasodilating
properties of both macro- and microvessels, impair
myocardial perfusion, and evoke ischemia even in the
absence of CAD [29]. Thus, silent CAD (significant
coronary atherosclerosis not followed by any clinical
manifestation of IHD) and myocardial ischemia sus-
tained by microvascular rather than macrovascular
alterations are the two extreme conditions that con-
tradict the widely accepted equation CAD = IHD.
Moreover, to complicate the matter, it should be kept
in mind that both macro and micro alterations may
coexist in the same heart or even in the same territo-
ry [30, 31].

Despite the pathogenetic complexity of
myocardial ischemia, the diagnostic work-up of
patients with suspected IHD is still mainly orient-
ed towards the detection of “anatomical” CAD.
This anatomically oriented approach may lead to
suboptimal treatment, additional risks, and
increased health costs. Recent results confirm
that, in the presence of documented stable CAD,
revascularization improves survival rate more than
optimal medical therapy does only when signifi-
cant ischemia can be documented by stress imag-
ing tests [32–34]. In the presence of significant
CAD but the absence of inducible myocardial
ischemia, coronary revascularization is associated
with a worse prognosis than is conservative thera-
py [35, 36].

According to this conceptualization, CAD and
IHD cannot be considered equivalent; as a conse-
quence, an adequate strategy is needed in patients
with suspected IHD, which would be aimed at first
documenting the presence of ischemia and then
defining whether the impairment of myocardial
blood perfusion is of micro- or macrovascular ori-
gin. In addition, as ischemia results from the
imbalance between oxygen supply and demand,
factors that may be increasing cardiac work also
have to be investigated, as outlined in Fig. 1.3.

In conclusion, coronary microvascular dysfunc-
tion leading to impairment of myocardial perfu-
sion may be just as responsible for cardiac
ischemia  as CAD. This conclusion is of particular
clinical relevance in the case of cardiac dysfunc-
tion not supported by findings of CAD or valvular
or extracardiac disease. In such patients, positron

emission tomography (PET) perfusion studies have
clearly shown the impairment of absolute myocar-
dial blood flow and coronary flow reserve [37].
Importantly, myocardial perfusion abnormalities in
the absence of CAD are able to stratify the long-
term prognosis [38, 39]. Thus, in the clinical arena,
coronary microvascular dysfunction has gained an
important position among the pathogenic factors of
cardiac dysfunction [40].

Today, multislice CT (MSCT) coronary angiog-
raphy can noninvasively detect coronary athero-
sclerosis. The combination of MSCT with perfu-
sion imaging, either with single-photon-emission
computed tomography (SPECT) or PET, can iden-
tify coronary stenoses that can limit blood flow
during stress and hence require revascularization
[41], but can also document impairment of
myocardial perfusion that is not directly related to
obstructive coronary lesions but which neverthe-
less requires aggressive medical treatment.
Unfortunately, the elevated cost and the exposure
to ionizing radiation greatly restrict the clinical
application of this approach.
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Fig. 1.3 Coronary microvascular alterations in cardiac failure.
Myocardial ischemia is the result of imbalance between oxygen
supply (blood flow) and oxygen demand (cardiac work). Both
stenotic lesions of large coronary arteries and microvascular
alterations may impair coronary blood flow (left), while cardiac
work may be modulated by several factors affecting heat rate,
contractility, and/or cardiac loads (right). Note that coronary
atherosclerotic lesions are not necessarily associated with
impaired blood flow; hence, coronary artery disease (CAD) is
not synonymous with ischemic heart disease



1.5 HF and the Thyroid

The present volume is devoted to HF and the thy-
roid. The interest in the role of the thyroid in HF is
supported by the documentation of changes in thy-
roid hormones in patients with chronic HF [42]. In
addition, recent studies have demonstrated that a
reduced serum T3 concentration has a strong predic-
tive power for cardiovascular mortality in various
categories of cardiac patients [43], opening the
prospect of new approaches in the treatment of HF
based on thyroid hormone replacement. The inclu-
sion of thyroid hormone in the plethora of hormones
already involved in the pathogenesis and treatment
of HF further enhances the “systemic disease” char-
acterization of HF. However, this should not come as
a surprise when one remembers the numerous direct
and indirect effects of thyroid hormones on the car-
diovascular system and the significant similarities
that can be found between the hypothyroid pheno-
type and the HF phenotype [44]. In addition to the
classical “cardiovascular side effects” of primary
thyroid dysfunction, such as those on peripheral vas-
cular resistance, heart rate, and myocardial contrac-
tility and relaxation, more recent research has iden-
tified novel cellular and molecular mechanisms by
which thyroid hormone might exert its action in HF.
These changes are the net result of decreased serum
T3 levels acting on both genomic and nongenomic
mechanisms in the heart and in the vasculature in the
setting of congestive HF [45]. In brief, these include
erythropoietin synthesis [46], endothelial nitric
oxide synthesis [47, 48], protein kinase Akt pathway
[49], angiogenesis [47], renin substrate synthesis in
the liver [50], and gene expression of natriuretic hor-
mones [51]. Thus, thyroid hormones interact with
the other hormones involved in HF and with the
main hemodynamic and metabolic variables dis-

cussed above in this chapter that can modulate the
development and progression of HF. 

1.6 Conclusions

Modern medical treatment of HF requires the use of
different drugs, each aimed at counteracting a spe-
cific mechanism responsible for the development
and/or progression of HF. To take advantage of the
available armamentarium, each patient has to be
carefully characterized from the pathogenetic point
of view. After this, daily management relies on rel-
atively simple physical signs such as heart rate, arte-
rial pressure, respiratory rate, O2 blood saturation,
and body weight, which, however, need to be care-
fully monitored in order to optimize the efficacy of
treatment and, just as importantly, to prevent a HF
relapse with the need for hospitalization.

The next few decades will offer tremendous
opportunities for advances in the prevention and
treatment of HF. Genetic research will likely pro-
vide insights into the pathophysiology of HF and
contribute to risk stratification, while pharmacoge-
netics will hopefully maximize the efficacy and
minimize the side effects of drugs; “personaliza-
tion” of therapy could be the most effective way to
reduce the cost of health care. The challenge of the
HF pandemic demands preventive intervention on a
formerly unimagined scale.

New results on the systemic response to primary
cardiac damage, as appears to occur in the case of
the thyroid, might translate into novel treatments for
patients with HF [52]–similarly to what has already
occurred for other hormones found to be implicated
in HF, but hopefully in a shorter time. Brain natri-
uretic peptide was discovered in 1981, but was only
approved as a treatment for HF 20 years later.
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Key Points

• Twenty years from now, heart failure and atrial fibrillation will be the most common cause of hos-
pitalization.

• Heart failure is characterized by high morbidity and mortality.

• Ischemic heart disease is the main underlying disease (60%).

• Both systolic and diastolic dysfunction (diastolic 40%) are responsible for heart failure.
(Cont. →)
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(cont.)

• Heart failure is a systemic disease.

• Beyond the initial cardiac damage, progression of heart failure is the consequence of systemic acti-
vation of neurohormonal–immunological systems.

• The systemic activation is disproportionate to the severity of the initial cardiac damage.

• Early clinical recognition of the systemic activation is the basis for preventing the progression of
heart failure.
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2.1 Introduction

Heart failure is a clinical condition characterized by
reduced cardiac function and impairment of the
capacity of the heart to maintain output, reduced
peripheral perfusion, and threatening of arterial
pressure. As a consequence, a number of compensa-
tory endocrine and paracrine mechanisms are acti-
vated to preserve circulatory homeostasis and main-
tain arterial pressure [1, 2]; these, however, ulti-
mately result in a clinical syndrome characterized

by vasoconstriction and water and fluid retention.
Understanding of the events underlying this syn-
drome is complicated by the fact that heart failure is
the end result of various diseases of multifactorial
origin and usually develops after a chronic phase
with several adaptation/de-adaptation processes
occurring at the genetic, molecular, organ, or
whole-organism level [1, 2]. The neuroendocrine
response is indeed helpful for increasing or main-
taining blood pressure under such conditions of
short-term emergency as hypoglycemia, trauma,
hemorrhage, and exercise. But heart failure is a
chronic state in which, because of a primary abnor-
mality in the cardiac pump, arterial pressure is con-
tinuously and chronically threatened. As a result,
the body abnormally intensifies the neuroendocrine
response by which arterial pressure should be main-
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Abstract  Neuroendocrine activation starts early in the natural history of left ventric-
ular dysfunction, and the levels of circulating hormones increase in proportion to the
severity of heart failure. The neurohormonal response evoked during congestive heart
failure (CHF) is the same as that evolved to support the survival of the species under
two main conditions that threaten life: hemorrhage and physical exercise. In these
conditions, a short-term threat to blood pressure evokes a baroreceptor-mediated
increase in sympathetic activity that causes venoconstriction, tachycardia, stimula-
tion of the myocardium, and regional vasoconstriction. Augmented neuroendocrine
activity in the syndrome of heart failure is initially beneficial, appears to be adaptive,
and helps support blood pressure and cardiac output. Prolonged and excessive acti-
vation, however, has deleterious effects, with adverse consequences at both cardiac
and vascular levels, which aggravate the clinical status of the syndrome and negative-
ly affect its prognosis. Most studies suggest that high levels of neurohormones pre-
dict a poor prognosis, and antihormonal therapy is now the cornerstone of chronic
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tained, and a vicious cycle is established. The exis-
tence of these vicious cycles both at the molecular
level and at the level of the body is of paramount
importance in the pathogenesis of heart failure syn-
drome.

2.2 Activation of Humoral Adaptive
Responses in Heart Failure

Congestive heart failure (CHF) is a complex multi-
organ syndrome that manifests itself by pump fail-
ure, cardiac dilation, intense systemic vasoconstric-
tion, and avid sodium retention with edema forma-
tion [3]. Increasing evidence points to humoral sub-
stances that circulate and are also synthesized act-
ing locally to mediate the terminal consequences of
a failing heart. The principal humoral mechanisms
activated in heart failure have opposing effects:
vasoconstrictor hormones are antinatriuretic and
antidiuretic and in general have growth-promoting
properties, whereas vasodilator hormones are natri-
uretic and have antimitogenic effects [3–5]. Among

the former are, for example, norepinephrine (NE)
and adrenaline, the components of the renin–angio-
tensin–aldosterone system (RAAS), and arginine
vasopressin (AVP); among the latter are the natri-
uretic peptides, prostaglandins, kallikrein–kinin
system, and calcitonin-gene-related peptide
(CGRP). Indeed, this list is only partial as more than
100 humoral mediators have been well-investigated
in CHF. Of these, NA. RAAS, and the atrial natri-
uretic peptides have been well-studied and in some
circumstances used as a basis for making clinical
and therapeutic decisions.

Despite the activation of these systems with their
opposing actions, it is clear that in CHF the natri-
uretic and vasodilator effects of atrial natriuretic
peptides are overwhelmed by baroreceptor-mediat-
ed influences that lead to vasoconstriction and salt
and water retention through activation of the sympa-
thetic system and the RAAS [3–5].  Thus, CHF sets
in motion a complex and interacting network of
events (Fig. 2.1).  An extensive review of the hemo-
dynamics and hormones in heart failure can be
found in Schrier and Abraham [6].
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Fig. 2.1 Interplay between vasoconstrictor hormones (increased sympathetic and renin–angiotensin–aldosterone systems) and
vasodilator substances (increased release of natriuretic peptides). ANP atrial natriuretic peptide



The majority of studies on the neuroendocrine
response to CHF have been carried out in patients
already treated with diuretics, digitalis, angiotensin-
converting enzyme (ACE) inhibitors, and vasodila-
tors [3, 7–9]. The data obtained are important as they
provide a picture of the neuroendocrine activation in
the treated patients who are referred to specific day
hospitals and/or CHF clinics. From the physiopatho-
logical point of view, however, such data are mis-
leading as the treatment itself may affect the mecha-
nisms being studied.  One unique small study has
reported neurohormone measurements in untreated
patients with water retention and reduced renal
blood flow [10]. In these patients plasma levels of
NA, renin activity, aldosterone, and atrial natriuretic
peptide were increased even more than in the
patients studied in the CONSENSUS I trial [7].

2.3 Underlying Mechanisms of the
Neuroendocrine Response to CHF

The neurohormonal responses described above are
seen in patients with heart disease and low-output

CHF. However, an identical neurohormonal
response and retention of salt and water also occur
in a number of conditions in which the heart is
entirely normal and cardiac output is even higher
than normal. So-called high-output congestive heart
failure is seen in a variety of conditions that include
chronic severe anemia, chronic arteriovenous fistu-
la, beriberi, Paget’s disease, chronic obstructive pul-
monary disease, and states with divergent hemody-
namics [10]. The common factor in all forms of
CHF appears to be a tendency towards low arterial
blood pressure. Blood pressure is threatened in low-
output states because of low cardiac output and in
high-output states because of a decrease in systemic
vascular resistance. However, the neurohormonal
response of the body is similar. The neuroendocrine
response has also been determined in untreated
patients with constrictive pericarditis [11], chronic
cor pulmonale [12], anemia [13], and arteriovenous
fistula [14]. The data obtained are summarized in
Figure 2.2.

Nor is this response unique to low- or high-out-
put syndromes of CHF. The same neurohormonal
response is also seen when blood pressure is
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Fig. 2.2 Changes in a variety of neurohormones in untreated patients with low-output or high-output state and edema. The neuro-
hormonal response is very similar. NE norepinephrine, PRA plasma renin activity, Aldo aldosterone, AVP arginine vasopressin, ANP
atrial natriuretic peptide, GH growth hormone. ( ) Dilated cardiomyopathy, ( ) chronic constrictive pericarditis, ( ) chronic
obstructive pulmonary disease, ( ) chronic severe anemia, ( ) arteriovenous fistula. *P < 0.005 vs CHF. (Adapted from [48])



reduced for whatever reason; for example, during
acute reduction of arterial pressure with nitroprus-
side [15], and during physical exercise [16, 17],
when blood pressure is threatened by marked
vasodilatation in exercising muscles. These find-
ings, therefore, support the theory [1, 2] that the
neurohormonal response evoked during CHF is the
same as that evolved to support survival of the
species under two main conditions that threaten
life: hemorrhage and physical exercise. In these
conditions, a short-term threat to blood pressure
evokes a baroreceptor-mediated increase in sympa-
thetic activity that causes venoconstriction, tachy-
cardia, stimulation of the myocardium, and region-
al vasoconstriction. When blood pressure is threat-
ened by reduced cardiac output due to left ventric-
ular dysfunction, the body cannot distinguish
whether the threat is from hemorrhage, exercise, or
heart disease and therefore uses the same stereo-
typed response to which it is programmed. In heart
disease (and other sustained vasodilated high-out-
put states), however, blood pressure is threatened
over a prolonged period and the effector mecha-
nisms continue to operate for as long as the threat
persists.

2.4 Activation of the Sympathetic
System in Heart Failure:
Adaptive or Maladaptive Process?

Many subsequent studies confirmed the original
observation of Chidsey et al. [18] of an increased
plasma concentration of norepinephrine in
patients with CHF at rest [3, 7, 9]. In addition, the
failing myocardium becomes depleted of norepi-
nephrine (NE) [19, 20]. The reasons for this were
debated, and a defect in the synthesis and uptake
of NE was suggested [21]. It has been shown in
experimental animals that the diminution in total
myocardial norepinephrine content is specifically
associated with CHF, whereas in the presence of
ventricular hypertrophy without failure, the NE
content remains unchanged. Its concentration,
however, is decreased, simply because the volume
of the myocytes is increased [22]. In untreated
patients with cardiac edema, the plasma concen-
tration of NE was consistently increased, the aver-
age being over six times that of the controls. In
contrast, the plasma level of epinephrine was
unchanged (Fig. 2.2) [10, 11, 17].

The magnification of the sympathetic outflow is
likely to be mediated by the arterial stretch recep-
tors [23]. These receptors normally send the central
nervous system impulses that inhibit the activation
of two vasoconstrictor mechanisms: the sympathet-
ic nervous system and the release of vasopressin
from the pituitary. When these inhibitory afferent
impulses are reduced by a fall in systemic arterial
pressure, central tonic inhibition is reduced, thereby
triggering the activation of sympathetic activity and
release of neurohormones (Fig. 2.1). An alternative
hypothesis linking a diminished cardiac output with
stimulation of the sympathetic system is that the
low cardiac output causes underperfusion of the tis-
sues, which in turn release a mediatory substance
into the blood. There are, however, several observa-
tions against this hypothesis [23]. The increased
sympathetic activity causes tachycardia, improves
myocardial contractility, promotes venous constric-
tion, and redistributes arterial resistance. All these
mechanisms tend to maintain the systemic arterial
pressure.

The effects of the sympathetic nervous system,
although compensatory in their essence, as a whole
are certainly not beneficial in the long run.
Stimulation of mechanical performance with 
β-adrenergic agonists has proved an unsuccessful
approach to the treatment of heart failure. 
β-Adrenergic blockers, on the other hand, have
produced favorable effects in patients with chronic
heart failure and are now a cornerstone of CHF
treatment [3]. Consequently, the activation of this
powerful system is not necessarily beneficial for
patients in heart failure. Several factors must be
considered in this regard.

Firstly, in heart failure there are abnormalities
of the central neurohormonal regulation. Normally,
feedback regulation exists between the sympathet-
ic nervous system and blood pressure and intravas-
cular volume. The increased sympathetic activity
tends to enhance blood pressure and intravascular
volume, which in turn, act on the high-pressure
arterial and atrial baroreceptors, restoring the tonic
inhibition of neurohormonal activity and thus sup-
pressing sympathetic outflow. In CHF, however,
the ability of atrial and arterial baroreceptors to
suppress sympathetic activity is markedly
impaired [24, 25]. Atrial receptors are no longer
properly activated by the increase in atrial pres-
sure. The desensitization of baroreceptors shifts
the balance of circulatory homeostatic mechanisms
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to an equilibrium in which high circulating levels
of NE and, therefore, vasoconstrictor force are
continually dominant. This leads to an inability of
the myocardium to respond to continuously high
levels of endogenous or exogenous catecholamines
[26]. β-Receptors are reduced in number, stimula-
tion of adenylcyclase by isoprenaline is dimin-
ished, and the contractile response to cate-
cholamines is lessened [27]. These findings have
generated the concept that β-receptors are down-
regulated in heart failure. As a consequence,
patients with heart failure would be less responsive
to adrenergic stimuli than healthy people, and the
positive effects of sympathetic stimulation would
diminish with time as the receptors are down-reg-
ulated [28].

It is important to emphasize here that the reduc-
tion in catecholamine responsiveness is relatively
selective for the myocardium. Catecholamines do
not become depleted in the kidney [21], where
down-regulation does not take place. Furthermore,
sympathetic neurotransmitter activity is augment-
ed, rather than attenuated, in the peripheral blood
vessels [29]. This explains why catecholamines in
the long term are not beneficial for the patient with
heart failure. Increased sympathetic activity will
support excessive vasoconstriction with increased
ventricular afterload and, through stimulation
RAAS, water retention, thus leading to an
increased ventricular preload. This will impose a
greater workload on the myocardium, which can-
not benefit from the positive inotropic effect medi-
ated by catecholamines. This in turn will cause fur-
ther deterioration of the cardiac pump, worsen
heart failure, activate the neuroendocrine system,
and further increase systemic resistance (Fig. 2.1).
Overall, this represents a progressive spiral of
heart failure [5, 30, 31].

2.5 Activation of the
Renin–Angiotensin–Aldosterone
System in Heart Failure:
Adaptive or Maladaptive Process?

Early measurements of both aldosterone and renin
activity in the plasma of patients with heart failure
were confusing. Brown et al. [32] found plasma
renin to be increased only in one-third of patients
with untreated congestive cardiac failure of differ-
ent causes. 

Bayliss et al. [33] reported normal values for
plasma renin activity in untreated patients with clin-
ically mild heart failure. The same was true for
aldosterone. This is quite in contrast with the com-
mon belief that the RAAS is stimulated in heart fail-
ure [34]. However, plasma renin activity and aldos-
terone concentrations are known to be influenced by
diuretic therapy [35, 36]. In untreated patients with
cardiac edema and excess accumulation of water,
plasma renin activity and aldosterone levels varied
considerably (Fig. 2.2). Some patients had normal
values, whilst others had very high values. It seems,
therefore, that both aldosterone and renin activity
are increased in some patients independently of the
administration of diuretic therapy, but are normal in
others despite water retention.

An explanation of these results is provided by
the pioneering experiments in dogs, carried out by
Watkins et al. [37]. They showed that, after con-
striction of the pulmonary artery or inferior vena
cava, the initial response was a reduction in blood
pressure and a rise in plasma renin activity and
aldosterone and in water intake. However, renin
activity and aldosterone returned to normal levels in
the following days, as soon as the plasma volume
expanded and arterial blood pressure was restored.
In those animals in which blood pressure was not
restored, plasma renin activity and plasma aldos-
terone remained elevated throughout the period of
constriction, suggesting the existence of a feedback
mechanism between plasma volume and renin activ-
ity. Thus, activation of this system is likely to be
transient rather than sustained, and is possibly relat-
ed to the different phases of the development of
heart failure. It has been suggested that plasma
renin activity and angiotensin II are high in the ini-
tial stages of heart failure. With mild congestive
chronic failure, they tend to fall toward normal as
the condition is established. With severe heart fail-
ure they remain high.

The increased concentration of angiotensin II
that will ultimately result from increased plasma
renin activity has other important properties in heart
failure in addition to stimulating aldosterone secre-
tion. Angiotensin II acts on efferent arterioles to
increase the glomerular hydraulic filtration pres-
sure; it is the second most potent vasoconstrictor
peptide after endothelin, enhances neuroeffector
transmission, and is involved in the sensation of
thirst. Metabolism and growth in nonmyocyte cells
are also altered by circulating and locally generated
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angiotensin, which results in cardiac hypertrophy
with both ventricular diastolic dysfunction and
impaired systolic contractile activity [38].

Long-term treatment with ACE inhibitors has
been shown in several trials to be beneficial for
patients in heart failure [3]. The benefit is not sim-
ply due to a vasodilator action. These drugs also
inhibit the facilitating action of angiotensin II on
NE, enhance baroreceptor sensitivity, and prevent
the consequences of this undesirable side effect of
diuretics.

Thus, as in the case of catecholamines, it seems
that every time we counteract the effects of the
RAAS, the patient improves.

2.6 Activation of Natriuretic Peptides in
Heart Failure: An Adaptive
Compensatory Response

Microscopy studies have shown the presence of spe-
cific granules in atrial myocardium, the number of
which varies with changes in water and electrolyte
balance [39]. In addition, De Bold [40] demonstrat-
ed that an atrial extract has a natriuretic effect; the
active principle has now been identified as a
polypeptide and its amino acid sequence has been
determined [41, 42]. Increased concentrations of
natriuretic peptide were found in patients with treat-
ed CHF in the studies of Anand et al. ([10–13] and
Fig. 2.2). In the untreated patient with cardiac
edema, the plasma concentration of atrial natriuret-
ic peptide was dramatically raised in every case, the
average being 14 times the control valve.

The release of the peptide is stimulated by the
stretching of atrial tissue [43] and by volume load-
ing [44]; undoubtedly, increased concentrations in
the blood of patients with CHF is due to excessive
release from overstretched atria. Once released,
natriuretic peptides exert a potent direct vasodila-
tion by increasing intracellular cyclic GMP and
natriuresis. Natriuretic peptide also suppresses the
release of NE and renin, and counteracts the sys-
temic vasoconstrictor actions of angiotensin II, as
well as the ability of angiotensin II to stimulate
thirst and to stimulate the secretion of aldosterone
[45]. All these mechanisms, therefore, act together
to lower systemic vascular resistances and to
increase the sodium excretion (Fig. 2.1). This will
unload the heart and reduce its energy consumption.
Nonetheless, the natriuretic and vasodilator effects

of the natriuretic peptides in patients with CHF are
clearly outweighed by the sodium retention and
vasoconstriction caused by the sympathetic stimula-
tion and activation of the RAAS. As stated before,
the atrial stretch receptors become impaired in
chronic heart failure. Consequently, the ability of
atrial distension to increase the release of atrial
natriuretic peptide is blunted [25], and the slope of
the curve of atrial pressure/atrial-natriuretic-peptide
release is shifted so that circulating levels of atrial
natriuretic peptide for a given atrial pressure are
reduced [25]. In addition, it has been suggested that
patients with heart failure may adapt to the physio-
logical effects of atrial natriuretic peptide over time;
in particular, the action of the peptide on the kidney
is markedly attenuated [46].

2.7 Conclusions

Neuroendocrine response constitutes a mechanism
of adaptation to the reduced capacity of the myocyte
to support active contraction. Originally, the neu-
roendocrine response in CHF was viewed as a spe-
cific compensatory beneficial mechanism. However,
we have learned that this view is too simplistic. All
the changes in the peripheral autonomic and RAAS
(among others) exacerbate the condition of heart
failure, and the baroreflex responses as well as the
natriuretic peptides system are outweighed in the
chronic period. Consequently, pharmacological
treatment aimed at reducing the effects of the neu-
roendocrine response has proven to be advanta-
geous for patients with heart failure.

The problem is that the response of the body to
heart failure is not specific [1, 2, 47]. It has been
suggested that what is evoked is a stereotyped neu-
roendocrine response for which we have been pro-
grammed by natural selection in order to maintain
arterial pressure, and therefore survival, in circum-
stances that threaten life directly, such as hypov-
olemia, trauma, hemorrhage, and exercise, on
which daily life depends, and indeed the neuroen-
docrine response is very useful for these short-
term conditions. Heart failure, however, is often a
chronic state in which the arterial pressure is con-
tinuously and chronically threatened because of a
primary abnormality in the cardiac pump. For this
reason, the body abnormally intensifies the neu-
roendocrine responses, giving rise to series of
deleterious vicious cycles.

C. Ceconi and R. Ferrari18



References

1. Harris P (1988) Role of arterial pressure in the edema of
heart disease. Lancet 1(8593):1036–1038

2. Harris P (1983) Evolution and the cardiac patient. Cardio-
vasc Res 313:373–437

3. Task Force for Diagnosis and Treatment of Acute and
Chronic Heart Failure 2008 et al (2008) ESC Guidelines for
the diagnosis and treatment of acute and chronic heart fail-
ure 2008. Eur Heart J 29:2388–2442

4. Packer M, Lee WH, Kessler PD et al (1987) Role of neu-
rohormonal mechanisms in determining survival in pa-
tients with severe chronic heart failure. Circulation 75(Sup-
pl IV):IV–80

5. Packer M (1992) The neurohormonal hypothesis: a theo-
ry to explain the mechanism of disease progression in heart
failure. J Am Coll Cardiol 20:248–254

6. Schrier RW, Abraham WT (1999) Hormones and hemody-
namics in heart failure. N Engl J Med 341:577–585

7. Swedberg K, Eneroth P, Kjekshus J, Snapinn S (1990) Ef-
fects of enalapril and neuroendocrine activation on prog-
nosis in severe congestive heart failure (follow-up of the
CONSENSUS Trial Study Group). Am J Cardiol
66:40D–44D

8. Francis GS, Cohn IN, Johnson G et al (1993) Plasma nor-
epinephrine, plasma renin activity and congestive heart
failure. Relations to survival and the effects of therapy in
V-HeFT II. The V-HeFT VA Cooperative Studies Group.
Circulation 87:V140–148

9. Francis GS, Rector TS, Cohn IN (1988) Sequential neuro-
humoral measurements in patients with congestive heart
failure. Am Heart J 116:1464–1468

10. Anand IS, Ferrari R, Kalra GS et al (1989) Edema of car-
diac origin. Studies of body water and sodium, renal func-
tion, hemodynamic indexes, and plasma hormones in un-

treated congestive cardiac failure. Circulation 80:299–305
11. Anand IS, Ferrari R, Kalra GS et al (1991) Pathogenesis

of edema in constrictive pericarditis. Circulation
83:1880–1887

12. Anand IS, Chandrashekhar Y, Ferrari R et al (1992) Patho-
genesis of congestive state in chronic obstructive pul-
monary disease. Circulation 86:12–21

13. Anand IS, Chandrashekhar Y, Ferrari R et al (1993) Patho-
genesis of oedema in chronic severe anaemia: studies of
body water and sodium, renal function, haemodynamic
variables, and plasma hormones. Br Heart J 70:357–362

14. Anand IS (1997) Pathogenesis of salt and water retention
in the congestive heart failure syndrome. In: Poole-Wilson
PA, Colucci WS, Massie BM et al (eds) Heart failure.
Churchill Livingstone, New York, pp 155–172

15. Ferrari R, Ceconi C, De Giuli F et al (1992) Temporal re-
lations of the endocrine response to hypotension with sodi-
um nitroprusside. Cardioscience 3:51–60

16. Ferrari R, Ceconi C, Rodella A et al (1991) Temporal re-
lations of the endocrine response to exercise. Cardioscience
2:131–139

17. Ferrari R, Anand IS, Ceconi C et al (1996) Neuroendocrine
response to standing and mild exercise in patients with un-
treated severe congestive heart failure and chronic con-
strictive pericarditis. Heart 76:50–5

18. Chidsey CA, Harrison DC, Braunwald E (1962) The aug-
mentation of plasma norepinephrine response to exercise
in patients with congestive heart failure. N Engl J Med
267:650–654

19. Chidsey CA, Braunwald E, Morrow AG (1965) Cate-
cholamine excretion and cardiac stores of norepinephrine
in congestive heart failure. Ann J Med 39:442–451

20. Chidsey CA, Sonnenblick EH, Morrow AG, Braunwald E
(1966) Norepinephrine stores and contractile force of pap-
illary muscle from the failing heart. Circulation 33:43–51

2  Neuroendocrine Control of the Cardiovascular System in Heart Failure 19

Key Points

• Congestive heart failure is a complex multiorgan syndrome that manifests itself by pump failure,
cardiac dilation, intense systemic vasoconstriction, and avid sodium retention with edema forma-
tion.

• This complex set of signs and symptoms is the direct consequence of activation of different neu-
roendocrine systems, including the sympathetic and renin–angiotensin–aldosterone systems.

• Neuroendocrine activation is not specific for heart failure, but seems to be a stereotyped response
to support survival of the species in every acute condition in which arterial pressure and circulato-
ry homeostasis are threatened.

• Heart failure, however, is often a chronic condition, and these mechanisms, initially compensatory,
become maladaptive and cause disease progression.

• Measurement of the degree of neuroendocrine activation by means of various biomarkers (e.g.,
brain natriuretic peptide, noradrenaline) is an accepted method of estimating prognosis.
Furthermore, treatment directed against neuroendocrine activation has dramatically improved the
life expectancy of heart failure patients.
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3.1 Causes, Prevalence, and Progression
of Mild Subclinical Hypothyroidism

Subclinical hypothyroidism is an early and mild form
of thyroid failure characterized by serum levels
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Abstract Subclinical hypothyroidism is an early and mild form of thyroid failure
characterized by serum levels of thyroid hormones within their reference range but
elevated serum TSH concentrations. The prevalence of subclinical hypothyroidism
is 4–10% and this condition increases significantly with age. The management and
treatment of subclinical hypothyroidism are controversial, and there is no consen-
sus about the TSH concentration at which treatment should be started. The cardio-
vascular risk is increased in patients with overt hypothyroidism, with several
potential cardiovascular risk factors similarly reported in patients with subclinical
hypothyroidism. Identification of the potential cardiovascular risk factors could
facilitate decision-making about the treatment of patients with subclinical
hypothyroidism. Impaired left ventricular diastolic function, characterized by
slowed myocardial relaxation and impaired early ventricular filling, is the most
consistent cardiac abnormality identified in young and middle-aged patients with
subclinical hypothyroidism. Moreover, vascular function is impaired in patients
with mild and subclinical hypothyroidism, as documented by the increase in sys-
temic vascular resistance and arterial stiffness and by the impaired endothelial
function, increasing the risk of atherosclerosis and coronary artery disease.
Epidemiological studies have investigated cardiovascular morbidity and mortality
in patients with subclinical hypothyroidism; the results suggest that middle-aged
individuals with mild thyroid hormone deficiency have a higher cardiovascular
risk for coronary heart disease than the elderly with this condition. Moreover, car-
diac death, particularly from ischemic heart disease, is significantly higher in car-
diac patients with subclinical hypothyroidism. Replacement therapy with L-thy-
roxine (L-T4) may reverse the cardiovascular risk associated with subclinical
hypothyroidism. For this reason, L-T4 replacement therapy should be considered
in subclinically hypothyroid patients who have associated high cardiovascular risk
factors.
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of thyroid hormones within their reference range
but elevated serum TSH concentrations [1, 2]. Most
patients with subclinical hypothyroidism have
chronic autoimmune thyroiditis, with positive tests
for serum antithyroid peroxidase (anti-TPO) anti-
bodies. Poor compliance with L-T4 therapy or sub-
optimal treatment of overt disease may also result in
subclinical hypothyroidism [1, 2]. Moreover, some
medications (lithium, iodine, interferon, etc.), 131I
therapy, or thyroidectomy and external irradiation
of the neck are other important causes of transient
or persistent subclinical hypothyroidism [1]. Only
persistent subclinical hypothyroidism should be
considered an early stage of thyroid disease [1].

The epidemiological data provided by three
large population-based screening studies (the
Whickham Survey, the Colorado Thyroid Disease
Prevalence Study, and the National Health and
Nutrition Examination Survey III) [3–5] showed
that the prevalence of subclinical hypothyroidism is
4–10% and that this condition increases significant-
ly with age, so that by the ninth decade of life the
prevalence may be 15–20%. Progression to overt
hypothyroidism occurs at a rate of 2–5% and is
increased in patients with TSH concentrations
above 6 mIU/L and positive thyroid antibodies [6].
The management and treatment of subclinical
hypothyroidism are controversial and there is no
consensus about the TSH concentration at which
treatment should be started [7, 8]. According to
recent consensus guidelines, treatment with L-T4

should be considered in patients with increased
serum TSH levels (>10 mIU/L), whereas it is con-
troversial in patients with only mildly increased
serum TSH levels (4.5–10 mIU/L) [8]. In the
Colorado study, 75% of individuals with subclinical
hypothyroidism had serum TSH levels between 5
and 10 mIU/L [4]. Given this high prevalence of
mild hypothyroidism in the general population, it is
important to establish whether mild thyroid dys-
function is associated with an increased cardiovas-
cular risk, in order to establish the necessity of
treatment with replacement therapy.

3.2 Cardiac Morphology and Function
in Subclinical Hypothyroidism

Identification of the potential cardiovascular risk in
subclinical hypothyroidism could facilitate deci-
sion-making about the treatment of these patients 

[1, 9–11]. Systolic and diastolic functions have been
assessed in patients with subclinical hypothy-
roidism during the last 10–15 years by a variety of
techniques. At-rest systolic function, as assessed
using Weissler’s method (simultaneous recording
electrocardiography, carotid tracing, and phonocar-
diogram), showed no difference in early studies of
patients with subclinical hypothyroidism compared
to healthy subjects [12–14]. In contrast, more sensi-
tive echocardiographic studies showed that left ven-
tricular function at rest was impaired, as indicated
by a longer pre-ejection period (PEP) and increased
ratio of pre-ejection period to left ventricular ejec-
tion time (PEP/ET) in patients as compared with
healthy  subjects [15–17]. These alterations in sys-
tolic time intervals were similar to those reported in
patients with overt disease. Moreover, a mild (albeit
significant) decrease in mean aortic acceleration
was reported in patients with mild thyroid hormone
deficiency [18].

Doppler echocardiography was first used in
1999 to evaluate left ventricular diastolic function
in subjects with mild thyroid hormone deficiency
[18]. Doppler-derived indices of left ventricular
diastolic filling revealed abnormalities of myocar-
dial relaxation. Impaired left ventricular diastolic
function, characterized by slowed myocardial relax-
ation and impaired early ventricular filling, was the
most consistent cardiac abnormality identified in
young and middle-aged patients with Hashimoto
thyroiditis and a mild but persistent increase in TSH
compared to controls [18]. Isovolumic relaxation
time (IRT) was significantly prolonged in all studies
performed in patients with mild hypothyroidism
[15–19]. Moreover, the ratio of early to late dias-
tolic mitral flow velocity (E/A ratio) was signifi-
cantly reduced [17–19], mainly because of an
increased A wave [17–19]. Interestingly, diastolic
function improved in all studies in which patients
were evaluated after replacement therapy [16–18];
two such studies were double-blind placebo-con-
trolled investigations [16, 17].

Impaired left ventricular diastolic function at
rest may be an important cause of systolic dysfunc-
tion on effort in patients with thyroid hormone defi-
ciency [9]. The slowed rate of left ventricular relax-
ation could critically impair ventricular filling dur-
ing exercise, leading to left ventricular systolic dys-
function. Impaired left ventricular systolic [20] and
diastolic [21] function on effort were documented
by Doppler echocardiography and cardiopulmonary
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exercise testing in patients with subclinical
hypothyroidism compared with euthyroid controls.
Moreover, systolic and diastolic function on effort
improved after L-T4 replacement therapy in patients
with subclinical hypothyroidism in studies per-
formed with radionuclide ventriculography,
Doppler echocardiography, and cardiopulmonary
exercise testing [20–23].

Ultrasonic video densitometry was used to
evaluate young and middle-aged patients affected
by Hashimoto thyroiditis and subclinical hypothy-
roidism [24]. Video densitometric analysis
revealed a lower cyclic variation index (CVI) in
these patients than in controls at both the septum
and posterior wall, resulting in an inverse relation-
ship between CVI and the PEP/ET ratio [24].
Pulsed tissue Doppler imaging, which is minimal-
ly affected by alterations of afterload and heart
rate, was used to provide, for the first time, infor-
mation about myocardial systolic and diastolic
properties in the various regional segments of the
left ventricle, thereby permitting quantitative
analysis of myocardial wall motion in subclinical
hypothyroidism [15]. The results of tissue Doppler
imaging analysis revealed that patients with mild
hypothyroidism had changes in myocardial time
intervals in several left ventricular segments simi-
lar to those reported in overt disease [15, 19].
Myocardial time intervals, evaluated as precon-
traction time (PTCm), the PTCm/myocardial con-
traction time ratio, and myocardial relaxation time
(RTm), were prolonged at the level of both the pos-
terior septum and the mitral annulus in patients
with autoimmune subclinical hypothyroidism
compared to controls [15].

More sophisticated techniques have recently
been used to assess systolic and diastolic function in
patients with subclinical hypothyroidism. Cardiac
magnetic resonance imaging is currently the most
accurate and reproducible noninvasive technique,
providing an excellent evaluation of cardiac vol-
umes and function. Cardiac volumes and systolic
performance were significantly altered in patients
with subclinical hypothyroidism. Moreover, preload
(end-diastolic volume) was significantly decreased
and afterload (systemic vascular resistance, SVR)
significantly increased, leading to impaired cardiac
performance in patients with mild thyroid failure
[25]. The end-diastolic volume, stroke volume,
ejection fraction, and cardiac index increased and
SVR decreased after L-T4 therapy [25]. 

All these studies, performed in young and mid-
dle-aged subjects with mild thyroid hormone defi-
ciency, support the hypothesis that long-term sub-
clinical hypothyroidism can affect cardiac morphol-
ogy and function, depressing systolic function at
rest, inducing left ventricular diastolic dysfunction
at rest and during exercise, and impairing left ven-
tricular systolic function on exercise (Table 3.1).

All the cardiovascular alterations reported in
patients with subclinical hypothyroidism are simi-
lar to those observed in patients with overt
hypothyroidism, suggesting that there is a continu-
um in the cardiac changes that occur: through mild,
subclinical disease into overt hypothyroidism [26,
27]. Only one study was performed in elderly sub-
jects (mean age 61 years) with a mean serum TSH
level of 5.4 mIU/L [28]. In that study, using tissue
Doppler imaging, subclinical hypothyroidism was
not associated with significant differences in dias-
tolic or systolic function compared with euthyroid
controls. However, these elderly subjects were
recruited from an epidemiological study and not
from clinical practice [29]; thus, it is not possible to
rule out that these patients were affected by tran-
sient subclinical hypothyroidism.

Many patients with subclinical hypothyroidism
are elderly, and the onset or progression of the dis-
ease in these vulnerable subjects may precipitate
cardiac decompensation and promote congestive
heart failure [26]. Only one study evaluated the risk
of heart failure in patients with subclinical hypothy-
roidism and stratified the risk according to TSH lev-
els (4.5–6.9, 7.0–9.9, and ≥ 10 mIU/L) (30]. This
study reported an increased risk of congestive heart
failure among adults aged 70–79 years with a TSH
level of 7.0 mIU/L or greater [30].
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Table 3.1 Long-term cardiovascular consequences of persist-
ent mild thyroid hormone deficiency

Cardiac morphology and function:
− Depressed systolic function at rest
− Left ventricular diastolic dysfunction at rest and during

exercise
− Impaired left ventricular systolic function on exercise

Vascular abnormalities:
− Increased systemic vascular resistance
− Increased prevalence of diastolic hypertension 
− Increased arterial stiffness 
− Endothelial dysfunction 
− Increased carotid artery intima–media thickness 



3.3 Effects of Mild Hypothyroidism on
the Vascular System

Overt hypothyroidism is associated with premature
atherosclerosis and coronary artery disease [31].
The mechanisms potentially responsible for athero-
sclerosis and coronary artery disease in patients
with subclinical hypothyroidism remain unknown.
Subclinical hypothyroidism could impair vascular
function by inducing an increase in systemic vascu-
lar resistance and arterial stiffness and by altering
endothelial function, increasing the risk of athero-
sclerosis and coronary artery disease [1] (Table 3.1). 

In various studies, diastolic blood pressure was
found to be significantly higher in normotensive
subjects with mild hypothyroidism than in euthy-
roid subjects [11]. Moreover, an increase in sys-
temic vascular resistance and in mean arterial pres-
sure was reported in normotensive patients with
subclinical hypothyroidism compared with euthy-
roid subjects [18, 32]. Furthermore, using cardiac
magnetic resonance imaging, a significant increase
in SVR was reported in patients with subclinical
hypothyroidism compared to euthyroid controls
[25]. These data suggest that even mild thyroid hor-
mone deficiency, like overt hypothyroidism, affect
vascular tone [1, 11, 26].

Increased central arterial stiffness is an important
risk factor for cardiovascular disease. Changes in arte-
rial wall elasticity may occur before and during the
early stages of atherosclerosis and may have detri-
mental effects on left ventricular function and coro-
nary perfusion. Increased arterial stiffness, identified
from an increased augmentation gradient, augmenta-
tion index, and corrected augmentation index, was
reported in patients with subclinical hypothyroidism
compared to controls [33]. Furthermore, brachial-
ankle pulse wave velocity (baPWV), a parameter of
arterial stiffening, was significantly higher in patients
with subclinical hypothyroidism [34, 35]. Central and
peripheral PWV were reported to be significantly
higher in these patients than in normal subjects [34,
35]. Finally, like overt hypothyroidism, subclinical
hypothyroidism was associated with endothelial dys-
function [36, 37] due to impaired availability of nitric
oxide. Moreover, higher carotid artery intima-media
thickness (CIMT) was reported in patients with sub-
clinical hypothyroidism that in age-and sex-matched
controls; mean CIMT was positively related to age
and to TSH and low-density lipoprotein cholesterol
(LDL-C) concentrations [38].

In uncontrolled clinical trials, appropriate
replacement therapy with L-T4 induced a significant
decrease in systemic vascular resistance [25, 32],
mean arterial pressure [32], and central arterial stiff-
ness [33] in normotensive, subclinically hypothy-
roid patients. Moreover, L-T4 treatment improved
endothelium-dependent vasodilation in a random-
ized double-blind crossover study of L-T4 versus
placebo [37]. In a double-blind placebo-controlled
study of individuals aged 55 years, replacement
therapy with L-T4 significantly decreased CIMT
[38]. The reduction was directly related to the
decrease of both total cholesterol and TSH [38].

3.4 Epidemiological Evidence on the
Risk of Atherosclerosis and
Coronary Disease in Subclinical
Hypothyroidism

Although some important cardiovascular risk factors
are associated with mild and subclinical hypothy-
roidism, conflicting results have been reported 
in epidemiological studies assessing the risk of 
atherosclerosis and coronary disease (Table 3.2).
In the Whickham survey, autoimmune thyroid dis-
ease (defined as treated hypothyroidism, positive
antibodies, or elevated serum TSH) was not associ-
ated with coronary disease [39]. In the large cross-
sectional Rotterdam study of 1149 women aged 55
years or older, subclinical hypothyroidism (defined
as TSH >4.0 mIU/L) was associated with athero-
sclerosis and myocardial infarction only in cross-
sectional analysis [40]. However, the risk of
myocardial infarction was not significantly
increased during an average follow-up of 4.6 years.
In another study, from England and Wales, subclin-
ical hypothyroidism (defined as TSH >5.0 mIU/L
with a prevalence of 10.8%) was not associated with
death from circulatory disease during the 10-year
follow-up [41], but 40% of individuals with subclin-
ical hypothyroidism developed overt hypothy-
roidism during follow-up and began thyroxine
replacement therapy [41]. Furthermore, subclinical
hypothyroidism (defined as TSH >4.50 mIU/L)
was not associated with an increased incidence of
coronary heart disease, cerebrovascular disease,
cardiovascular disease, or all-cause death in the
cross-sectional and longitudinal components of the
Cardiovascular Health Study, a population-based
longitudinal study of risk factors for the develop-
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ment of cardiovascular disease in US community
dwellers aged 65 years or older [42]. 

In contrast, subclinical hypothyroidism (defined
as TSH >5.0 mIU/L) was associated with ischemic
heart disease and increased all-cause mortality in
the cross-sectional analysis of a cohort of atomic
bomb survivors from the Nagasaki Adult Health
Study [43]. Moreover, subclinical hypothyroidism
was an independent predictor of coronary heart dis-
ease in middle-aged subjects (mean age of 50
years) in the cross-sectional and longitudinal analy-
ses of the community-based study carried out in
Busselton, Western Australia [44]. The increased
risk of coronary events associated with subclinical
hypothyroidism was found in this study in subjects
with a serum TSH level of 10 mIU/L or less as well
as in those with a serum TSH >10 mIU/L. The risk
remained significant after adjustment for standard
cardiovascular risk factors.

The discrepancies in epidemiological data about
the risk of coronary heart disease in subclinical
hypothyroidism are probably related to differences

in the populations studied in terms of age, sex,
race/ethnicity, life style, the TSH range used to
define subclinical hypothyroidism, methods of eval-
uation of cardiovascular disease, differences in
adjustments for known risk factors for cardiovascu-
lar disease, and the duration of follow-up [1, 45]
(Table 3.2). Few studies stratified the analysis by
TSH levels [1]. Furthermore, not all epidemiologi-
cal studies included follow-up data on thyroid func-
tion, and in other studies some patients were treated
with thyroid hormone during follow-up [1, 45].
Moreover, associated atherosclerotic risk factors
were evaluated in only a few studies [45]. For this
reason, the meta-analysis by Völzke et al. [46],
assessing the risk of coronary heart disease and car-
diovascular mortality, concluded that not all possi-
ble relevant confounders of the association between
subclinical hypothyroidism and mortality were con-
sidered in each of the prospective cohort studies.
Consequently, the authors concluded that the current
evidence for a causal relation between subclinical
hypothyroidism and mortality is weak and should
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Table 3.2 Epidemiological evidence for an association between subclinical hypothyroidism and coronary heart disease

Study No. of Sex TSH Age Follow-up Cardiovascular risk
patients (mIU/L) (years) (years)

Vanderpump et al. [39] 2779 Both ATD ≥ 18 20 No association of autoimmune thyroid 
disease with coronary disease

Hak et al. [40] 1149, 124 F only > 4.0 ≥ 55 4 .6 Risk of atherosclerosis; risk of myocardial 
subclinically infarction only in cross-sectional analysis
hypothyroid

Imaizumi  et al. [43] 2550, 257 Both > 5.0 ≥ 40 10 Increased risk of ischemic heart disease only 
subclinically in the baseline cross-sectional analysis in men
hypothyroid

Walsh et al. [44] 2108, 119 Both 0.4–2 17–89 20 Risk of coronary events in subjects with
subclinically 2.0–4 serum TSH levels of 10 mIU/L or less  
hypothyroid < 10 and >10 mIU/L

> 10

Rodondi et al. [30] 2730, 338 Both 4.5–6.9 70–79 4 Subclinical hypothyroidism was not 
subclinically 7–9.9 associated with coronary heart disease
hypothyroid ≥ 10 

Cappola et al. [42]  5888, 496 Both ≥ 4.5 ≥ 65 13 Subclinical hypothyroidism was not  
subclinically associated with coronary heart disease  
hypothyroid

Iervasi  et al. [49] 3121 cardiac 32.6% F > 4.5 60.7–61.5 2.7 Significantly higher cardiac death rate,
patients, 208 particularly from ischemic heart disease,
subclinically in subclinically hypothyroid subjects 
hypothyroid compared to euthyroid subjects

TSH thyroid-stimulating hormone
ATD patients had autoimmune thyroid disease 



not be used to decide whether or not to treat patients
with subclinical hypothyroidism [46].

The cardiovascular risk factors potentially
responsible for coronary heart disease in subclinical
hypothyroidism remain unknown. In the Whickham
Survey, subclinical hypothyroidism was not related
to hyperlipidemia [39]. In the Rotterdam Study, total
cholesterol was lower in women with subclinical
hypothyroidism than in euthyroid women [40]. In the
Nagasaki study, the prevalence of ischemic heart dis-
ease was independent of such coronary risk factors as
blood pressure, body mass index, total cholesterol
level, smoking status, and the presence of diabetes
mellitus [43]. Moreover, in the Cardiovascular Heath
Study, there were no differences in serum cholesterol
concentration, lipoprotein (a), C-reactive protein, or
fasting insulin and glucose concentrations between
individuals with subclinical hypothyroidism and
those with normal thyroid function [42]. Contrary to
this, in the study by Rodondi et al. [30], participants
had no increase in coronary heart disease despite sig-
nificantly higher cholesterol levels, and cholesterol
itself was not associated with an increased risk of
atherosclerotic events. Only in the Busselton study
was serum total cholesterol significantly higher in
subjects with subclinical hypothyroidism than in
euthyroid subjects, but the difference was barely sig-
nificant after adjustment for age and sex [44].
Moreover, LDL-C was significantly increased in sub-
jects with mild subclinical hypothyroidism and
TSH ≥10 mIU/L [44].

There is a need to clarify the role of “nontradi-
tional” blood markers for atherosclerosis risk, such
as homocysteine, C-reactive protein, and alterations
in coagulation parameters in patients with subclini-
cal hypothyroidism compared with euthyroid age-
matched controls [1]. However, data about the
potential association of subclinical hypothyroidism
with such “nontraditional” cardiovascular risk fac-
tors are not consistent [1].

3.5 Cardiovascular Mortality in
Subclinical Hypothyroidism

Cardiovascular mortality was assessed in seven
studies in subclinical hypothyroidism [30, 39,
41–44, 47]. It was increased in only two studies [43,
47]. In the longitudinal follow-up study of a cohort
of atomic bomb survivors in the Nagasaki Adult
Health Study, all-cause mortality was increased at 

6 years only in men, although the specific causes of
death were not determined [43]. However, mortality
was not increased at a 10-year follow-up [43]. In the
Leiden prospective cohort study of subjects aged 85
years, subclinical hypothyroidism was associated
with greater longevity and a reduced risk of death
from cardiovascular disease during the 4-year fol-
low-up; this was attributed to a lower metabolic rate
[47]. Individuals with overt and subclinical
hypothyroidism had lower all-cause and cardiovas-
cular mortality than clinically euthyroid individuals,
although serum cholesterol levels were higher [47].
These two studies involved selected populations of
subclinically hypothyroidism individuals (atomic
bomb survivors in the Nagasaki study and 85-year-
olds in the Leiden study), which limits conclusions
based on these findings.

3.6 Association between Subclinical
Hypothyroidism and Cardiovascular
Risk in Elderly Subjects and Those
with Comorbid Conditions:
Epidemiological Evidence

In a recent meta-analysis by Ochs et al. [48], ten
population-based cohort studies were evaluated to
establish the risk of coronary heart disease and mor-
tality. In a random-effects model, the relative risk
(RR) for coronary heart disease in subclinical
hypothyroidism was 1.2. Risk estimates were lower
when high-quality studies were pooled and were
higher among participants younger than 65 years.
The RR was 1.18 for cardiovascular mortality and
1.12 for total mortality. The RR of all-cause mortal-
ity was increased only in patients with co-morbid
conditions. In fact, cardiac death, particularly as
regards ischemic heart disease, was significantly
higher in cardiac patients with subclinical hypothy-
roidism than in those who were euthyroid [49].
Moreover, patients with type 2 diabetes who were
subclinically hypothyroid had an increased risk of
nephropathy and cardiovascular events [50].

Fifteen studies were included in a recent meta-
analysis by Razvi et al. [51], in which subclinical
hypothyroidism was associated with increased
ischemic heart disease (both prevalence and inci-
dence) and cardiovascular mortality only in subjects
from younger populations (subjects less than 65
years old); moreover, it was statistically significant
only in women [51]. In fact, in epidemiological
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studies, the risk of coronary heart disease was
increased in young and middle-aged patients but not
in elderly and very elderly patients with subclinical
hypothyroidism.

These results suggest that middle-aged individu-
als with mild thyroid hormone deficiency have a
higher cardiovascular risk for coronary heart dis-
ease than the elderly with this condition, and that
subclinical hypothyroidism may have a protective
effect in subjects older than 85 years [1, 45].

3.7 Conclusions

Whether to treat subclinical hypothyroidism
remains a controversial issue. Replacement therapy
with L-T4 may reverse the systolic and diastolic dys-
function, arterial hypertension, increased central
arterial stiffness, endothelial dysfunction, and other

cardiovascular risk factors associated with this con-
dition [1, 11, 26]. However, there are no data show-
ing that thyroxine therapy improves outcomes such
as cardiac morbidity or mortality. Additional ran-
domized controlled trials and longitudinal studies
are necessary to evaluate whether replacement ther-
apy with thyroxine reduces the risk of coronary
heart disease and congestive heart failure in subjects
with subclinical hypothyroidism. In the meantime, it
could be useful to identify patients with subclinical
hypothyroidism who have associated high cardio-
vascular risk factors and to consider L-T4 replace-
ment treatment in them, with the aim of reducing
cardiovascular risk. Current data suggest that mid-
dle-aged individuals benefit more from treatment
than the elderly [1]. On this basis, treatment of sub-
clinical hypothyroidism should be individualized,
taking into account the age of the patient and the
presence of associated comorbid conditions [1, 45].
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Key Points

• Subclinical hypothyroidism is an early and mild form of thyroid failure characterized by serum lev-
els of thyroid hormones within their reference range but elevated serum TSH concentrations.

• The prevalence of subclinical hypothyroidism is 4–10% and this condition increases significantly
with age.

• The management and treatment of subclinical hypothyroidism are controversial; there is no consen-
sus about the TSH concentration at which treatment should be started.

• Identification of the potential cardiovascular risk could facilitate decision-making about the treat-
ment of patients with subclinical hypothyroidism.

• Impaired left ventricular diastolic function, characterized by slowed myocardial relaxation and
impaired early ventricular filling, is the most consistent cardiac abnormality identified in young and
middle-aged patients with subclinical hypothyroidism.

• Subclinical hypothyroidism could impair vascular function by inducing an increase in systemic vas-
cular resistance and arterial stiffness and by altering endothelial function, increasing the risk of ath-
erosclerosis and coronary artery disease.

• Replacement therapy with L-T4 may reverse the cardiovascular risk associated with subclinical
hypothyroidism.

• Middle-aged individuals with mild thyroid hormone deficiency have a higher cardiovascular risk for
coronary heart disease than the elderly with this condition.

• Cardiac death, particularly as regards ischemic heart disease, is significantly higher in cardiac
patients with subclinical hypothyroidism.

• L-T4 replacement should be considered in patients with subclinical hypothyroidism who have asso-
ciated high cardiovascular risk factors, with the aim of reducing cardiovascular risk.
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4.1 Hemodynamics in Hyperthyroidism

The hemodynamic consequences of excess thyroid
hormones result from a direct effect of thyroid hor-

mones on the heart and vasculature. Heart rate,
blood volume, left ventricular stroke volume, ejec-
tion fraction, and cardiac output increase (Table 4.1).
Peripheral vasodilation occurs as a result of rapid
utilization of oxygen, increased metabolic end prod-
ucts, and induction of arterial smooth muscle cell
relaxation by thyroid hormones. Vasodilation results
in a marked decrease in systemic vascular resist-
ance, which plays a central role in the hemodynam-
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ic changes that accompany thyrotoxicosis, resulting
in an increase in heart rate, a selective increase in
blood flow to certain organs such as skin, skeletal
muscles, and heart, and a drop in diastolic blood
pressure with widening of the pulse pressure.
Vasodilation and the lack of rise in renal blood flow
cause a decrease in renal perfusion pressure and an
activation of the renin–angiotensin system, thus
increasing sodium reabsorption and blood volume.
The combination of expanded blood volume and
improvement in diastolic relaxation of the heart
contribute to increased left ventricular end-diastolic
volume or preload. Similarly, the drop in systemic
vascular resistance and the improved myocardial
contractility result in a smaller left ventricular end-
systolic volume or afterload. The net effect of an
increased preload and a decreased afterload trans-
lates into a significant increased in left ventricular
stroke volume. In turn, the rise in heart rate and the
increased stroke volume combine to cause a two- to
threefold increase in cardiac output, greater than
accounted for by the changes in the body metabolic
rate. Of all contributing factors, the increase in pre-
load accounts for most of the increase in cardiac
output. In addition to the improvement in systolic
contractile parameters, echocardiographic data indi-
cate that newly diagnosed thyrotoxicosis is accom-
panied by an improvement in left ventricular dias-
tolic function as manifested by an enhancement in
left ventricular relaxation, diastolic flow velocities,
and isovolumic relaxation time. All diastolic param-
eters normalize when thyrotoxic patients are ren-

dered euthyroid. This has led to the suggestion that
the dyspnea on exertion and exercise intolerance
that accompany thyrotoxicosis may not be of car-
diac origin. Findings of improvement in diastolic
function have not been confirmed invasively and
should be accepted with caution since the increase
in contractility and in preload that accompany
hyperthyroidism may also affect echocardiographic
indices of diastolic function [1–7].

4.2 Experimental Findings

Thyrotoxicosis may be associated with as much as a
50% decline in systemic vascular resistance, and
free T3 (fT3) is capable of causing rapid relaxation
of vascular smooth muscle cells in culture. Since the
vascular smooth muscle of resistance arterioles pri-
marily determines systemic vascular resistance, fT3

may directly regulate systemic vascular resistance,
which in turn causes alterations in blood pressure
and cardiac output. A significant decrease in cardiac
output after administration of phenylephrine to thy-
rotoxic but not to normal subjects has been noted.
The ability to block the elevated cardiac output by
pharmacologically reversing the changes in sys-
temic vascular resistance of thyrotoxicosis rein-
forces the possibility that many of the cardiovascu-
lar changes of hyperthyroidism occur in response to
changes in peripheral tissues. Thyrotoxicosis
markedly increases oxygen consumption in the
periphery and increases metabolic demands, which
require increased blood supply and pumping action
of the heart. Arterial resistance decreases and
venous tone increases in thyrotoxic animals, leading
to an augmented return of blood to the heart. The
effects of fT3 on venous compliance and blood vol-
ume displayed in thyrotoxic calves include an
increase in mean circulatory filling pressure, no
change in blood volume, and a decrease in venous
compliance, whereas hypothyroid animals showed a
decrease in mean circulatory filling pressure and
blood volume but no change in venous compliance.
This hemodynamic effect of fT3 in the periphery
markedly contributes to the increased cardiac con-
traction. Studies using heterotopic cardiac isographs
have shown that fT3-induced changes in protein
synthesis and cardiac growth primarily result from
secondary changes in cardiac work. In contrast,
T3-induced changes in myosin isoenzyme predomi-
nance occur to the same extent in the heart in situ
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Table 4.1 Cardiovascular hemodynamic changes in thyroid
dysfunction

Hyper- Hypothyroidism

Systemic vascular resistance �� �

Circulation time �� �

Diastolic blood pressure � �

Arterial resistance � �

Venous resistance � _

Systolic blood pressure � �

Cardiac output � �

Cardiac index � �

LV stroke volume � �

LV systolic function � �

Pulse pressure Widened Narrow

LV left ventricular



and in the heterotopic isograft. Thus, T3-induced
hemodynamic effects originating in the periphery
may influence increases in total protein synthesis
and cardiac hypertrophy [1–5].

4.3 Hemodynamics in Hypothyroidism

The pathophysiological basis of the hemodynamic
cardiovascular changes in hypothyroidism is the
opposite of those discussed for the thyrotoxic heart.
In addition to decreased direct effects of thyroid
hormones in cardiac myocytes, indirect effects
occur through decreases in peripheral oxygen con-
sumption and changes in hemodynamic parameters
(e.g., increased arterial resistance). In addition, it is
possible but not proven that decreased sensitivity of
the sympathoadrenal system also plays a role in
hypothyroid patients. Cardiac papillary muscle
obtained from animals with hypothyroidism shows
a depression of the force–velocity curve and a
reduced rate of tension development, indicating sig-
nificant contractile abnormalities. After administra-
tion of thyroid hormones, all of these abnormalities
revert to normal. Myxedema is characterized by a
low cardiac index, decreased stroke volume,
decreased vascular volume, and increased systemic
vascular resistance. Total blood volume is decreased
in myxedema and varies directly as a function of
basal metabolic rate. Renal perfusion, when meas-
ured by glomerular filtration, is also decreased.
Although sodium excretion is normal, free water
clearance is impaired and can lead to hyponatremia.
Total-body albumin distribution is expanded in
myxedema, in keeping with the development of
high-protein-content effusions in many body cavi-
ties [8–11]. 

Thyroid dysfunction alters blood pressure.
Thyrotoxicosis has only minor effects on mean arte-
rial blood pressure, because increases in systolic
blood pressure caused by increased stroke volume
are offset by decreases in diastolic blood pressure
due to peripheral vasodilatation. Estimates of the
occurrence of hypertension in the hypothyroid pop-
ulation have varied widely. However, a true
increased incidence of hypertension has been found
in most studies. Therefore, it is important to wait
with definitive treatment of hypertension until thy-
roid hormone values have been normalized.
Hypertension of hypothyroidism appears to be
hypertension of a low-renin state, and the main

pathophysiological reason for the development of
hypertension is an increased peripheral systemic
vascular resistance. Conversely, myxedema is asso-
ciated with increases in diastolic blood pressure.
Overtreatment of thyrotoxic patients that resulted in
myxedema was associated with an increase in dias-
tolic blood pressure which was reversible when thy-
roid function returned to normal. Hypothyroidism
was found in 3.6% of 688 consecutive hypertensive
patients, and in this subset diastolic blood pressure
fell significantly after adequate T4 replacement,
suggesting a cause-and-effect relation. Renin,
angiotensin, and aldosterone play minor roles in this
form of hypertension. Finally, very recently, the
expression of cardiac angiotensin II type 1 and 2
receptors was enhanced in rats subjected to experi-
mental hypothyroidism [8, 12].

4.4 Interactions with the
Sympathoadrenal System

Sympathomimetic agents and thyroid hormones
lead to similar cardiac symptoms, especially induc-
ing tachycardia and increasing the force and veloci-
ty of cardiac contraction. Treatment of thyrotoxic
patients with sympatholytic agents ameliorates rate-
related cardiac changes. These observations have
resulted in the hypothesis that some effects of T3 are
mediated by an increased activity of the sympathoa-
drenal system or an increased responsiveness and
sensitivity of cardiac tissue to normal sympath-
omimetic stimuli. Since plasma and urine levels of
catecholamines are normal in thyrotoxicosis, the
hypothesis that thyroid status leads to increased
sensitivity of the sympathoadrenal system has been
favored. The enhanced sympathetic sensitivity of
the thyrotoxic heart may be mediated by an
increased number of β-adrenergic receptors. In
humans, short-term hyperthyroidism is associated
with an increase in the sensitivity of heart rate and
left ventricular shortening velocity to isoproterenol
stimulation. In addition, the levels of other compo-
nents of the sympathetic transmission system
increase. Specifically, investigations in thyrotoxic
pigs show that fT3 markedly increases the amount of
stimulatory guanine nucleotide regulatory protein.
Studies of the various components of the adrener-
gic-receptor complex in plasma membranes have
also shown that β-adrenergic receptors, guanine-
nucleotide regulatory proteins, and adenylyl cyclase
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types V and VI all are altered by changes in thyroid
status [13–21]. 

Cardiac tissue contains both β1- and β2-adrener-
gic receptor subtypes. In most species studied,
β1-receptors account for 70% of all β-adrenergic
receptors. Furthermore, the level of β-adrenoceptors
in the sinoatrial node are approximately twice those
in surrounding myocytes. The β-adrenoceptors in
the sinoatrial node comprise predominantly 
β1-receptors (75%). In contrast, β2-receptors are the
predominant species in nonmyocyte vascular cells
(75%). Thus, β1-receptors are the predominant 
β-adrenoceptors in cells of myocyte origin and
might be responsive to T3 regulation. Indeed, there
appears to be a differential induction of cardiac 
β1- and β2-adrenergic receptor mRNA in rat
myocytes by T3. T3 causes a fourfold induction of
cardiac β1-adrenoceptor mRNA, but no significant
change in β2-receptor mRNA. The effects of T3 on
β1-adrenergic gene transcription occur within
30 min, with elevations lasting for 72 h. Following
the rise in β1-mRNA, there is a threefold increase in
the density of cardiac β1-receptors, which persists
for 48 h. In contrast, β2-receptors are not signifi-
cantly increased following T3 administration. These
studies suggest that in cardiac tissue the 
β1-adrenoreceptor gene is sensitive to T3, whereas
the β2-receptor gene is minimally influenced.
Extrapolation of these animal and in vitro studies to
the human heart is premature since cardiac 
β1-receptor gene regulation by T3 in hypothyroid
humans has not been studied. However, the cardiac
β2-adrenoreceptor in myxedema may be refractory
to T4 therapy, as determined by polymerase chain
reaction amplification of the β2-mRNA in cardiac
tissue from a hypothyroid subject before and after
therapy [19–21].

4.5 Metabolic Involvement

Thyroid hormone controls the expression of
myocyte-specific genes coding for the myosin iso-
forms of the Na+, K+-ATPase pumps and the Ca2+-
ATPase canals of the sarcoplasmic reticulum. This
explains the increase in contractility and relaxation
of skeletal muscles observed in thyrotoxicosis as
opposed to myxedema. Control of key enzymes of
the main energetic pathways accounts for inhibition
of oxidative metabolism in hypothyroidism and
excessive glycolysis recruitment in hyperthy-

roidism. In both cases, muscle performance is
reduced, with accumulation of lactic acid on exer-
cise. This is due to defective pyruvate oxidation and
proton expulsion in hypothyroidism, and to the
acceleration of glycolysis in hyperthyroidism.
Muscle glycolysis exceeds mitochondrial oxidation
of pyruvate, enhancing the shunting of pyruvate to
lactate via lactic dehydrogenase activity and thus
leading to an increased lactate/pyruvate ratio. This
mitochondrial oxidative dysfunction during exercise
in thyroid dysfunction mostly causes intracellular
acidosis. These abnormalities partly explain why
people with dysthyroidism are intolerant of exer-
tion. Regarding other possible metabolic causes of
the impaired inotropic and chronotropic response to
incremental exercise in patients with thyroid dys-
function, thyrotoxicosis increases fast-myosin and
fast-twitch fibers in skeletal muscle, which are less
economic in oxygen utilization during contraction
than are slow-twitch muscle fibers. Reduced exer-
cise efficiency may also be induced by excessive
heat production in hyperthyroidism. Effort tolerance
is also impaired in thyrotoxicosis, because of
decreased skeletal muscle mass and oxidative
capacity related to accelerated protein catabolism.
Thyroid hormone affects mitochondrial mass and
enzyme activities, and clinical symptoms of exer-
cise intolerance in hyperthyroidism may be due to
decreased rather than increased muscle oxidative
capacity.

In myxedema, inadequate cardiovascular sup-
port appears to be one of the principal factors
involved. Insufficient skeletal muscle blood flow
compromises both exercise capacity, via reduced
oxygen delivery, and endurance, through decreased
delivery of blood-borne substrates. The latter effect
results in increased dependence on intramuscular
glycogen. In addition, decreased mobilization of
free fatty acids from adipose tissue and, conse-
quently, lower plasma levels of free fatty acids com-
pound the problem of reduced lipid delivery to
active skeletal muscle in the hypothyroid state. In
contrast, cardiovascular support is enhanced in thy-
rotoxicosis, implicating other factors in exercise tol-
erance. Greater reliance on muscle glycogen
appears to be one of the primary reasons for
decreased endurance. Biochemical changes with
hyperthyroidism that would favor enhanced flux
through glycolysis may account for this dependence
on glycogen [22–28].

Patients with myxedema often complain of mus-
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cular weakness, cramps, and excessive fatigability.
Hypothyroidism induces a metabolic myopathy,
with a fall in energy production and, especially, in
mitochondrial metabolism. This is due to a global
inhibition of the main oxidative pathways (substrate
incorporation, substrate oxidation) and of the respi-
ratory chain. Diminished energy consumption is
partly related to a transition to myosin isoforms that
express a slower ATPase, and to partly impairment
of the trans-sarcolemmic transport. Exercise intoler-
ance could be due to abnormal recruitment of sever-
al metabolic pathways, such as glycolysis, related to
the mitochondrial metabolism impairment and
including an abnormal accumulation of protons and
monovalent phosphate ions, which are involved in
the alteration of the actin–myosin interaction, and
also by an abnormal calcium metabolism. The
decreased number of Na+,K+-ATPase-dependent
pumps could imply an abnormal intracellular sodi-
um level and explain the frequent disorders of mem-
brane excitability. Studies of rats performing tread-
mill running have shown that blood flows during
exercise to high-oxidative, extensor-type muscles
are lower in hypothyroid rats than in euthyroid rats.
Abnormal cardiac and vascular functions appear to
contribute to this hypoperfusion. Experiments
involving isolated segments of arterial vessels have
demonstrated that potential for constriction is nor-
mal in vessels from hypothyroid animals; however,
reduced vasodilator potential is associated with
myxedema. Dysfunction of both endothelium and
vascular smooth muscle appears to contribute to
blunt the potential for vasodilation. An altered abil-
ity to generate vasodilator substances and/or
changes in responses to these vasodilators—e.g.,
markedly decreased acetylcholine-induced vasore-
laxation—may account for vascular dysfunction. It
appears that impaired vascular function interacts
with other factors, such as poor myocardial function
and changes in energy metabolism, to compromise
exercise tolerance [28–34].

4.6 Experimental Thyroid Dysfunction
and Work Capacity

To study the role of thyroid hormones in exercise-
induced muscle growth and protein synthesis, skele-
tal and cardiac muscle protein synthesis as well as
myosin heavy chain (MHC) gene expression were
measured in hypothyroid rats allowed to exercise

voluntarily. The ratios of heart weight to body
weight in hypothyroid (thyroidectomized) and
hypothyroid + overfed rat groups were indicative
of marked cardiac atrophy over a 28-day period.
However, running-wheel exercise in a hypothyroid
rat subgroup prevented heart, gastrocnemius, and
soleus muscle atrophy over the same time period.
Heart, gastrocnemius, and soleus muscle showed
markedly suppressed protein synthesis rates in the
hypothyroid and hypothyroid + overfed groups
versus the euthyroid control rats. However, exercise
increased the protein synthesis rate by 50% com-
pared with hypothyroidism alone in all three muscle
groups. Exercise did not modify hypothyroidism-
induced alterations of cardiac myosin isoform
expression. Thus, exercise-mediated effects on
skeletal and cardiac muscle growth but not on car-
diac MHC gene expression appear to be independ-
ent of thyroid hormones [35–42].

Compared with a normal control group,
hypothyroid female rats subjected to an 8-week
physical training (running) program showed reduc-
tions in maximum oxygen uptake (–32%), skeletal
muscle homogenate respiratory capacity (–50%),
cardiac myosin ATPase (–58%), and in-situ-derived
left ventricular pressure (–58%). The training pro-
gram restored skeletal muscle oxidative capacity
and maximum oxygen uptake to within normal lim-
its, but it did not improve cardiac myosin ATPase or
calcium regulation of myofibril ATPase. However,
the heart-weight-to-body-weight ratio was highest
in the hypothyroid trained group. These findings
suggest that the maximum oxygen utilization capac-
ity of hypothyroid rats can be normalized by physi-
cal training, even though the intrinsic contractile
capacity of the heart can not. The effects of hypo-
and hyperthyroidism on in vivo cardiovascular func-
tional capacity were ascertained in the context of
phosphorylation of cardiac myosin light chain 2, a
proposed modulator of myocardial function at rest
and during exercise. Compared with normal con-
trols, calcium-regulated myofibril ATPase was
reduced by 39% in rats with myxedema and
increased by 9% in thyrotoxic rats. This response
was associated with a 20-fold increase in the V3 iso-
form and an 11% increase in the V1 isoform in
hypothyroid and hyperthyroid rats, respectively.
Submaximum treadmill exercise elicited significant
elevations in all myocardial functional indices
examined in thyrotoxic rats compared with the con-
trol group, whereas the opposite occurred in the
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hypothyroid group. Despite the marked contrast in
cardiac function among the three groups, intrinsic
levels of myosin light chain 2 were similar among
the groups when at rest and were significantly
reduced in both the hypothyroid and the hyperthy-
roid group relative to controls during exercise.
These data suggest that, although thyroid state
exerts a profound impact on intrinsic myocardial
functional state, it exerts little control over cellular
processes regulating myosin light chain 2 during
rest and exercise.

Muscle glycogen, glycolytic intermediate, and
high-energy phosphate contents were compared in
five intact (control) and five hypothyroid (thy-
roidectomized) dogs after 30 min of treadmill exer-
cise of low (40 W) and high (70 W) intensity [40].
Although after the low-intensity exercise the rate of
glycogenolysis and muscle lactate accumulation in
hypothyroid dogs exceeded those in controls, the
diminished oxidative capacity in the former was
inadequately compensated, resulting in lowering of
the ATP contents. Thus, inadequate fuel utilization
may be considered as a factor limiting the ability for
heavy exercise in myxedema.

To investigate the mechanism of reduced exer-
cise capacity in thyrotoxicosis, the effects of excess
thyroid hormone administration (daily ingestion of
0.1 mg T3 for 2 weeks) on cardiac and metabolic
responses to graded-dose isoproterenol infusion,
skeletal muscle β-adrenergic receptor density, and
physiological determinants of exercise capacity in
young healthy subjects were characterized. The
slope of the heart rate response to isoproterenol was
36% greater after T3 administration. In addition, β-
adrenergic receptor density was increased in all
types of skeletal muscle fibers. Maximum oxygen
uptake during treadmill exercise declined 5% after
T3 administration because of a decrease in the arte-
riovenous oxygen difference. The plasma lactate
response to submaximum exercise was 25% greater
in the thyrotoxic state. These effects were paralleled
by a decrease in skeletal muscle oxidative capacity
(21–37% decline in activities of oxidative and gly-
colytic enzymes in skeletal muscle) and a 15%
decrease in cross-sectional area of type 2a skeletal
myocytes. Lean body mass was reduced and the
rates of whole-body leucine oxidation and protein
breakdown were enhanced. Thus, work or exercise
capacity was impaired in short-duration experimen-
tal thyrotoxicosis because of decreased skeletal
muscle mass (type 2a fiber atrophy) and oxidative

capacity related to accelerated protein catabolism,
but cardiac pump function was not reduced [40–42].
Thyroid hormone excess enhanced cardiac β-adren-
ergic sensitivity under in vivo conditions in human
subjects. In contrast, no change in adrenergic sensi-
tivity was found in other primates.

4.7 Cardiovascular and Pulmonary
Work Capacity

Stress echocardiography compares two-dimensional
echocardiographic images obtained before, during,
and after exercise. It is an accurate technique for the
evaluation and follow-up of global and regional left
ventricular function as well as of exercise capacity.
In the normal subject, when cardiac performance is
monitored during exercise, the most striking physi-
ological changes are the increase in left ventricular
contractility and the decrease in end-systolic vol-
ume. These alterations can be detected by analysis
of left ventricular wall motion and measurement of
the ejection fraction response to stress. Failure of
these changes to occur during exercise is abnormal.
Possible causes include cardiomyopathy, reduced
exercise capacity, medications such as β-blockers,
and ischemia. Based on the linear relationship
between cardiac output and oxygen uptake, direct
breath-to-breath gas exchange measurements during
exercise allow accurate determinations of cardiores-
piratory function. The advantage of gas exchange
analysis is that it gives an objective determination of
maximum oxygen uptake and ventilator anaerobic
threshold (the reflection point at which there is a
disproportionate increase in carbon dioxide produc-
tion compared with oxygen uptake). The term
“anaerobic threshold” has also been used to define
the peak work rate or oxygen uptake at which aero-
bic metabolic processes can no longer meet the
skeletal muscle requirements for ATP. As work is
increased above the anaerobic threshold, progres-
sive increases in anaerobic glycolysis must accom-
pany aerobic metabolism to sustain adequate levels
of ATP regeneration. The acceleration in glycolysis
leads to an elevated muscular concentration of lac-
tic acid and a consequent metabolic acidosis.
Therefore, the anaerobic threshold obtained by res-
piratory gas analysis on a ramp-loading cycle
ergometer is an objective measure of work or exer-
cise capacity [43–48]. 

Abnormal left ventricular function has been
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observed in thyrotoxicosis, independent of β-adreno-
ceptor activation, suggesting a reversible functional
cardiomyopathy due to a direct effect on the
myocardium of excessive circulating T3. Left ven-
tricular ejection fraction was also decreased in
patients with myxedema and increased after levothy-
roxine (LT4) therapy. Furthermore, thyrotoxicosis
has been implicated as a primary cause of reduced
cardiorespiratory exercise tolerance. Although car-
diac function is enhanced at rest, an abnormal
response of the left ventricular ejection fraction to
physical exercise has been reported in subjects with
thyrotoxicosis without underlying heart disease.
Dyspnea and reduced exercise capacity in thyrotoxi-
cosis are most probably due to reduction of the car-
diac functional reserve. Cardiac output cannot ade-
quately increase in response to physical work
because all the mechanisms involved in the hemody-
namic response to exercise are potentially already
maximally activated at rest (enhanced heart rate,
myocardial contractility, and preload, together with
reduced afterload) in relation to the degree of hyper-
thyroidism. Furthermore, subjects with long-stand-
ing thyrotoxicosis may have developed cardiac
hypertrophy, caused directly by the effect of thyroid
hormones on myocardial protein synthesis and indi-
rectly by the increase in cardiac workload. An
increase in left ventricular mass has also been report-
ed in long-term overt hyperthyroidism and may
counteract the beneficial effect of thyroid hormones
on diastolic performance, impairing diastolic ven-
tricular filling and the systolic performance of the
thyrotoxic individual on effort [1–3]. 

4.8 Long-Term Experience at the
Gutenberg University Joint
Cardiac–Thyroid Laboratory

To analyze alterations of cardiovascular function
and work capacity thought to occur in patients with
thyroid disease, stress echocardiography, spiroer-
gometry, and spirometry were performed at our
institution in more than 300 people with untreated
mild or subclinical thyroid disease or with overt
thyroid dysfunction and again after restoration of
euthyroidism in these patients [43–48]. The results
were compared to those obtained in a group of 50
age- and sex-matched healthy controls. At rest, the
majority of cardiorespiratory parameters were simi-
lar in the patients with thyroid dysfunction and in

the control group. During exercise, however, cardiac
indices were significantly different, and the Doppler
parameters were markedly modified, all of which
reverted to normal when euthyroidism was reinstat-
ed. At rest, systemic vascular resistance was 36%
lower in hyperthyroid patients than in the control
group, but no further decline was noted at maximum
exercise. The change in end-systolic volume index
between rest and maximum exercise was lower in
the hyperthyroid than in the control group. At rest,
left ventricular ejection fraction, stroke volume, and
cardiac indices were significantly increased in thy-
rotoxicosis but exhibited a blunted response to exer-
cise, which normalized after restoration of a euthy-
roid state. Even in subjects with mild or subclinical
hyperthyroidism vs. controls, the changes in minute
ventilation (ΔMV: respiratory rate Δ tidal volume),
oxygen pulse (ΔOP: oxygen uptake per heart beat, a
measure of effective cardiorespiratory function),
and workload were significantly smaller than in
controls both at the anaerobic threshold (Fig. 4.1)
and at maximum exercise. In subjects with a
fT3 concentration above 20 pg/ml, ΔOP and the
changes in left ventricular ejection fraction (ΔLVEF)
(Fig. 4.2), cardiac index (ΔCI), and systemic vascu-
lar resistance (ΔSVR) were markedly smaller than in
controls. Negative correlations between fT3 concen-
tration and diastolic blood pressure, maximum
workload, changes in heart rate, and ΔLVEF were
noted. Normal left ventricular wall motion was
observed, and no wall motion abnormalities devel-
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Fig. 4.1 Compared to controls, the anaerobic threshold is
reached earlier and peak workload is markedly lower in patients
with subclinical hyperthyroidism. These changes are reversible
when biochemical euthyroidism is achieved



oped with exercise. It two groups of patients with
thyrotoxicity of different etiologies and with differ-
ent mean ages, marked but reversible alterations of
cardiopulmonary function were noted in the older
group (Figs. 4.3 and 4.4).

In patients with myxedema, reduced forced vital
capacity and tidal volume at the anaerobic threshold
compared were observed to the euthyroid state. In
those with subclinical or mild hypothyroidism, the
oxygen uptake per heart beat (also defined as oxy-
gen pulse) was markedly impaired (Fig. 4.5). This
key cardiorespiratory parameter reverted to near
normal after LT4 substitution.

In contrast to healthy controls and to patients in

the euthyroid state, heart rate did not increase signif-
icantly during exercise in thyrotoxic patients, a sign
of impaired chronotropic reserve. The results are
consistent with a described depression of the efferent
activity of the vagal component of the autonomic
nervous system during exercise in hyperthyroid indi-
viduals. Furthermore, although the rate–pressure
product was significantly higher in hyperthyroidism
than in euthyroidism, workload was markedly lower
in hyperthyroidism. This product is an index of car-
diac work that correlates with myocardial oxygen
consumption. During exercise, the smaller increase
in rate–pressure product in thyrotoxic patients was
most likely due both to the higher resting heart rate
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Fig. 4.2 Severe hyperthyroidism markedly impairs left ventricu-
lar ejection fraction during exercise

Fig. 4.3 Patients with thyrotoxic nodular goiter (TNG) were,
on average, older than those with Graves’ disease (GD) and
showed markedly impaired cardiorespiratory parameters dur-
ing exercise

Fig. 4.4 Work capacity during maximum exercise was marked-
ly lower in the older subjects with thyrotoxic nodular goiter. Q1,
25%; Q3, 75%

Fig. 4.5 In contrast to euthyroidism and controls, the oxygen
uptake per heart beat was markedly lower in patients with sub-
clinical hypothyroidism; after levothyroxine substitution it
became nearly normal



and systolic blood pressure and to the lower sys-
temic vascular resistance seen in hyperthyroidism,
consistent with decreased contractile cardiac
reserve. Propranolol treatment led to a significant
increase in the change in stroke volume index (ΔSVI)
between resting and maximum exercise (Fig. 4.6).
The action of thyroid hormones may be mediated by
adrenergic receptor stimuli that can be blocked by
β-antagonists. This effect is plausible since there is
a high cardiac sensitivity to β-adrenergic stimula-
tion in thyrotoxicosis. In contrast to the effects of
β-blockade in controls, propranolol partially
improved skeletal muscle weakness in hyperthyroid
patients and reversed T4-induced cardiac hypertro-
phy in both animals and humans. Thyroid hor-
mones and catecholamines in concert appear to
mediate the muscle dysfunction in thyrotoxicosis.
Although older patients with hyperthyroidism lack
an appropriate peripheral circulatory response, pro-
pranolol therapy may enhance workload and reduce
the response of heart rate to exercise. Thus, β-block-
ade leads to more economical work and higher effi-
ciency of cardiovascular function. This may explain
the clinical amelioration of symptoms in thyrotoxic
patients during propranolol therapy [49, 50].

4.9 Conclusions

The heart is an organ that is sensitive to the action
of thyroid hormones, and measurable changes in
cardiovascular performance are detected with
small variations in serum concentrations of thy-
roid hormones. Most patients with thyroid dys-
function experience cardiovascular manifesta-
tions, and the most serious complications of thy-
roid disease are a result of cardiac involvement.
To meet the increased metabolic state and oxygen
consumption that occur in thyrotoxic patients, an
increased supply of oxygen and the removal of
metabolic products from the periphery are
required. This is accomplished by increasing the
cardiac output to meet the needs of the periphery.
Circulation time is decreased in hyperthyroid
patients, and a lowered arterial resistance and
increased venous resistance promote the return of
blood to the heart. Thyroid hormones may signifi-
cantly decrease the strength of both respiratory
and skeletal muscles and affect regulatory mecha-
nisms of adaptation to incremental effort. In thy-
rotoxicosis, cardiovascular exercise testing and
analysis of respiratory gas exchange demonstrate
a low efficiency of cardiopulmonary function and
impaired chronotropic, contractile, and vasodi-
latatory reserves, which are reversible when
euthyroidism is restored. During exercise, the
increases in minute ventilation and oxygen pulse
are significantly lower in thyroid dysfunction than
in euthyroidism. Especially in older patients with
thyroid disease, markedly reduced workload is
observed both at the anaerobic threshold and at
maximum exercise. In hyperthyroidism, mito-
chondrial oxidative dysfunction during exercise
mostly causes intracellular acidosis, whereas in
hypothyroidism the inadequate cardiovascular
support appears to be one of the principal factors
involved. These abnormalities partly explain why
people with dysthyroidism are intolerant of exer-
tion: in thyroid dysfunction, both cardiac struc-
tures and cardiac function may remain normal at
rest, but exercise unmasks impaired cardiovascu-
lar and respiratory adaptability to effort.
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Fig. 4.6 In contrast to controls, left ventricular stroke volume
was markedly reduced in overt hyperthyroidism. It was
improved after propranolol administration and nearly normal
after biochemical euthyroidism was achieved
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Key Points

• The cardiovascular system is deeply involved in thyroid dysfunction.

• Marked changes in systemic vascular resistance mainly explain the modified clinical cardiovascu-
lar signs in thyroid dysfunction.

• Even subclinical thyroid dysfunction involves the cardiovascular and respiratory systems signifi-
cantly.

• The close interaction between thyroid hormones and the sympathoadrenal system enhances the
arrhythmic effect in both subclinical and overt hyperthyroidism.

• β-Blockade markedly improves cardiovascular work capacity and significantly decreases the risk of
atrial arrhythmias in both subclinical and overt hyperthyroidism.
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5.1 Introduction

In one of the earliest description of hyperthy-
roidism, in 1785, the British physician C.H. Parry
alluded to the close correlation between alterations
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Abstract  The influences of thyroid hormone action on cardiovascular function pres-
ent a complex mix of beneficial adaptive and maladaptive effects. Increased thyroid
hormone action mediates an increased speed of diastolic relaxation and an increased
speed and force of systolic contraction. Beneficial thyroid hormone effects are caused
in part by alterations in calcium handling, which are based on changes in the expres-
sion of important proteins involved in this process. These include increases in the
level of calcium ATPase of the sarcoplasmic reticulum (SERCa2) and decreases in
phospholamban levels. Increased thyroid hormone action also has marked electro-
physiological effects resulting in increased heart rate and an increased propensity for
cardiac arrhythmias, especially atrial fibrillation. In addition, thyroid hormone exerts
marked effects, on the vascular system, decreasing arterial resistance and thus dimin-
ishing cardiac afterload. Hyperthyroidism of some duration results in cardiac hyper-
trophy. Recently, thyroid hormone analogues have been developed that target the thy-
roid hormone receptor-β in the liver, mediating the lowering of lipid levels without
significant other cardiac effects, especially without an increase in heart rate or car-
diac arrhythmias. Severe heart failure of different causes can lead to the nonthyroidal
illness syndrome, resulting in decreased thyroid hormone levels. Studies in human
beings and animal models have also shown that the levels of thyroid hormone recep-
tor-α and -β are decreased in the failing heart. Alternatively, the syndrome may lead
to a cardiac status compatible with a “hypothyroid heart.” It is currently unclear
whether the nonthyroidal illness syndrome presents an adaptive or a maladaptive phe-
nomenon whit respect to cardiac function. In some clinical trials, administration of
thyroid hormone to patients with heart-failure-induced nonthyroidal illness syn-
dromes has had beneficial effects; however, other trials did not show improvements
in cardiac function.
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in thyroid and cardiac function. Parry noted that the
coincidence of thyroid enlargement, a rapid heart-
beat, and cardiac enlargement occurred in several of
his patients [1]. About 50 years later the Irish physi-
cian R.J. Graves, after whom autoimmune-based
hyperthyroidism, or Graves’ disease, is named,
reported that he had observed continued palpitation
in four of his hyperthyroid patients [2]. A similar
connection between thyroid disease and cardiac dis-
ease was noted in 1840 by C.A. von Basedow, who
described goiter, palpitation, and exophthalmos in
several of his patients [3]. The cardiac manifesta-
tions of hypothyroidism were identified much later.
In 1918, the physician H. Zondek, in Munich,
described cardiac manifestations in his patients with
severe hypothyroidism [4]. He termed this condition
“das Myxoedemherz,” which can be translated as
“the myxedemic heart.”

In subsequent years, the marked influence of
thyroid hormone action on cardiac function was
elaborated in further detail [5–8]. The contractile
function changes, including increased speed and
force of systolic contraction, or the inotropic activi-
ty, and increased speed of diastolic relaxation, or
lusitropic activity. In addition, electrophysiological
influences of hyperthyroidism, especially those
leading to tachycardia and a propensity to atrial
arrhythmias due to alterations in specific ion chan-
nels, have been described [9, 10]. Furthermore, thy-
roid hormone has significant vascular effects, lead-
ing to arterial vasodilation and increased vascular
density in the heart [11, 12]. Very recent studies
have demonstrated that the thyroid hormone recep-
tor (TR) isoforms TR-α and TR-β exert differential
effects on cardiac function [13, 14]. Novel thyroid
hormone analogues under development attempt to
target the TR-β in the liver, leading to lipid lower-
ing without exerting adverse cardiovascular effects
such as increases in heart rate [15, 16]. In addition,
interesting questions are being asked about the
heart-failure-induced nonthyroidal illness syn-
drome, specifically that it may be of a maladaptive
nature for cardiac function [17, 18].

5.2 Mechanism of Thyroid 
Hormone Action

Significant influences on cardiac function are exert-
ed by the binding of thyroid hormone, especially T3,
to specific nuclear-based TRs, leading to altered

transcription of specific genes [19, 20]. In addition,
rapid nongenomic effects of T4 and T3 have been
described which occur within minutes and include
binding to integrins and effects on signaling cascade
members, cardiac ion channels, and specific pro-
teins [21]. These effects have been well-established
in ex vivo and cell culture systems. 

We will first describe the mechanisms of TR
action. It was demonstrated in 1986 that the cellular
homologue of the erb proto-oncogene, which binds T3

with high affinity and limited capacity, has binding
characteristics identical to those of nuclear T3 recep-
tors [13, 14]. Two separate genes, TRa and TRb, were
identified that encode several mRNA splice variants
[20]. The TRa gene codes for the T3-binding TRα1
isoform and nonligand splice variants including TRα2
[20]. In addition, several internal transcription start
sites leading to δ isoforms, which do not bind T3, have
been identified [20]. Furthermore, a specific splice
variant of the TRa gene with preferential mitochondr-
ial localization has been described [20]. For the TRb
gene several splice variants lead to the widely distrib-
uted TRβ1 mRNA [20]. TRβ2 mRNA is preferential-
ly concentrated in the pituitary and the central nerv-
ous system, and an additional isoform, TRβ3, is more
ubiquitously distributed [20]. In the mouse heart,
TRα1 accounts for 70% of total cardiac thyroid hor-
mone receptor mRNA, and TRβ1 for the remaining
30% [14]. TRα1 and TRβ1 have different N-terminal
regions and more limited amino acid differences in
other regions [19]. TRs reside primarily in the nucle-
us, with some cytosolic accumulation [21]. The TR
protein can be divided into protein domains exhibit-
ing different functions related to gene expression.
The T3-mediated transcriptional activity of TRs on
positive thyroid hormone response elements (TRE)
occurs by recruitment of co-activator proteins which
bind to specific regions in the C-terminal area of the
THs. These co-activator proteins include SRC1,
GRIP-1, and others; are involved in local promoter
chromatin remodeling; and communicate with the
basal transcription machinery to increase transcrip-
tion [22]. In contrast, TRs not occupied by T3 associ-
ate with co-repressors like SMRT1 or NCor. These
co-repressors form a multiprotein complex with other
factors, including histone deacetylases, leading to
decreased acetylation of histones. A more compact
chromatin structure results in inhibitory interaction
with the basal transcriptional machinery, leading to
gene repression or silencing [23]. Different isoforms
of SMRT occur, and SMRTα exhibits preferential
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interaction with T3 receptor isoforms [24]. On nega-
tive TREs T3-occupied TRs suppress gene expression
[23]. Stimulatory TR action is a complex process
influenced by receptor isoform levels, occupancy of
the receptors by T3, and interactions with co-activa-
tors and communication with the basal transcriptional
machinery. Levels of TRs and T3 are key determinants
and their interaction is governed by the law of mass
action [25]. Decreases in T3 can be partially compen-
sated by increases in TRs. In addition, cell-type-spe-
cific transcriptional factors can interact with the T3

receptor complex and T3 action can be modified by
interactions with other signaling systems. For exam-
ple, β-adrenergic sympathetic stimulation leads to an
increased heart rate and thyroid hormone action has
similar effects [26, 27].

5.3 Thyroid Hormone Receptors and
Thyroid-Hormone-Responsive
Cardiac Genes

The heart is primarily composed of cardiac
myocytes, fibroblasts, endothelial cells, and vascular
smooth muscle cells, with cardiac myocytes con-
tributing the majority of protein and mRNA. In the
heart of mice, TRα1 is predominant, and the pre-
dominance of isoforms is reflected in the phenotype
of mice with TR deletions thyroid hormone recep-
tors. Mice with ubiquitous deletion of TRα exhibit a
significant cardiac phenotype, with a heart rate that
is significantly lower than that of wild-type mice
[13, 14]. In addition, the contractile performance of
the heart is abnormal. The speed of diastolic relax-
ation is markedly decreased and the speed and force
of systolic relaxation are delayed [14]. The contrac-
tile phenotype of the TRα knockout mice mimics
that of the hypothyroid heart. In contrast, in mice
with ubiquitous deletion of TRβ, thyroid hormone
levels are elevated and the mice have a correspon-
ding increase in heart rate. If thyroid hormone levels
are normalized by treating the mice with a low-
iodine/6-propyl-2-thiouracil (PTU)-containing diet
and a physiological dose of replacement thyroid hor-
mone, they have a normal heart rate and a complete-
ly normal contractile phenotype [14]. Corresponding
to the decreased contractile phenotype, mRNAs cod-
ing for proteins involved in cardiac contraction, such
as MHCα or SERCa2A, are markedly diminished
and the mRNA coding for myosin heavy chain β is
increased [6]. In contrast, the levels of SERCa2 and

MHCs are normal in mice with a knockout of TRβ.
The diminished heart rate in mice with a knockout of
TRα can be increased towards the normal range by
T3 administration [13]. These findings indicate that,
although TRα is more predominant in the heart and
in the sinus node (SN), a significant contribution is
made by TRβ to SN pacemaker regulation. In very
interesting and recent studies, it was determined that
a cardiac-specific microRNA (miRNA208) is encod-
ed by an intron of the MHCα gene [28]. The
miRNA208 plays a role in mediating cardiac hyper-
trophy and fibrosis, and it also regulates MHCβ
expression and cardiac remodeling. These studies
therefore demonstrate that the MHCα gene encodes
a major cardiac contractile protein, but in addition
plays a role in regulating cardiac growth and gene
expression in response to stress and thyroid hormone
signaling through miRNA208.

In addition to the influence of thyroid hormone
on the expression of SERCa2 and MHC genes, it
should be noted that thyroid hormone influences the
expression of a large number of additional genes
that play a role in electrophysiological effects.
Thyroid-status-induced changes in the expression of
some of these genes are shown in Table 5.1. For
example, genes coding for the If current HCN2 and
HCN4 are thyroid hormone responsive. In addition,
various potassium channel genes, such as Kv4.2 and
Kv1.5, show marked thyroid hormone responsive-
ness [29–31]. Acting through to proteins involved in
calcium handling and a positively influencing the
transcription of the SERCa2 gene, thyroid hormone
likewise regulates in a positive fashion the mRNA
coding for the calcium channel of the sarcoplasmic
reticulum, the ryanodine channel [32]. In hypothy-
roidism, phospholamban levels are increased [33].
Unphosphorylated phospholamban inhibits SERCa2
activity, and the hypothyroidism-mediated delay in
diastolic relaxation most likely results from a com-
bination of decreases in SERCa2 expression and
further inhibition of SERCa2 activity by elevated
phospholamban levels.

5.4 Thyroid Hormone Effects on
Cardiac Vascular Function

Thyroid hormone’s influences on vascular function
in human beings and animal models have been less
well-appreciated than its effects on cardiac contrac-
tile and electrophysiological function, but such
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effects have been well documented in the literature.
For example, hypothyroidism leads to increased
vascular resistance, with hypertension occurring in
20–40% of hypothyroid patients [34]. In contrast,
hyperthyroidism has the opposite effects, leading to
vascular relaxation. Furthermore, influences of thy-
roid status on cardiac blood flow have been demon-
strated. In animal models of hypothyroidism, car-
diac perfusion is decreased and cardiac blood flow
is returned to normal when a euthyroid status is
achieved [35]. In hyperthyroid animals, cardiac
blood flow is increased above the normal level.
Mechanisms mediating these changes have only

been explored in a limited fashion. Increasing thy-
roid hormone action enhances endothelial-based
nitric oxide (NO) generation, and such effects have
been noted in smooth muscle of mesenteric arteries
[36]. In addition, direct thyroid hormone effects on
aortic vascular smooth muscle relaxation have been
described, but without identification of a clear
underlying mechanism [37]. Earlier reports indicat-
ed that in isolated vascular smooth muscle cells
obtained from mesenteric arteries thyroid hormone
inhibited myosin light chain kinase activity, which
is linked to increased vascular tone [38]. Only one
study has focused on thyroid hormone receptor iso-
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Table 5.1 Effects of thyroid hormone on gene expression in the heart

Gene Transcription TRE mRNA Protein Activity  

Myocytes – myofibrils       
MHCα — Yes — — Speed contraction 
MHCβ — Yes — — Speed contraction 
C-actin n.d. n.d. — n.d. Thin filament contractile protein  
S-actin n.d. n.d. — n.d. Thin filament contractile protein  
Troponin I n.d. n.d. — n.d. Thin filament regulatory protein         

Myocytes – sarcoplasmic reticulum
SERCA2 — Yes — — Ca sequestration 
Phospholamban n.d. n.d. T3/ Tx n.d. SERCA2 inhibition  
Ryanodine channel n.d. n.d. — n.d. Ca efflux

Myocytes – sarcolemma
Na,K-ATPase
α1   Tx E  Tx E Na efflux
α2   Tx E Tx E
β Tx E Tx E 
βi Receptor — n.d. — — Adrenergic 
Giα n.d. n.d. — — Adrenergic 
Giβ n.d. n.d. — — Adrenergic 
Gs n.d. n.d. n.d. — Adrenergic 

Myocytes – atrium
Ion channel
Kv1.5 n.d. n.d. — — Delayed rectifier K channel
Kv2.1 n.d. n.d.  — Delayed rectifier K channel
Kv1.4 n.d. n.d. Tx E n.d. Voltage gated K channel  
Kv1.2 n.d. n.d. Tx E n.d. Voltage gated K channel  
minK n.d. n.d. — n.d. K channel β-subunit

Myocytes – ventricle
HCN2 n.d. n.d. — n.d. If current
HCN4 n.d. n.d. — n.d. If current
Kv4.2 n.d. n.d. — n.d. Voltage gated K channel
Kv1.1 n.d. n.d. — n.d. Delayed rectifier K channel
Kv1.5 n.d. n.d. — n.d. Delayed rectifier K channel

TRE thyroid hormone response elements, an increase of parameter after TH administration, a decrease in the hypothyroid state. 
n.d. not determined, E extranuclear effect
Modified from [65]



form effects. In aortic rings from mice with an ubiq-
uitous knock-in of a thyroid hormone receptor
mutant, the TRβ PV mutant, which similarly occurs
in patients with the thyroid hormone resistance syn-
drome, a decrease in endothelial-based relaxation in
response to acetylation was noted [39]. The pre-
dominance of thyroid hormone receptor isoforms in
the cells of the vascular system is also unclear. In
vascular smooth muscle, a strong TRα1 and TRα2
mRNA predominance was reported as was weak
expression of TRβ1 and TRβ2 but without precise
quantitation [40]. Our recent preliminary data indi-
cate that in endothelial cells as well as vascular
smooth muscle cells over 90% of total TR isoform
mRNA is represented by TRα.

In addition to its effects on vascular tone, thyroid
hormone stimulates angiogenesis. Angiogenesis in
this context is defined as the formation of new capil-
laries from postcapillary venules. Hyperthyroidism
mediates increases in cardiac vascular density, with
opposite effects to those of hypothyroidism
described [12, 35]. In addition, thyroxin administra-
tion was accompanied by elevated basic fibroblast
growth factor mRNA and protein levels [41].
Furthermore, very interesting recent studies have
demonstrated that the T3 analogue DITPA stimulates
coronary vascular growth [42, 43]. Similarly, proan-
giogenic effects of T3 analogues, which appear to be
initiated at the cell surface and by integrins, repre-
senting nongenomic effects, have also been noted
[44]. Hyperthyroidism in general leads to a cardiac
hypertrophy compatible with a physiological type of
hypertrophy in contrast to a pathological hypertro-
phy. Studies in other areas indicate that the differ-
ence between physiological and pathological hyper-
trophy may in part be linked to capillary formation
[45]. It is therefore interesting to note that thyroid
hormone not only stimulates protein synthesis in
cardiac myocytes, leading to cardiac hypertrophy,
but simultaneously provides for an increased blood
supply by increasing vascular relaxation and mediat-
ing an enhancement of angiogenesis.

5.5 Thyroid Hormone Analogues and
Cardiovascular Effects

The TRa and TRb genes code for different TR iso-
forms with different tissue distributions. These find-
ings have provided an impetus to develop novel thy-
roid hormone analogues which have differential

potencies in different tissues and on different patho-
physiological mechanisms. As mentioned above,
TRα predominates in the heart; in contrast, in the
liver TRβ1 is the predominant thyroid hormone
receptor isoform. The liver is one of the major sites
for lipoprotein and cholesterol production, and
attempts to develop novel thyroid hormone analogues
with preferred liver accumulation and binding to
TRβ1 have recently been actively pursued. A TRβ1-
specific analogue may lead to significant lipid lower-
ing without exerting unwanted cardiac effects.
Several years ago, a TRβ-preferred agonist termed
GC1 was synthesized in the laboratory of T. Scanlan
[46, 47]. In GC1, iodine atoms on the inner ring are
replaced by methyl groups and an isopropyl group
replaces the iodine atom on the outer ring. In addi-
tion, the linkage of the two six-carbon rings occurs
through a carbon bond rather than an ether bridge.
The alanine site chain is markedly modified as well.
The binding affinity of GC1 for the TRβ1 isoform is
10 times higher than binding for the TRα1 isoform.
Influences of GC1 on cardiac and hepatic action were
compared to those of T3 in hypothyroid mice [47]. In
rats placed on a hypercholesterolemic diet and treat-
ed with equimolar concentrations of T3 and GC1,
GC1 had better triglyceride-lowering and similar
cholesterol-lowering effects to T3. In T3-treated ani-
mals, but not in GC1-treated animals, an increased
heart rate was accompanied by an elevated mRNA
coding for the If channel HCN2 cardiac-pacemaker-
related protein. It was also observed that GC1 had
preferential accumulation in the liver versus the
heart, which probably contributed to its marked lipid-
lowering effects in the absence of effects on heart
rate [47]. Overall, these data indicate that GC1 pres-
ents a prototype for new drugs for the treatment of
high lipid levels.

In subsequent studies, a cytochrome P450-acti-
vated prodrug of a phosphonate-containing TR ago-
nist was evaluated [16]. This prodrug showed pref-
erential accumulation in hepatic tissue. After first-
pass hepatic extraction and cleavage, the prodrug
generates a negatively charged TR agonist that dis-
tributes poorly in other tissues and has TRβ-pre-
ferred binding activities. This compound,
MB07811, significantly reduces cholesterol and
both serum and hepatic triglyceride levels at doses
devoid of influences on body weight, glycemia, or
heart rate. Similar beneficial effects of the TRβ-pre-
ferred agonists KB2115 and KB141, with marked
lowering of cholesterol and lipoprotein levels with-
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out significant effects on heart rate, have been
reported [15, 48]. In prior studies thyroid hormone
analogues like triiodothyroacetic acid appeared to
have more potent hepatic than cardiac actions [49],
but not at the level of the liver-preferred effects
observed with the newer analogues. It should also
be noted that D-thyroxine was previously claimed to
have preferred cholesterol-lowering effects.
However, more detailed studies showed that D-thy-
roxine was as active in stimulating cardiac action as
L-thyroxine, which may have been in part due to
contamination with LT4 [50].

5.6 Thyroid Hormone Action, Cardiac
Hypertrophy, and Heart Failure

Several reports indicate that hypothyroidism,
including subclinical hypothyroidism, presents an
increased risk to develop heart failure [51–53]. One
report describes a patient with severe hypothy-
roidism who had significant heart failure [54].
Myocardial biopsies were undertaken and indicated
that, during the time the patient was hypothyroid,
MHCα mRNA was of markedly lower predomi-
nance with opposite changes occurring for MHCβ.
Furthermore, the mRNA coding for atrial natriuret-
ic factor was markedly elevated in the hypothyroid
heart. In addition, phospholamban, which in its non-
phosphorylated state inhibits the SERCa2 pump,
was 10-fold higher in the hypothyroid than in the
euthyroid heart. With thyroid hormone replacement
and the achievment of a euthyroid status, those
changes reverted to normal and normal cardiac
function resumed [54]. Results in animal models of
hypothyroidism indicate that the level and activity
of the SERCa2 protein markedly decrease and con-
tribute in a significant way to the delayed diastolic
relaxation of the heart. For example, if transgenic
mice in which a promoter driving a SERCa2 trans-
gene that does not contain thyroid hormone
response elements are made hypothyroid, and their
SERCa2 level remains in the normal range, no
decrease in diastolic function occurs [55]. These
findings indicate the important role that normal
SERCa2 activity and calcium handling play in the
manifestation of abnormal diastolic function in
hypothyroidism. Other proteins related to calcium
handling, such as the ryanodine receptor, are also
markedly decreased with hypothyroidism [56].

In earlier investigations cross-talk between sig-

naling cascades mediated by thyroid hormone and
by cytokines, which are elevated in the failing heart,
were noticed [52]. For example, when neonatal
myocytes are incubated with a SERCa2 promoter
driving a β-galactosidase reporter gene, addition of
thyroid hormone to the cell culture increases
SERCa2 expression twofold [57]. In contrast, when
the cytokines LIF and IL-6 are added to the cell cul-
ture in addition to T3, the T3-mediated increase in
SERCa2 gene expression is completely abolished.
One could therefore speculate that the elevated
cytokine levels occurring with heart failure con-
tribute to the down-regulation of SERCa2 by pre-
venting thyroid-hormone-mediated stimulation of
SERCa2 gene expression.

5.7 The Nonthyroidal Illness Syndrome,
Heart Failure, and Thyroid Hormone
Signaling

Severe illness, including heart failure, leads to a
down-regulation of the thyroid hormone axis. The
detailed mechanisms responsible are not completely
clear, but with heart failure and in many severe sys-
temic illnesses cytokines increase that are known to
decrease thyroid hormone secretion and divert the
metabolism of thyroxine to the biologically inactive
reverse T3 instead of T3. A decrease in T4 to T3 con-
version occurs initially, followed by decreased secre-
tion of thyroid stimulating hormone (TSH) and
diminished thyroid hormone release from the thyroid
gland [58]. Characteristic laboratory findings of non-
thyroidal illness syndrome are increases in reverse T3

accompanied by decreases in T3 and followed by
decreases in T4 and TSH. With recovery from the
severe illness, a rebound happens and thyroid hor-
mone levels return to the normal range. In several
recent reports it was clearly demonstrated that a
strong correlation exists between the decrease in T3

levels induced by congestive heart failure and sur-
vival [17, 18]. These findings therefore raise the
question of whether the heart-failure-induced non-
thyroidal illness is of a beneficial, adaptive or a mal-
adaptive nature. Studies in human beings have
demonstrated that hearts obtained from patients
undergoing cardiac transplantation have decreased
levels of thyroid hormone receptors [17]. In addition,
in the serum of these patients T3 is markedly
decreased. Similarly, in animal models in which con-
striction of the ascending aorta induces cardiac
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hypertrophy and heart failure, marked decrease of
TRα and TRβ in cardiac myocytes occurs [59]. To
determine whether the decreased T3 action in heart
failure is maladaptive, animal studies were carried
out in which heart failure was induced by ascending
aortic constriction. TRα or TRβ was cloned into
adeno-associated viruses (AAV), that were then
injected into the left ventricular wall of the heart. The
AAV-based TR expression led to an increased TR
level in about 50% of cardiac myocytes. In addition,
some of the mice received a physiological replace-
ment dose of 3.5 ngT3 per gram body weight per
day. Cardiac function, especially diastolic relaxation,
was determined 2 weeks after viral-vector-based TR
administration. In mice with ascending aortic con-
striction treated with AAV expressing the TR versus
empty adenovirus, a significant improvement in car-
diac function, especially diastolic relaxation,
occurred. In other investigations, a tetracycline-sys-
tem-based increase in the expression of the deiodi-
nase type II, which converts T4 to T3, was used.
These studies also showed significant improvement
in contractile function in mice with pressure-over-
load-induced cardiac hypertrophy [54]. It could
therefore be speculated that the failing heart repre-
sents a hypothyroid heart because of decreased TR
levels and decreased levels of the ligand T3.

5.8 Heart Failure, the Nonthyroidal
Illness Syndrome, and Decreased
Thyroid Hormone Action: To Treat
or Not To Treat

Several studies have been undertaken exploring the
results of thyroid hormone administration to

patients after cardiac surgery, or in heart failure. In
one of these reports, when T3 was administered to
patients after cardiac surgery a beneficial effect
was realized from lowering the incidence of atrial
fibrillation [60]. In a very recent study, patients
with ischemic and nonischemic dilated cardiomy-
opathy received T3 infusion for 3 days or under-
went a placebo infusion [18]. The patients were
followed by clinical examination, echocardiogra-
phy, and cardiac magnetic resonance determina-
tion of cardiac function, and the biohormonal pro-
file was established, including thyroid hormone
values, norepinephrine, brain natriuretic peptide,
and IL-6. In the group receiving T3, the neuroen-
docrine profile and ventricular performance had
improved. It should, however, also be noted that in
other studies using a randomized double-blind
placebo-controlled trial design, intravenous
administration of T3 to patients undergoing coro-
nary bypass graft surgery did not show significant
cardiac improvement [61]. It was discussed above
that in animal models TR levels are significantly
decreased in patients with heart failure. It may
therefore not be possible for thyroid hormone
administration to exert its maximum beneficial
effects in cardiac myocytes. In recent clinical tri-
als, the administration of AAV-encoded SERCa2
was undertaken in patients with heart failure [62].
Trials in large animal models of heart failure have
shown that with this approach viral-vector-encod-
ed transgenes can be efficiently delivered to the
cardiac myocyte [63, 64]. Although these early
results await further confirmation and expansion,
novel treatment modalities are being developed for
the treatment of heart failure involving compo-
nents of the thyroid hormone signaling system.
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Key Points

• Thyroid hormone action in the cardiovascular system is predominantly mediated by the actions of
thyroid hormone receptor α1 and thyroid hormone receptor β1 (TRα1 and TRβ1).

• TRα1 action predominates in cardiac myocytes.

• TRα1 action increases cardiac diastolic relaxation and systolic contraction.

• Thyroid hormone receptor effects increasing SERCa2 expression make an important contribution to
calcium handling and diastolic relaxation.

(Cont. →)
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• Thyroid hormone receptor action can result in largely beneficial contractile effects and some mal-
adaptive electrophysiological effects, such as resting tachycardia and atrial fibrillation.

• Thyroid hormone receptor action has beneficial cardiac vascular effects, such as arterial relaxation
and increased angiogenesis.

• Novel thyroid hormone analogues that result in lipid lowering without significant heart rate effects
are being developed. 

• Heart failure results in a nonthyroidal illness syndrome with decreased serum thyroid hormone lev-
els and diminished cardiac thyroid hormone receptor levels. Animal experiments indicate that these
changes may be maladaptive.
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6.1 Introduction

The term “thyroid hormone” refers to two different
molecules (Fig. 6.1): thyroxine (T4) and 3,5,3’-tri-
iodothyronine (T3). T4 is the main product of the
thyroid gland, and in the human circulation total
T4 exceeds total T3 content by about two orders of
magnitude [1, 2]. T3 is produced by T4 deiodina-
tion mostly in target tissues (liver, kidney, adipose
tissue, heart, brain), and it is the most effective
agonist of thyroid hormone receptors. For this rea-

son, T3 is regarded as the active form of thyroid
hormone, while T4 is regarded as a prohormone.
Thyroid hormone receptors two subtypes comprise
TRα (or NR1A1) and TRβ (or NR1A2), which act
as activators of transcription, as detailed in other
chapters of this book. The corresponding function-
al effects therefore occur on a relatively slow time
scale. However, there are many rapid effects asso-
ciated with thyroid hormone, occuring within a
matter of seconds to minutes and insensitive to
inhibitors of protein synthesis such as cyclohex-
imide [3]. The effects relate to calcium uptake,
oxygen consumption, ion channel activation, and
cardiac function. They are referred to as nonge-
nomic effects and are thought to be mediated by
membrane receptors.

55

Cardiac Functional Effects of 
3-Iodothyronamine, a New Endogenous
Thyroid Hormone Derivative 

Riccardo Zucchi, Sandra Ghelardoni and Grazia Chiellini

6

Abstract Thyronamines are decarboxylated derivatives of thyroid hormone. 
3-Iodothyronamine (T1AM) has been detected in blood and in several tissues,
where it is likely produced from thyroid hormone by the consequent action of aro-
matic amino acid decarboxylase and deiodinases. In vitro, high-affinity interaction
has been observed between T1AM and a novel G-protein-coupled receptor known
as trace-amine-associated receptor 1 (TAAR1). TAAR1 and other receptors of this
family are expressed in several tissues, including the heart. Functional effects have
been observed after administration of exogenous T1AM: in the isolated heart, a
negative inotropic and chronotropic action was produced, and the resistance to
ischemic injury was increased, possibly as a consequence of an action on intracel-
lular calcium homeostasis. Extracardiac effects include reduction of body temper-
ature, increased lipid versus carbohydrate metabolism, modulation of insulin
secretion, and inhibition of neuronal catecholamine reuptake. T1AM may play an
important physiological or pathophysiological role, and this signaling system
might allow the development of new therapeutic agents.

Keywords Heart • Thyroid • Thyroid hormone • G-protein-coupled receptors •
Trace-amine-associated receptors • Signaling • Contraction • Calcium • Ischemia •
Metabolism

R. Zucchi (�)
Professor of Biochemistry, University of Pisa, Pisa, Italy

G. Iervasi, A. Pingitore (eds.), Thyroid and Heart Failure. 
© Springer-Verlag Italia 2009



In the last 5 years it has been observed that
some iodothyronamines, endogenous thyroid hor-
mone derivatives, are able to interfere with G-pro-
tein-coupled receptors [4]. While it was initially
believed that iodothyronamines might to be
responsible for the nongenomic effects of thyroid
hormone, it was soon recognized that their func-
tional effects often antagonize classical thyroid
hormone responses. This discovery has shown that
the picture of thyroid hormone signaling is more
complex than previously thought, opening a new
line of research.

6.2 Chemical Structure and Metabolism

With respect to the structure of T4, the common
characteristic of all iodothyronamines is the absence
of the carboxylate group within the β-alanine side
chain. In addition, one or more iodine atoms may be
substituted by hydrogen atoms (Fig. 6.2). The
nomenclature used for iodothyronamines follows the
rules applied for thyronines, and the different com-
pounds are usually abbreviated as TxAM, with “x”
indicating the number of iodine atoms per molecule.
In the past, several compounds of this class have
been synthesized in vitro, and a few studies have
evaluated the biological effects of thyronamine (the
totally deiodinated molecule, usually indicated as
T0AM), 3,5,3’-triiodothyronamine (T3AM, also

called “triam”), 3,5-diiodothyronamine (T2AM) and
3,5,3’, 5’-tetraiodothyronamine (T4AM, also called
“thyroxamine”) [5–12]. Recently, the discovery of a
novel group of mammalian orphan G-protein-cou-
pled receptors [13, 14], now called the trace-amine-
associated receptors (TAARs) [15], has renewed the
interest in iodothyronamines, and particularly in 3-
iodothyronamine (T1AM), which is a novel com-
pound since it had never been synthesized or evalu-
ated before 2004 [4].

So far, no pathway for de novo iodothyronamine
synthesis has been described. However, some well-
known enzymes might yield iodothyronamines from
thyroid hormone. Aromatic amino acid decarboxy-
lase has been proposed as the candidate enzyme for
thyronine decarboxylation, due to its relatively
broad substrate specificity, which includes L-3,4-
dihydroxyphenylalanine (L-dopa) and 5-hydrox-
ytryptophane [16, 17]. Three deiodinase isozymes
(D1, D2, and D3) catalyze the sequential reductive
removal of iodide from iodothyronines and various
iodothyronine metabolites (Fig. 6.3), thus control-
ling the bioavailability of thyroid hormone [18].
Deiodinases are a family of homologous selenopro-
teins, consisting of 250–280 amino acids and con-
taining an essential selenocysteine residue in the
active center. D1 has a low affinity for T3 and T4 (in
the order of 0.1–1 μM) and can remove iodide from
both the phenolic (i.e., the outer) and the tyrosyl
(i.e., the inner) ring. D2 and D3 have much higher

R. Zucchi et al.56

Fig. 6.1 Thyroid hormones and the en-
dogenous derivatives thyronamine
(T0AM) and 3-iodothyronamine
(T1AM)



affinities (in the order of 1 nM) and are more spe-
cific since they act exclusively on the phenolic ring
and on the tyrosyl ring, respectively. 

Decarboxylation and deiodination are known to
play a major role in thyroid hormone catabolism
[17], as detailed elsewhere in this volume (Chap. 7).
Decarboxylation is usually thought to occur after
the amino group has been removed by amino oxi-
dases or amino transferases, yielding thyroacetic or

thyropyruvic acid derivatives. However, it cannot be
ruled out that decarboxylation precedes deamina-
tion, as occurs in the biosynthesis of cate-
cholamines, so that T4, T3, or their lower-iodination-
state metabolites, are converted to the correspon-
ding iodothyronamines. Notably, both deiodinases
and aromatic amino acid decarboxylase are
expressed in many tissues.

Iodothyronamines can be further metabolized by
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Fig. 6.3 Basic deiodinase reactions.
The reactions catalyzed by the deiodi-
nases remove iodine moieties from the
phenolic (outer) or tyrosyl (inner) rings
of the iodothyronines. These pathways
can activate T4 by transforming it into
T3 (via D1 or D2) or prevent it from be-
ing activated by converting it to the
metabolically inactive form, reverse T3

(via D1 or D3). T2 is an inactive prod-
uct common to both pathways that is
rapidly metabolized by further deiodi-
nation

Fig. 6.2 Natural and synthetic iodothyronamines



different pathways. First of all, iodothyronamines
themselves are deiodinase substrates [19]. D1 and
D2 can only deiodinate rT3AM and 3’,5’-diiodothy-
ronamine at their phenolic rings, while they are
inactive on the other iodothyronamines. In contrast,
D3 can deiodinate all iodothyronamines with iodine
atoms in the tyrosyl ring, with an apparent
Michaelis constant (KM) of about 1 μM. So, deiodi-
nases might potentially convert all iodothyron-
amines to T0AM.

By analogy to thyroid hormone metabolism, it is
assumed that alternative inactivation pathways
include amine group oxidation by amine oxidases,
glucuronidation, or sulfation. In particular, T0AM,
T1AM, and T3AM have been shown to be substrates
for human liver sulfotransferases, especially for
SULT1A3  [20]. The KM for T1AM is about 32 μM,
and significant sulfotransferase activity is also pres-
ent in brain and heart.

6.3 Endogenous Concentration

So far, it has been impossible to assay iodothyron-
amines by immunological methods or by conven-
tional high-performance liquid chromatography
(HPLC) techniques. The only reliable assay is liquid
chromatography coupled with tandem mass spec-
trometry. With this technique, T0AM and T1AM
were detected in blood and in tissue homogenates,
showing that they must be considered as endoge-
nous compounds. Quantitative estimates of T1AM
concentrations using deuterated standards have
been reported. In rat brain homogenate, T1AM was
present at subpicomole per gram quantities, corre-
sponding to an average concentration close to 1 nM
[4]; in rat heart homogenate T1AM levels averaged
68 pmol/g, corresponding to a concentration of
70 nM [21]; in Djungarian hamster blood, T1AM
assays yielded 5.9 ± 1.7 nM [22]. However, differ-
ent procedures have been followed for tissue prepa-
ration and extraction in these investigations, and
their yield is uncertain. In particular, the extent of
T1AM binding to proteins is unknown, although it is
likely to be relevant. Given the structural similarity
between T1AM and biogenic amines, the existence
of membrane transporters has been hypothesized,
but none of the candidate transporters tested so far
appears to transport T1AM. Thus, the subcellular
distribution of T1AM has not been determined and
its concentration in specific compartments might be

significantly different from the average concentra-
tion. In spite of these uncertainties, it should be
pointed out that T1AM content appears to be of the
same order of magnitude as T4 content, and definite-
ly higher than T3 content, at least in brain and heart.

6.4 Receptors for Iodothyronamines:
From Adrenergic Receptors to
TAARs

Decarboxylated derivatives of thyroid hormone
have been classically regarded as inactive metabo-
lites, since they do not bind to the nuclear thyroid
hormone receptors. The hypothesis that iodothyron-
amines may bind to G-protein-coupled receptors
was first proposed by Meyer and Hesch [11], who
determined the influence of some iodothyronamines
on the binding of [3H]-dihydroalprenolol, a specific
β2-adrenergic ligand, in turkey erythrocytes. T3AM
displaced dihydroalprenolol with a Ki in the order of
5 μM, while T2AM and T0AM showed lower affini-
ties. However, in HEK293 cells stably expressing
either the dopamine D1 receptor or the β2-adrener-
gic receptor, no change in cAMP was produced by
T0AM or T1AM at concentrations as high as 10 μM
[4]. More recently, it has been reported that T1AM
displaced [3H]-RX821002, an α2A-adrenergic lig-
and, in Cos7 cells transiently transfected with the
human or mouse α2A-adrenergic receptor gene [23].
The Ki was again in the micromolar range.

While these results suggest that some iodothy-
ronamines interact with some adrenergic receptors,
a crucial discovery was the observation that T1AM
can interact with a novel G-protein-coupled recep-
tor, known as trace-amine-associated receptor 1
(TAAR1) and that biochemical effects are produced
at nanomolar concentrations.

As reviewed by Grandy [24], the discovery of
TAAR1 was based on a degenerate polymerase chain
reaction (PCR) approach, using complex mixtures of
oligonucleotides whose sequences were chosen
based on the G-protein-coupled receptors for sero-
tonin [13] or dopamine [14]. Several novel
sequences were identified; these predicted a 332-
amino-acid protein that showed the biochemical fea-
tures of an aminergic G-protein-coupled receptor.
After expression of the novel receptor in heterolo-
gous cell models, cAMP production was observed
upon exposure to p-tyramine or β-phenylethylamine,
but not to the classical biogenic amines, i.e.,
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dopamine, norepinephrine, epinephrine, serotonin,
and histamine. The new receptor was therefore
called trace-amine receptor (the term “trace amines”
applies to p-tyramine, β-phenylethylamine,
octopamine, and tryptamine). Additional degenerate
PCR experiments and extensive genomic analysis
allowed the identification of several putative trace-
amine receptors [15, 25]. They all share a polypep-
tide sequence that is 100% specific when used to
query all current Swiss-Prot entries. This sequence,
defined as NSXXNPXX[YH]XXX[YF]XWF, is
therefore considered as a hallmark of the new recep-
tor family. It has been very difficult to express these
genes in heterologous models to identify their prop-
erties. However, a clear response to trace amines has
been reported only for TAAR1 and possibly for a
few other members of the family (e.g., TAAR4),
whose name has therefore been modified to trace-
amine-associated receptors, or TAARs.

The human and chimpanzee genomes contain
nine TAAR genes, TAAR1–TAAR9. The rat and
mouse genomes contain additional genes, which are
called paralogue genes since on the basis of
sequence homologies they appear to have been gen-
erated by duplication events within the lineage of
each species. Together, 19 TAARs have been identi-
fied in rat and 16 in mouse. Paralogue genes are
designated by a letter suffix (e.g., TAAR7a,
TAAR7b). Some TAARs do not contain an open
reading frame and are therefore classified as
pseudogenes. In particular, there are three pseudo-
genes in human, six in chimpanzee, two in rat, and
one in mouse [15, 26]. A summary of TAAR classi-
fication is given in Table 6.1. In invertebrate
species, genomic analysis did not reveal any TAAR
sequence. Instead, the effects of trace amines appear
to be mediated by a different class of receptors,
more similar to serotonin receptors [25].
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Table 6.1 TAAR classification and nomenclature: TAAR genes in human, chimpanzee, rat, and mousea

Human Chimpanzee Rat Mouse

TAAR1 TAAR1 TAAR1 TAAR1

TAAR2 (TAAR2) TAAR2 TAAR2

(TAAR3) (TAAR3) TAAR3 TAAR3

(TAAR4) (TAAR4) TAAR4 TAAR4

TAAR 5 TAAR5 TAAR5 TAAR5

TAAR6 TAAR6 TAAR6 TAAR6

(TAAR7) (TAAR7) TAAR7a TAAR7a
TAAR7b (TAAR7b)
TAAR7c TAAR7c
TAAR7d TAAR7d
TAAR7e TAAR7e
(TAAR7f) TAAR7f
TAAR7g
TAAR7h
(TAAR7i)

TAAR8 (TAAR8) TAAR8a TAAR8a
TAAR8b TAAR8b
TAAR8c TAAR8c

TAAR9 (TAAR9) TAAR9 TAAR9

a The rat and mouse genomes contain several genes that on the basis of sequence homologies appear to have been generated by
duplication events within the lineage of each species. Such genes are called paralogue genes and are identified by a letter suffix,
while genes with the same number, which were likely generated by speciation events, are called orthologous genes. Pseudogenes
are shown in parentheses



Quantitative reverse-transcription (RT-)PCR has
allowed the identification of TAAR transcripts in
many tissues, including brain, stomach, amygdala,
kidney, lung, small intestine, heart, liver, pancreas,
prostate, skeletal muscle, spleen, pituitary, and
leukocytes (reviewed in [26]). Expression levels
were usually low and reliable antibodies for
Western blot experiments are not available, so the
actual receptor concentration is unknown. 

Since it is likely that several, and possibly most,
TAARs do not respond to trace amines, it was
hypothesized that different physiological ligands
should exist. Liberles and Buck [27] reported that
all TAAR subtypes except for TAAR1 are expressed
at very high levels in the mouse olfactory epitheli-
um. They also provided evidence that specific
TAARs, when expressed in heterologous cell mod-
els, could be activated by volatile amines, suggest-
ing a role for TAARs in olfaction.

Another potential class of endogenous ligands is
represented by iodothyronamines. The structural
similarity between iodothyronamines and trace
amines prompted testing of their effects on TAAR1
[4]. In HEK293 cells expressing the rat TAAR1, sev-
eral different iodothyronamines induced a concen-
tration-dependent increase in cAMP concentration.
T1AM was the most effective compound, with EC50

= 14 nM, followed by T2AM, T3AM, and T0AM
(EC50 = 41, 56, 87, and 131 nM, respectively).
Similar results were obtained with cells expressing
the mouse TAAR1, although in this case only T1AM
and T2AM were effective at submicromolar concen-
trations (EC50 = 112 and 371 nM, respectively). In
this model some synthetic thyronamine derivatives
turned out to be more active than T1AM. They
included 3-methyl-thyronamine, N-methyl-O-(p-tri-
fluoromethyl)benzyl-tyramine, O-phenyl-3-iodoty-
ramine, and O-(p-fluoro)phenyl-3-iodotyramine
[28]. With regard to the structure–activity relation-
ship, these studies suggested that a basic amino
group at Cα is required for activity and that an
iodide or methyl substituent at the 3-position of the
thyronamine scaffold is optimal for activity, while
modifying the outer ring of the phenoxyphenylamine
core can improve potency. It has also been observed
that incorporating unsaturated hydrocarbon sub-
stituents and hydrogen-bond-accepting groups in the
ethylamine portion increases activity of rat and
mouse TAAR1, respectively [29]. These results have
been used to develop theoretical models of recep-
tor–agonist interaction, based on the so-called

rotamer toggle switch model [30].
While extensive data have been reported with

TAAR1, there is still no direct evidence about the
interaction of T1AM or other iodothyronamines
with different TAAR subtypes, as a consequence of
the difficulty in obtaining their stable expression  in
heterologous cell models.

6.5 Effects on Body Temperature

The observation that T1AM is an endogenous com-
pound able to interact with a specific receptor
prompted an investigation of its functional effects.
The first interesting finding was the observation that
intraperitoneal injection of T1AM  in mouse (20–50
mg/kg) induced within 30 min profound hypother-
mia which lasted for 6–10 h and was not associated
with any compensatory homeostatic response such
as shivering or piloerection [4]. T0AM produced
similar effects, although it had about one-tenth of
the potency of T1AM. The doses of T1AM and
T0AM required for half maximal stimulation were
59 and 178 μmol/kg, respectively. So their relative
potency was similar to the potency shown in
TAAR1 activation.

6.6 Metabolic and Endocrine Effects

In some small mammals, hypothermia may be asso-
ciated with depressed metabolism, producing a state
known as torpor. It therefore seemed interesting to
investigate the metabolic effects of T1AM [22].
Both in mouse and in Djungarian hamster, T1AM
(50 mg/kg) produced within minutes a substantial
drop in body temperature, which lasted for 6–12 h.
This was associated with decreased oxygen con-
sumption and a decreased respiratory quotient. The
latter represents the ratio between CO2 produced
and O2 consumed and reflects the balance between
glucose utilization and lipid utilization, since the
respiratory quotient is close to 0.9 for glucose oxi-
dation, and to 0.7 for fatty acid oxidation. Therefore
T1AM apparently produced a shift from carbohy-
drate to fatty acids as the preferred metabolic fuel.
Consistent with this conclusion, treatment with
T1AM also caused ketonuria and a significant loss
of body fat. The metabolic effects were more pro-
longed than the hypothermic effect since the respi-
ratory quotient was still depressed after 24 h.
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T1AM has recently been reported to modulate
insulin secretion [23]. In mice, intraperitoneal
injection of 50 mg T1AM/kg increased the blood
glucose level and decreased insulin levels. This
action was attributed to the stimulation of Gi-pro-
tein-coupled α2A-adrenergic receptors since it was
inhibited by the α2A antagonist yohimbine, and it
was absent in transgenic mice with either α2A

receptor knockout or selective β-cell expression of
the catalytic subunit of pertussis toxin, a known
inhibitor of Gi/o signaling. By contrast, in an
insulinoma cell line with 200-fold overexpression
of the TAAR1 gene, exposure to T1AM increased
rather than decreased insulin secretion. It was con-
cluded that T1AM stimulates insulin secretion via
TAAR1 and inhibits insulin secretion via the α2A

receptor. EC50s for these two processes were not
provided, and it is uncertain how these effects
relate to the shift in fuel metabolism described
above.

Another endocrine effect exerted by iodothy-
ronamines was observed as early as 1984, when
T3AM was reported to inhibit prolactin secretion
in cultured pituitary cells [12]. At that time the
effect was attributed to interference with the
adrenergic system, but other iodothyronamines
were not tested and the involvement of TAARs,
which are now known to be expressed in pituitary,
cannot be excluded.

6.7 Neurological Effects

In a mouse model of stroke induced by middle
cerebral artery occlusion, intraperitoneal injection
of either T1AM or T0AM (50 mg/kg) 1 h after the
occlusion produced a significant decrease in
infarct size [31]. With T1AM, but not with T0AM,
protection could also be induced by precondition-
ing, i.e., by administration 2 days before occlu-
sion. In all cases, protection required hypothermia
to develop, since it was abolished if body temper-
ature was kept constant by a thermostat-controlled
heating pad. The neuroprotective effect of mild
hypothermia is well known, although its mecha-
nisms are poorly understood and probably involve
both reduced metabolic demand and changes in
gene expression. Notably, no protection was
achieved in neuronal cultures subjected to simulat-
ed normothermic ischemia in vitro, even using
very high concentrations (up to 500 μM) of either

T1AM or T0AM. Both compounds were actually
cytotoxic at concentrations in excess of 50 μM.

Besides their neuroprotective action, a nontran-
scriptional role as neuromodulators has been pro-
posed for iodothyronamines. A neuromodulator is
not a neurotransmitter, but it can modify the
response to established neurotransmitters. In
synaptosomal preparations T1AM inhibited
dopamine and norepinephrine transporters, thus
preventing neuronal reuptake of these neurotrans-
mitters. T1AM also inhibited the action of vesicu-
lar monoamine transporter 2 (VMAT2), the intra-
cellular transporter responsible for loading secre-
tory vesicles with intracellular monoamines for
exocytotic release [32]. A neuromodulatory role
has also been proposed for trace amines [33] and
for thyroid hormone [34, 35], but it is unknown
whether these different substances share a com-
mon mechanism of action.

6.8 Cardiac Effects

T1AM shows significant cardiac effects [4, 21]. In
the isolated working rat heart model, the addition
of T1AM or T0AM to the perfusion buffer pro-
duced within 30 s a dose-dependent decrease in
aortic flow, cardiac output, developed pressure,
and heart rate, while coronary flow was
unchanged. The effect was persistent for at least 50
min, and it was reversible upon a switch to control
perfusion buffer. It was concluded that T1AM and
T0AM produce both a negative inotropic and a
negative chronotropic action. The former is inde-
pendent of the latter, since it was also observed in
paced hearts and in isolated cardiomyocytes. IC50

values lay in the microsomal range: with regard to
the effect on cardiac output they averaged 27 μM
and 94 μM with T1AM and T0AM, respectively
[21]. Negative inotropic and chronotropic respons-
es can also be elicited in vivo. In mice surgically
implanted with radiotelemetric devices, adminis-
tration of T1AM (50 mg/kg) produced an immedi-
ate bradycardia which persisted for 6–8 h [4]. In
the anesthetized rat, intravenous injection of
T1AM (0.5 mg/kg) caused within 1 min a tran-
sient decrease in heart rate and aortic pressure
(present authors’ unpublished observations).

The involvement of TAARs in these cardiac
effects was suggested by the observation that simi-
lar actions were produced by some trace amines,
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with the following potency ranking: T1AM
> T0AM = octopamine = β-phenylethy-
lamine > tryptamine, while p-tyramine was virtual-
ly inactive [36]. This is not the same potency rank-
ing as observed in heterologous cells expressing
TAAR1, in which p-tyramine and β-phenylethy-
lamine were much more effective than other trace
amines [13, 14]. In addition, radioligand binding
experiments showed specific and saturable binding
sites for [3H]-p-tyramine and [125I]-T1AM, but
[125I]-T1AM was not displaced by p-tyramine, while
[3H]-p-tyramine was displaced by T1AM [36]. Since
at least five TAAR subtypes are expressed in rat
heart [21], it seems likely that the cardiac effects are
not mediated by TAAR1, but rather by a different
subtype. TAAR8a shows the highest expression lev-
els, i.e., about 100-fold higher than TAAR1, and is
the most likely candidate. 

In the presence of T1AM, cardiac cAMP levels
were unchanged and the functional response to
T1AM was not affected by pertussis toxin, ruling
out the involvement of Gs or Gi proteins. Inhibitors
of protein kinase C, calcium-calmodulin-depend-
ent protein kinase II, MAP kinases, and phos-
phatidylinositol-3-phosphate kinase were also
ineffective, while the hemodynamic changes were
dramatically potentiated by genistein, a tyrosine

kinase inhibitor, and blunted by vanadate, a protein
phosphatase inhibitor. It was therefore hypothe-
sized that T1AM modulates the phosphorylation
state of critical tyrosine residues (Fig. 6.4), and
Western blot experiments with anti-phosphotyro-
sine antibodies confirmed dephosphorylation of
several proteins in the microsomal and cytosolic
fractions [21]. The identity of these proteins is still
unknown.

While T1AM has been discovered only recently,
T0AM has been known for a long time and a few
reports about its cardiovascular effects have
appeared in the literature [6–9]. In the anesthetized
dog, T0AM administration (8–16 mg/kg) produced
an increase in heart rate and cardiac inotropic state.
The response was remarkably reduced or abolished
by adrenergic blockade, and it was suggested that
T0AM induced catecholamine release. Interestingly,
after catecholamine depletion and/or adrenergic
blockade, T0AM infusion produced an immediate
negative inotropic effect [9], which is consistent
with the results obtained in the isolated heart.

Preliminary experiments recently investigated
the influence of  T1AM on cardiac ischemic injury.
In isolated rat hearts subjected to 30 min of global
normothermic ischemia followed by 120 min of
reperfusion, pretreatment with T1AM produced a
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Fig. 6.4  Effects of genistein and vanadate on
tyrosine phosphorylation. Since the effect of
T1AM was potentiated by genistein and inhib-
ited by vanadate, the most straightforward hy-
pothesis is that T1AM promotes the dephos-
phorylation of tyrosine residues



significant reduction in infarct size [37].
Interestingly, cardioprotection was observed even
at submicromolar doses, which did not produce
any negative inotropic effect. Therefore, contrary
to the neuroprotective action, cardioprotection is
independent of hypothermia and can be elicited in
the absence of changes in overall cardiac perform-
ance. There is also preliminary evidence that in
cardiac cells T1AM can modulate sarcoplasmic
reticulum calcium handling [38]. Since calcium is
the physiological trigger of muscle contraction and
cytosolic calcium overload is a major determinant
of ischemic injury, it is possible that calcium
homeostasis is the general target of T1AM, at least
in this tissue.

6.9 Open Questions

Taken together, the investigations reviewed above
suggest that T1AM should be regarded as a novel
chemical messenger, since it is an endogenous
compound, interacts with specific receptors, and
produces functional effects. Notably, the effects of
T1AM on cardiac function and body temperature
are the opposite of those produced on a longer time
scale by thyroid hormone, suggesting that T3 and
its iodothyronamine metabolites act to maintain a
balance in homeostasis, with T1AM and possibly
other iodothyronamines acting as a quick brake to
the more prolonged effects of T3. In this view, thy-
roid hormone signaling may be hypothesized to
include three different components:
1. Classical genomic effects, which are mediated

by nuclear receptors.
2. Nongenomic effects, which generally have the

same functional consequences as the genomic
effects and whose underlying transduction
pathways remain obscure.

3. Iodothyronamine effects, which are mediated
by G-protein-coupled receptors (mostly by
TAARs) and generally have opposite function-
al consequences. 
While this picture is attractive, there are still

many questions that need to be answered before
the hormonal role of T1AM can be definitely estab-
lished. The most critical of these relate to T1AM
metabolism, the signaling pathway(s) triggered by
T1AM, and the functional relevance of endogenous
T1AM levels.

As detailed above, it is generally assumed that

T1AM is produced from thyroid hormone by the
sequential action of aromatic amino acid decar-
boxylase and D1 or D2 deiodinases. However, this
conclusion has not been directly established, nor is
it known to what extent T1AM is produced in the
thyroid or in peripheral organs. Experiments with
isolated organs or radiolabeled T1AM would be
necessary to answer these questions.

While it is quite clear that T1AM can activate
TAAR1 in heterologous cells transfected with the
TAAR1 gene, there is no definite evidence that any
of the functional effects produced by T1AM is medi-
ated by TAAR1, or by other TAAR subtypes. This
will require significant technical advances, particu-
larly the development of specific receptor antago-
nists or knockout models for specific TAAR sub-
types. At present, even specific antibodies for each
TAAR subtype are not available; thus, it is virtually
impossible to provide conclusive evidence that
TAAR proteins are involved in any of the observed
biological actions. At this stage, a conservative con-
clusion is that some effects of T1AM (particularly,
inhibition of insulin secretion) may be attributed to
low-affinity interaction with adrenergic receptors,
while in other cases (i.e., the hypothermic effect and
the cardiac effects) it is hard to envisage a role for
adrenergic signaling, and TAAR stimulation
appears as the most logical alternative.

In addition, functional effects usually required
micromolar concentrations of T1AM, while the
EC50 for TAAR1 activation was about 100-fold
lower. Differences of one or two orders of magni-
tude are not uncommonly observed in comparisons
of molecular and functional studies, or in vitro and
in vivo models, but the reason for this discrepancy
should be addressed by further investigations.

It is also unknown what transduction pathways
may be coupled to the putative TAAR(s) activated
by T1AM. In heterologous cells expressing
TAAR1, T1AM induced cAMP production.
However, most of the observed functional effects
of T1AM are not consistent with cAMP-mediated
effects, the possible exception being the stimula-
tion of insulin secretion in pancreatic β cells.
Therefore, either TAAR1 is not coupled to Gs pro-
teins, or other TAARs are involved. So far, an
attempt to characterize the transduction pathway
has been made only in cardiac tissue, where Gs or
pertussis-toxin-sensitive Gi/o proteins do not play a
significant role, while tyrosine dephosphorylation
appears to be a critical step.
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Finally, there is still no evidence that endoge-
nous T1AM produces functional effects at physio-
logical concentrations. The average tissue or plas-
ma concentration of T1AM, as reported in the few
available studies published so far, lies in the
nanomolar range, while functional effects have
been reported at micromolar concentrations.
However, the extent of T1AM binding to proteins,
the existence of active transport mechanisms, and
the location of enzymes able to produce or catabo-
lize T1AM are largely unknown. Therefore, the
concentration at the receptor level might be sub-
stantially different from the average tissue concen-
tration. Here again, a substantial technical advance
is needed, namely, the development of a quantita-
tive assay for total and free T1AM.

6.10 Conclusions

T1AM is an endogenous derivative of thyroid hor-
mone. There is consistent, although not conclu-
sive, evidence that it is a chemical messenger on
its own, producing functional effects through G-
protein-coupled receptors, such as the novel recep-
tor class known as TAARs. The heart is a target of
T1AM: micromolar doses of exogenous T1AM
have a negative inotropic and chronotropic action,
and there is preliminary evidence of a cardiopro-
tective effect. While the physiological or patho-
physiological role of endogenous T1AM remains
to be ascertained, this novel signaling pathway
might be an important target for pharmaceutical
exploitation.
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Key Points

• 3-Iodothyronamine (T1AM) is an endogenous compound derived from thyroid hormone through
decarboxylation and deiodination. It can interact with a novel G-protein-coupled receptor, known
as trace-amine-associated receptor 1 (TAAR1).

• TAAR1 and other receptors of this family are expressed in several tissues, including the heart.

• In the heart, exogenous T1AM produces a negative inotropic and chronotropic action. A cardiopro-
tective effect has been described as well.

• Modulation of calcium homeostasis might be the mechanism underlying the cardiac effects of
T1AM.

• The extracardiac effects of T1AM described so far include reduction of body temperature, increased
lipid versus carbohydrate metabolism, and modulation of insulin secretion.

• While the physiological and pathophysiological role of T1AM must still be ascertained, this signal-
ing system might allow the development of new therapeutic agents.
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7.1 Introduction

The marked differences in cardiac contractility,
electrophysiology, and energy metabolism between
hypothyroidism and hyperthyroidism illustrate the
particular responsiveness of the heart to thyroid hor-
mone (TH) and the wide range of cellular processes

affected by it [1]. This is also evident in the perina-
tal transition from the fetal to the adult cardiac phe-
notype, which in large part is dependent on the rise
of plasma TH levels. Recapitulation of many
aspects of the fetal phenotype is a hallmark of
pathological remodeling of the heart and is consid-
ered to contribute to the contractile dysfunction
seen in heart failure [2]. Persistent hemodynamic
overload of the heart is the principal cause of chron-
ic heart failure, and the underlying problems
include hypertension, aortic stenosis, valvular dys-
function, and loss of ventricular tissue due to
myocardial infarction. Left ventricular (LV) failure

67

Cardiac Thyroid-Hormone Deiodinative
Pathways in Ventricular Hypertrophy
and Heart Failure 

Warner S. Simonides

7

Abstract Many of the cardiac genes that are involved in contractile dysfunction
following pathological ventricular remodeling are transcriptionally regulated by
thyroid hormone (TH). The phenotype of the pathologically hypertrophied car-
diomyocyte suggests that reduced TH signaling contributes to its development.
Increased expression of the TH-degrading enzyme deiodinase type 3 (D3) in car-
diomyocytes of hypertrophic left or right ventricles has recently been described
for different rodent models of heart failure. At least in right ventricular failure, this
was associated with a severe, cardiomyocyte-specific hypothyroid condition. D3
expression is transcriptionally stimulated by factors that are implicated in car-
diomyocyte hypertrophy, e.g., mitogen-activated protein kinases (MAPK) ERK,
and p38 and Smad proteins activated by transforming growth factor-β (TGFβ).
Hypoxia-inducible factor 1 (HIF-1) also stimulates D3 transcription. Reduced
oxygen tension and subsequent HIF-1 signaling may occur in the hypertrophic
cardiomyocyte, and this appears to account for the increased D3 expression in the
model of right ventricular failure. It remains to be established whether stimulation
of D3 activity and the ensuing local hypothyroid condition with reduction of ener-
gy turnover are an adaptive response or contribute to the further deterioration of
contractile function and heart failure.

Keywords Thyroid hormone  • Triiodothyronine (T3) • Heart failure • Ventricular
hypertrophy • Hypothyroid • Deiodinase type 1 (D1) • Deiodinase type 2 (D2) •
Deiodinase type 3 (D3) • Pulmonary arterial hypertension • Transforming growth
factor-β (TGFβ) • Hypoxia • Hypoxia-inducible factor 1 α subunit (HIF-1α)

W.S. Simonides (�)
VU University Medical Center Amsterdam,
Institute for Cardiovascular Research Department of Physiology,
Amsterdam, The Netherlands 

G. Iervasi, A. Pingitore (eds.), Thyroid and Heart Failure. 
© Springer-Verlag Italia 2009



is most prevalent, but right ventricular (RV) failure
accounts for a considerable percentage of cases of
heart failure. RV failure independent of left heart
disease is principally caused by pulmonary arterial
hypertension, which may result from various condi-
tions. For both ventricles, the increase in ventricular
wall stress and accompanying rise in energy
turnover trigger a hypertrophic response that is
aimed at normalizing wall stress. Hypertrophy may
be successfully compensatory, but sustained over-
load often leads to compromised Ca2+ homeostasis,
mitochondrial dysfunction, myocyte apoptosis, and
interstitial fibrosis, which results in progressive
contractile dysfunction and heart failure. The regu-
lation of ventricular remodeling has proved to be
exceedingly complex, and numerous interacting sig-
nal-transduction pathways have been identified that
may drive the characteristic changes in gene expres-
sion [3–5]. TH signaling is of interest because of the
number of key genes that are regulated by TH and
the interaction of nuclear TH receptors (TRs) with
trans-acting factors of several signaling cascades
that are implicated in ventricular hypertrophy [6].
The similar pattern of cardiac gene expression seen
in hypothyroidism and in heart failure suggests that
TH signaling is impaired in the failing heart.
Possible causes include changes in expression of
TRs or their co-factors and the reduction of plasma
TH levels. The latter is seen in heart failure, as in
other types of severe illness. These issues are dis-
cussed elsewhere in this volume; here, the focus is
on recent data from rodent models of heart failure
showing changes in cardiac TH metabolism that
appear to strip the chronically overloaded heart of
TH, creating a local hypothyroid condition.

7.2 Thyroid-Hormone Deiodination:
Activation and Inactivation

The term “thyroid hormone” is used to refer to both
of the iodinated thyronines secreted by the thyroid,
3,5,3’,5’-tetraiodothyronine (T4, or thyroxine) and
3,5,3’-triiodothyronine (T3). T4 is the principal
secreted product of the thyroid, but it is regarded as
a prohormone because of its low biological activity
compared to that of T3, which is the high-affinity
ligand of the TRs. Removal of one iodine from an
outer-ring position of T4 to generate T3 is primarily
catalyzed by deiodinase type 2 (D2). Figure 7.1
depicts the principal deiodinative pathways that
activate and inactivate TH. The deiodinases form a
family of enzymes characterized by the presence of
a selenocysteine in the active center of the protein
(reviewed in [7]). D2 is present in a number of tis-
sues, including brown adipose tissue (BAT), brain,
and pituitary, where it is involved in active regula-
tion of intracellular T3 levels. The best-studied
example of this is the strong induction of D2 in BAT
during cold exposure, resulting in a local increase in
T3 that enables the thermogenic response of this tis-
sue. Significant D2 expression is also present in
human heart and skeletal muscle, and D2 is consid-
ered to be the main source of extrathyroidal T3 [8].
Deiodinase type 1 (D1) is also capable of outer-ring
deiodination, but its affinity for T4 is three orders of
magnitude lower than that of D2. It is primarily
expressed in liver and kidney, and although of sig-
nificance in rodents, the role of D1 in T3 production
in humans is minor under normal circumstances.
However, transcription of the DIO1 gene is stimu-
lated by T3, and in hyperthyroid patients D1 activi-
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Fig.7.1 Structure of T4 (3,5,3’, 5’-tetraiodothy-
ronine) and T3 (3,5,3’-triiodothyronine) and the
action of deiodinases type 1, 2, and 3. Removal
of iodine (purple spheres) from the outer ring of
T4 by D1 and D2 converts T4 to the active hor-
mone T3. Inner-ring deiodination of T4 and T3 by
D3 generates the biologically inactive metabo-
lites reverse T3 and T2, respectively



ty contributes significantly to T3 production. The
physiological role of D1 is mainly in deiodination
and subsequent clearance of sulfated T3 and in deio-
dination of reverse T3 (3,3’,5’-triiodothyronine,
rT3). Reverse T3 is the product of removal of the
first iodine from the inner ring of T4, which is also
catalyzed by D1, albeit with low efficiency.

The third type of deiodinase (D3) has high affin-
ity for both T4 and T3 but is only capable of inner-
ring deiodination, generating rT3 and 3,3’-T2,
respectively. In contrast to D2, the D3 protein is pri-
marily located in the plasma membrane.
Extracellular catalytic activity of D3 has been pro-
posed [9], but more recent data show that intracellu-
lar T4 and T3 are the principal substrate for D3, in
line with the reducing environment required for
activity [10]. The TH-inactivating activity of D3 is
high in placenta and in several embryonic tissues
including the heart, but virtually absent in adult tis-
sues, with the exception of various areas and cell
types in the brain. The expression of D3 in fetal tis-
sues is thought to be related to the differentiation
potential of T3. Periods of cell proliferation during
fetal development require low cellular T3 levels to
prevent differentiation, and tight regulation of tissue
T3 levels appears to be critical for normal early
development [11]. Tissue-specific reduction of T3 is
accomplished by induction of D3 or, as has been
shown for bone development, by repression of D2
activity [12]. The proliferation-promoting mor-
phogen sonic hedgehog (Shh) is one of the factors
that drives the induction of D3 as well as the inacti-
vation of D2 [12, 13]. Shh is a secreted signaling
protein that acts through the Gli family of transcrip-
tion factors, with numerous effects in vertebrate
development, including development of the heart
[14], and in the adult (patho)physiology. Cell cul-
ture studies have shown that several growth factors,
serum, and phorbol esters are also potent stimula-
tors of D3 expression [15, 16]. D3 may be re-
induced in adult tissues under certain conditions,
and, perhaps not surprisingly in the context of cell
proliferation, several types of human tumors have
been found to express D3. In vascular tumors in
infants and adults, as well as in a case of a solitary
fibrous tumor, D3 activity reached levels that even
resulted in a systemic hypothyroid condition
[17–19]. D3 activity was also found to be increased
in skeletal muscle and liver of critically ill patients
analyzed shortly after death [20]. Combined with
reduced muscle D2 activity, this may provide a

mechanism for the reduction of plasma T3 levels
that is typically seen in critical illness, i.e., the low-
T3 or nonthyroidal illness syndrome.

7.3 Cardiac Thyroid-Hormone
Metabolism

Animal studies have shown that deiodination of T4

accounts for no more than 7% of cardiac T3 [21]. In
line with this, the activity levels of D1 and D2 are
low or undetectable in the rodent heart, as is the
activity of D3 [22]. Sabatino et al. [23] reported
similarly low levels of D1 and D2 activity in human
cardiac tissue, although D2 mRNA expression is
considerably higher in human than in rat heart [24].
Cardiac D2 activity may increase during hypothy-
roidism in the rat [25], but this does not appear to
prevent the drop in tissue levels of T3 in proportion
to the very low plasma levels [22]. However, a less-
er reduction of plasma T3 due to iodine deficiency in
the rat did not affect cardiac T3 levels, suggesting an
effective compensatory mechanism [26]. This may
include D2 activity, but could also include changes
in the active uptake of T3 by the recently identified
TH transporters [27]. 

When considering data on hormone levels and
deiodinase activities in ventricular tissue, it should
be kept in mind that, although cardiomyocytes make
up the bulk of the cell mass, approximately 70% of
the cells present in the heart are not cardiomyocytes
but fibroblasts, endothelial cells, and vascular
smooth muscle cells, among others. A low enzyme
activity per gram of cardiac tissue may therefore
reflect a high activity in a nonmyocyte cell popula-
tion, unless cardiomyocyte-specific expression is
shown.

7.4 Cardiac Deiodinase Expression in
Pathological Ventricular
Remodeling

Cardiac deiodinase activities in chronically over-
loaded ventricles were determined for the first time
in a rat model of RV hypertrophy induced by pul-
monary arterial hypertension (PAH) [22]. PAH was
induced by a single dose of the pyrrolizidine alka-
loid monocrotaline. The bioactive metabolite of
monocrotaline selectively injures the vascular
endothelium of the lung vessels, with progressive
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pulmonary vasculitis leading to increasing vascular
resistance and a gradual rise in arterial pressure.
The increase in RV afterload induces ventricular
hypertrophy. Depending on the level of PAH, this
hypertrophy progresses to a stable compensated
state (HYP), or to congestive heart failure (CHF)
and death within 4–5 weeks [22, 28]. RV hypertro-
phy at 4 weeks following induction of PAH was
significantly greater in the CHF group compared to
the HYP group and this correlated with the extent of
changes in gene expression, such as the reduction of
mRNA levels of SERCA2a and the shift from the
myosin heavy chain (MHC) α to the β isoform,
which is a characteristic aspect of pathological
remodeling [22, 28]. Plasma T3 levels were normal
in the HYP group but reduced by approximately
60% in the CHF group, indicative of the critical
condition of these animals. This reduction in circu-
lating T3 probably contributed to the almost com-
plete MHCα to MHCβ shift in the right ventricle of
these animals, because a partial shift was seen in the
left ventricle of CHF animals.

D2 activity was not detectable in ventricular tis-
sue in any group, but a low level of D1 activity was
found in the left and right ventricles of control ani-
mals. Interestingly, D1 activity was almost absent in
the right ventricle of HYP and CHF animals, where-
as a small number of experiments suggested reduc-
tion of D1 activity in the left ventricle also. The lat-
ter could not be confirmed in subsequent studies

(unpublished data), and reduction of the low D1
activity in the right ventricle appears to be an aspect
of hypertrophy. However, D1 activity is not consid-
ered relevant for cardiac TH metabolism, since the
maximum observed level amounted to less than 0.1%
of that found in the livers of these animals [22].

Unexpectedly, significant D3 activity was found
in control hearts. Moreover, this activity increased
threefold in the right ventricle of the HYP group
and more than fivefold in that of the CHF group,
with no change in activity in the left ventricles of
the same hearts (Fig. 7.2). High D3 activity was
therefore associated with overt heart failure and
impending death in these animals, whereas moder-
ate induction levels were associated with the devel-
opment of stable compensatory RV hypertrophy.
Subsequent analysis of this model has shown an
average tenfold stimulation of RV D3 activity in the
CHF group, which corresponds to approximately
20% of the level of D3 activity found in brains of
these rats [29] (see also Fig. 7.4). Trivieri et al. [30]
reported increased D3 activity in the hypertrophic
left ventricle due to pressure overload (aortic con-
striction, mouse), but activity levels were not pre-
sented in that study.

Using a rat model of myocardial infarction (MI),
Olivares et al. [31] conducted a 12-week analysis of
LV remodeling. Chronic heart failure was observed,
with reduced ejection fraction and increased LV end-
diastolic diameters. D3 activity was observed in the
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Fig. 7.2 Stimulation of D3 enzyme activity in the right ventricle of rats suffering from pulmonary arterial hypertension. The increase
in hemodynamic load induces right ventricular (RV) hypertrophy which was either successfully compensated (HYP group) or pro-
gressed to overt congestive heart failure (CHF group). Note that the D3 activity remains low in the left ventricles (LV) of the same
hearts. * p < 0.05 vs. CON; ** p < 0.05 vs. HYP. (Reprinted from [22] with permission. Copyright 2002, The Endocrine Society)



infarcted left ventricle at 1 week following myocardi-
ial infarction (MI) and the level of activity was iden-
tical to that shown previously for the right ventricle
(RV) in the study by Wassen et al. [22]. The authors
suggested that, as in the D3-expressing tumors men-
tioned above, this activity is responsible for the tran-
sient decrease in plasma T3 levels seen during the first
3 weeks following MI. However, D3 activity was not
determined at later time points, which could have sup-
ported this suggestion. Furthermore, it needs to be
established whether the reported specific D3 activity
in cardiac tissue, which is at least two orders of mag-
nitude lower than that reported for the large tumors
[18, 19], is sufficient to reduce systemic TH levels.
The suggestion of transient post-MI expression of D3
is in fact not supported by a recent study by Pol et al.
[32], who analyzed post-MI LV remodeling and D3
expression in the mouse. Also in this model, induction
of D3 was found in the hypertrophic, noninfarcted
area of the left ventricle  (LV) at 1 week, and LV
function was severely reduced from the 1st week
after MI onward, with increased LV end-diastolic and
end-systolic diameters and reduced fractional short-
ening. However, D3 activity remained high at 4 and 8
weeks after MI, as depicted in Fig. 7.3. The activity
levels were again similar to those reported in the rat
RV and LV studies, and although LV function was
compromised in these mice, they did not succumb to
heart failure. Importantly, using immunohistochem-
istry and validated D3 antibodies, this study also
showed for the first time that D3 protein in the hyper-
trophic left ventricle is localized to cardiomyocytes
(Fig. 7.3).

7.5 Consequences of Cardiac D3
Expression in Pathological
Ventricular Remodeling 

Cardiac TH levels in hypertrophy have so far only
been determined in the PAH model of RV failure
[29]. Total tissue levels in the left and right ventri-
cles are largely proportional to the plasma levels
and were consequently reduced in CHF animals in
that study, with plasma T4 and T3 reduced by 60%.
However, T3 levels of the hypertrophic right ventri-
cle were 35% lower than in the left ventricle of the
same heart, in line with the high D3 activity in the
right ventricle. The lesser or absent role of T4

uptake in the rat cardiomyocyte, mentioned earlier,
was indicated by a low ratio of tissue T4 to plasma
T4, i.e., 0.12 vs 2.00 for T3, and no effect on the T4

level in the hypertrophic right ventricle.
The question of whether the right-ventricle-spe-

cific reduction of total tissue T3 actually affects 
T3-dependent transcription in the cardiomyocyte
was assessed using an in vivo T3-transcription
probe. The probe consisted of a reporter plasmid in
which the firefly luciferase gene is placed under the
control of a T3-responsive minimal promoter that
has no cardiac-specific regulatory sequences. Direct
injection of the plasmid, together with a normaliza-
tion plasmid expressing Renilla luciferase, into the
free wall of the right and left ventricles leads to
transfection of cardiomyocytes. Analysis of tissue
luciferase activities after 5 days gives a measure of
T3-dependent transcriptional activity. It is not
known which membrane property of the contracting
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Fig.7.3 Stimulation of D3 enzyme activ-
ity in the left ventricle of mice following
myocardial infarction (MI). MI was in-
duced by permanent ligation of the left
coronary artery. D3 activity was deter-
mined in the left ventricle of sham-oper-
ated animals and in the noninfarcted, re-
modeling part of the left ventricle of an-
imals with MI. The degree of LV dilation
and reduction of contractile function fol-
lowing MI was the same at 1, 4, and 8
weeks. The insert shows cross-sections of
the left ventricle of a sham-operated
mouse and a mouse with MI at 1 week,
stained for D3 using the polyclonal anti-
D3 antibody 718 [18]. White column
sham, gray column: MI; * p < 0.05 vs.
sham. (Reprinted from [32] with permis-
sion)



myocyte is responsible for the uptake of plasmid
DNA, but important for the interpretation of these
data is that other cell types present in the myocardi-
um are not transfected. Validation of the probe
showed a 50% reduction of firefly luciferase activi-
ty in hearts of animals that were hypothyroid (plas-
ma T3: 0.03 nM) compared to euthyroid controls
(plasma T3: 0.94 nM). Analysis of CHF animals
showed that normalized firefly luciferase activity
was reduced by 45% in the hypertrophic right ven-
tricle compared to the activity in the left ventricle of
the same heart, which remained at euthyroid levels
(Fig. 7.4). This right-ventricle-specific reduction of
T3-dependent luciferase activity, together with the
results described above, suggests that D3 expression
in the hypertrophic RV cardiomyocyte reduces cel-
lular T3 content to a level equal to that seen in
severe systemic hypothyroidism. However, at this
point it cannot be ruled out that other changes in the
hypertrophic cardiomyocyte contribute to a reduc-
tion of T3-dependent transcription. For example,
changes in TR expression levels, including differen-
tial effects on the α1, α2, and β1 isoforms, have
been reported in models of LV remodeling follow-
ing MI [33] and due to pressure overload [34, 35].
Although contractile function in a model of LV
pressure overload was improved by increasing car-

diac TR expression through viral transfection [36],
the relevance of TR changes is not clear, and both
increased and decreased expression of TR have been
suggested to suppress T3 signaling.

A reduction of cellular T3 levels as a principal
cause of the local hypothyroid condition of hyper-
trophic cardiomyocytes is supported by the study of
Trivieri et al. [30]. A mouse model of inducible, car-
diac-specific overexpression of D2 was used to test
the effect of increased cardiac T3 signaling on the
development of LV hypertrophy and dysfunction
due to aortic constriction. In control mice, overex-
pression of D2 increased total cardiac T3 levels by
approximately 25%, which coincidentally indicates
that cardiomyocyte uptake of T4 is not negligible.
The increase in T3 levels had the expected effect on
protein levels of T3-responsive genes, resulting in
enhancement of contractile function. When these
animals were then subjected to aortic constriction,
LV hypertrophy developed, but without the charac-
teristic decrease in SERCA2a and increase in
MHCβ expression seen in wild-type mice.
Measurements of Ca2+ transients and contractility
of cardiomyocytes also indicated preservation of
function in the D2-overexpressing hearts. D3
expression was reported to be increased fivefold in
the hypertrophic left ventricle, and although cardiac
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Fig. 7.4 In vivo T3-dependent transcriptional activity in left and right ventricles of control rats and animals suffering from CHF in-
duced by pulmonary arterial hypertension (see Fig. 7.1). a Stimulation of D3 mRNA expression in the right ventricle of CHF rats
determined by quantitative RT-PCR and expressed as the average ratio between RV and LV D3 mRNA levels of individual hearts.
b Ventricular D3 enzyme activity in these animals; the right-ventricle-specific reduction of T3-dependent transcriptional activity is
shown in c. This activity was assessed by in vivo transfection of a T3-responsive firefly luciferase expression vector (pLucTRE) to-
gether with a control vector expressing Renilla luciferase for normalization. The horizontal line indicates the level of activity seen
in left ventricle and right ventricle of rats that were rendered hypothyroid, i.e., plasma T3 and T4 levels were more than 96% and
99% lower, respectively, compared to control levels. * p < 0.05 vs LV CHF (A, C) or vs CON (B). (Reprinted from [29] with per-
mission)

a b c



T3 levels were not determined, the fact that D2
activity could prevent the changes in T3-responsive
gene expression suggests reduced tissue T3 levels in
the hypertrophic left ventricle of wild-type mice.

7.6 Regulation of Cardiac D3
Expression in Pathological
Ventricular Remodeling

Cell culture studies have identified a number of fac-
tors that stimulate D3 activity through transcription-
al activation of the DIO3 gene either directly or in
combination with other factors [7, 8]. These include
serum, phorbol esters and several growth factors,
i.e., fibroblast, epidermal, and transforming growth
factor (FGF, EGF, TGFβ). The effect of TGFβ was
analyzed in detail in various nontransformed human
cell types by Huang et al. [15]. Transcriptional stim-
ulation of the DIO3 gene by TGFβ signaling was
mediated by the Smad family of trans-activating
factors. These proteins are phosphorylated by
TGFβ-activated cell surface receptor kinases and
migrate to the nucleus to activate target genes.
Combinations of different Smad isoforms synergis-
tically activated the promoter of the DIO3 gene, but
only in those cell types that expressed D3 endoge-
nously, such as hepatocarcinoma cells and skeletal
muscle myocytes, indicating that other, cell-specif-
ic factors are required. Furthermore, the stress-acti-
vated branch of the mitogen-activated protein
kinase (MAPK) system, i.e., p38 MAPK, as well as
the extracellular responsive kinase (ERK) MAPK,
synergized with the TGFβ route to stimulate D3
expression. These observations may be particularly
relevant for understanding the stimulation of D3
activity in the heart, since TGFβ has long been
known to play a role in the development of ventric-
ular hypertrophy and adverse remodeling [37].
Moreover, p38 and ERK MAPKs, together with the
c-Jun N-terminal kinases (JNKs), are important sig-
naling cascades modulating transcription in patho-
logical hypertrophy of the cardiomyocyte [3].
Stimulation of D3 expression in the PAH model of
RV failure indeed appears to be transcriptional, with
reports of a sixfold increase in D3 mRNA levels
[22, 29] (see Fig. 7.4). In addition, activation of p38
MAPK was found in the pressure-overloaded right
ventricle [28]. Similarly, p38 MAPK activity is
increased following MI, and blocking it attenuates
pathological LV remodeling [38]. Consequently,

these pathways are potential candidates for the stim-
ulation of D3 activity, suggesting that re-expression
of D3 is part of the phenotypic changes in hypertro-
phy that also include other fetal characteristics.

The recent finding that the DIO3 gene is a direct
target of hypoxia-inducible factor 1 (HIF-1) adds
another level of complexity to the regulation of car-
diac D3 expression, suggesting it is part of an adap-
tive response [29]. HIF-1 signaling constitutes a
general cellular response to reduced oxygen avail-
ability, entailing changes in energy metabolism and
stimulation of vascularization [39]. These HIF-1
effects are aimed at reducing cellular oxygen con-
sumption while stimulating oxygen delivery. HIF-1
is a transcriptional activator consisting of a consti-
tutively expressed HIF-1β subunit and a HIF-1α
subunit. The stability of HIF-1α is oxygen-depend-
ent; under normoxic conditions it is ubiquinated and
degraded, resulting in low levels of HIF-1. As cellu-
lar oxygen tension drops, HIF-1α accumulates, and
hence HIF-1, which then activates a large number of
genes that are mostly involved in glucose metabo-
lism and angiogenesis. Neovascularization is medi-
ated by up-regulation of vascular endothelial growth
factor (VEGF) expression. Cardiac ischemia due to
impaired coronary circulation is a potent stimulator
of the HIF-1 response, but cellular hypoxia can also
occur in hypertrophy when capillary density and
oxygen diffusion distances become limiting factors
for the enlarged cardiomyocytes [40]. For instance,
Sano et al. [41] showed that HIF-1 activity is
required for adaptive LV hypertrophy and angiogen-
esis in a mouse model of transverse aortic constric-
tion. Similarly, in the PAH model of RV hypertro-
phy increased nuclear HIF-1α was found in car-
diomyocytes [40], as well as increased VEGF
expression [28]. In this model, stimulation of HIF-
1α levels was shown to be restricted to the hyper-
trophic right ventricle and to be associated with the
right-ventricle-specific stimulation of D3 mRNA
expression and enzyme activity [29]. Analysis in
that study of the effect of hypoxia on D3 expression
in various cell types indicated direct transcriptional
regulation of the DIO3 gene by HIF-1. Hypoxic cul-
ture conditions increased D3 activity in rat neonatal
cardiomyocytes, but also in human neurons (SK-N-
AS cells), rhesus monkey hepatocytes (NCLP6E
cells), and human choriocarcinoma cells (JEG-3).
Induction of D3 activity was dynamic, with tran-
sient exposure to hypoxia resulting in a transient
increase in D3 mRNA and activity. Finally, ChiP
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analysis using SK-N-AS cells cultured under condi-
tions of increased expression of HIF-1α and D3
indicated that HIF-1α interacts directly with the
DIO3 promoter. The 5’-flanking region of the DIO3
gene indeed contains a conserved HIF-1-binding
site, or hypoxia response element, which character-
izes genes that are regulated by HIF-1. This sug-
gests that D3 induction is part of the cellular
response to hypoxia, which is supported by the
observation that D3 activity reduces T3-dependent
metabolic rate in cultured cells [29].

In contrast to extracellularly activated signaling
cascades in cardiac hypertrophy, HIF-1 signaling
would restrict the induction of D3 to only those
cells that would benefit from a reduction in energy
turnover. The mixed pattern of D3-positive and
D3-negative cardiomyocytes seen in the study of
Pol et al. [32] seems to support this. However, the
picture is complicated by the observation of rapid
HIF-1α accumulation under normoxic conditions
following an increase in ventricular wall tension, a
common trigger of cardiac hypertrophy [42].
Stretch-activated channels signaling through the
phosphatidylinositol 3-kinase pathway appear to
be responsible for the HIF-1 response, and HIF-1

may therefore be a factor in early hypertrophic sig-
naling as well as in the adaptive response to
hypoxia at later stages of remodeling. To further
complicate matters, TGFβ signaling is likely to
potentiate HIF-1 signaling, since Smad proteins
synergize with HIF-1α on responsive promoters
[43]. The factors and pathways that are implicated
in the regulation of cardiac D3 expression are
depicted schematically in Figure 7.5.

7.7 Implications and Future Directions

Increasing the energy efficiency of the stressed
heart through reduction of T3-dependent metabo-
lism can be considered adaptive. However, when the
changes in gene expression include those that are
implicated in the development of the pathological
phenotype, as is the case for a number of T3-
dependent genes such as SERCA2a, the adaptive
response may become part of the problem. The lat-
ter is still the current view concerning the possible
involvement of reduced T3 signaling in heart failure,
but the stable induction of D3 in the post-MI left
ventricle [32] and results from the original study by
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Fig.7.5 Some of the pathways that may contribute to the expression of D3 in the overloaded, hypertrophic heart. A normal cardiomy-
ocyte is depicted on the left. T3 is taken up by specific transporters, and genes that are transcriptionally regulated by T3 are charac-
terized by the presence in their promoters of thyroid hormone response elements (TRE), to which the T3 receptor binds. Examples
are MHCα and SERCA2a, whose enzyme activities determine rates of contraction and relaxation. HIF-1α is degraded under nor-
moxic conditions, whereas HIF-1β is stable. Transition to the hypertrophic cardiomyocyte, depicted on the right, may be triggered
by various stimuli (see text for details). Several of the signaling pathways converge on the mitogen-activated protein kinases (MAPK)
ERK and p38. The enlarged cell may develop a hypoxic core, resulting in stabilization of HIF-1α and dimerization with HIF-1β to
form the HIF-1 complex. HIF-1α is possibly also directly stabilized as a result of hypertrophic signaling. Activation of cell surface
receptor kinases by TGFβ leads to phosphorylation of  Smad proteins. Nuclear translocation of the phosphorylated factors, togeth-
er with HIF-1 and phosphorylated ERK and p38, results in the synergistic stimulation of transcription of the DIO3 gene. D3 activ-
ity converts T3 to the inactive metabolite reverse T3, resulting in reduced T3 signaling and a concomitant reduction of contractile ac-
tivity and energy turnover



Wassen et al. [22] suggest that the timing and extent
of D3 induction are critical factors in turning an
adaptive into a maladaptive response. In the latter
study, ventricles that developed stable compensatory
hypertrophy showed significantly less induction of
D3 activity than did ventricles in which hypertrophy
progressed to failure (Fig. 7.2). TGFβ signaling may
play a role in further increasing the D3 induction in
this model, since this signaling is suggested to
increase in the transition from compensatory hyper-
trophy to failure [44, 45]. Given the stimulation of
DIO3 gene transcription by HIF-1 signaling as well
as by various signaling cascades implicated in hyper-
trophy, additional studies are needed to delineate
which factors drive D3 expression during the course
of pathological ventricular remodeling.

Taken together, the data from several different
models of cardiac overload suggest that induction of
D3 activity and reduction of cellular T3 signaling
are aspects of pathological hypertrophy. Although it
is tempting to infer a causal relationship between
these aspects, there are no data as yet to confirm
this. One problem is that there are no selective
inhibitors of D3 activity. A transgenic approach
using cardiac-specific conditional knockout of D3
expression would be the optimal way to test the rel-
evance of D3 activity for the development of adap-
tive or maladaptive ventricular hypertrophy. Finally,
D3 immunohistochemistry of human ventricular
biopsies needs to be done as a first step in assessing
whether induction of D3 plays a role in pathological
hypertrophy and heart failure in humans.  
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Key Points

• T3 regulates multiple genes that are involved in contractile dysfunction and heart failure following
pathological ventricular hypertrophy.

• Reduced cardiac T3 signaling may contribute to the development of the phenotype of pathological
hypertrophy.

• Expression of the T3-degrading enzyme deiodinase type 3 (D3) is stimulated in cardiomyocytes of
hypertrophic left or right ventricles in different rodent models of heart failure.

• Induction of D3 activity is associated with a severe, cardiomyocyte-specific hypothyroid condition
in at least one model of heart failure.

• Cardiac D3 expression is transcriptionally stimulated by hypoxia-inducible factor 1 (HIF-1) and by
signaling cascades that are implicated in cardiomyocyte hypertrophy.

• It needs to be established which factors drive D3 expression during the course of pathological ven-
tricular remodeling and whether this is an adaptive or ultimately a maladaptive response.
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8.1 Introduction

There are a number of changes in the gene profile
exhibited by the heart under circumstances of
pathological stress that in many ways mimic those
seen in patients with overt hypothyroidism.
Moreover, there are also changes in the expression

of key members of the thyroid hormone:thyroid hor-
mone receptor (TH:TR) signaling pathway in
patients with heart failure. Notably, under circum-
stances of both hypothyroidism and heart failure
alterations in contractile and relaxation properties
are seen that may be a direct result of these changes
in gene expression. It is tempting to speculate that
correcting an imbalance in the TH:TR axis could be
associated with beneficial changes in gene expres-
sion and function in heart failure patients. However,
before such an approach can be considered, the
mechanism(s) responsible for the effect of thyroid
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hormone on cardiac growth, which remains contro-
versial, should be clarified. Specifically, although it
was thought that thyroid hormone causes cardiac
hypertrophy mainly through its increase in myocar-
dial work load, work from both our group and oth-
ers indicates that thyroid hormone has a direct effect
on cardiac myocyte hypertrophy in an in vitro sys-
tem in which no increase in work load occurs. In
this chapter, we describe the thyroid-receptor-spe-
cific mechanism of cardiac hypertrophy induced by
thyroid hormone in this cell culture system.

8.2 The Myocardial Gene Program of
the Failing Human Heart Resembles
That Seen in Hypothyroidism

The gene program that characterizes the hyper-
trophic and failing heart in a number of experimen-
tal models is often referred to as the “fetal” gene
program because it recapitulates a genetic profile
reminiscent of that seen during early embryonic
development. Specifically, while expression of the
skeletal-muscle-specific genes β-myosin heavy
chain (β-MyHC) and skeletal α-actin increases, that
of the adult cardiac-muscle-specific genes α-
myosin heavy chain (α-MyHC) and sarcoplasmic
reticulum Ca2+ATPase (SERCA2a) decreases.
Similarly, expression of both atrial and brain natri-
uretic peptides (ANP and BNP), sensitive markers
of cardiac hypertrophy and dysfunction, also
increase [1]. Although these changes have been
most frequently studied in animal models of patho-
logical growth, similar changes are also see in the
human heart. Even though the β-MyHC isoform
predominates in the heart, recent work indicates that
α-MyHC expression is, in fact, decreased in the
failing human ventricle, an observation that may
explain, at least in part, some of the contractile
abnormalities seen in the failing heart [2, 3]. Indeed,
in rodents, the ratio of ATPase activity between α
and β isoforms is approximately 2, but in humans it
is about 10 (Bristow et al., unpublished observa-
tions), suggesting that even small changes in 
α-MyHC significantly impact contractile activity in
the human heart. We have measured the expression
of α-MyHC in end-stage failing human hearts
[2–4]. In nonfailing human hearts, α-MyHC
accounted for approx. 7% of total MyHC protein
[4]. In failing human hearts, α-MyHC protein was
not at all detectable, which was consistent with the

idea that decreases in α-MyHC are important in the
failing property. These changes in MyHC isoform
expression in human failing heart have been consis-
tently observed by a number of independent investi-
gators, as has the decrease in SERCA expression
and an increase in the natriuretic peptides in
patients with dilated cardiomyopathy [3, 5].
Curiously, this pattern of gene expression is also
seen in the hypothyroid heart. This led to our origi-
nal hypothesis, that alterations in myocardial TR
expression and/or effect are involved in the develop-
ment and/or maintenance of the pathological car-
diac myocyte gene program.

As suggested above, these changes in gene
expression have been extensively investigated in
experimental animals and isolated myocardial cells,
particularly from the rat. With respect to the
changes in MyHC and SERCA expression described
above, it is likely that one of the key determinants of
the rapid changes in MyHC isoform composition
(and possible alterations in calcium handling) in the
neonatal heart relates to alterations in thyroid hor-
mone levels in the neonate and the fact that both α-
MyHC and SERCA2a genes contain thyroid-
responsive elements (TREs) in their 5’-promoter
region [6–8]. The TRE is a consensus DNA
sequence that binds TRs either as a monomer,
homodimer, or, in most cases, as a heterodimer with
the retinoid X receptor (RXR) [9, 10]. Although a
substantial percentage of cellular TRs are expressed
in nuclei, cytoplasmic TRs may have an equally
important role [11]. However, since the chromoso-
mal DNA containing these TRE motifs is limited to
the nuclear compartment of the cell, in exploration
of TR action on TREs, the focus must be primarily
on TRs in the nucleus, where these dimers are usu-
ally bound to the TRE “waiting” for thyroid hor-
mone.  In this un-liganded state, TRs are associated
with a number of transcriptional repressors, such as
the histone deacetylases (HDACs), which inhibit
downstream gene expression [12]. Once thyroid
hormone enters the nucleus and binds with TR, this
liganded TR recruits and interacts with transcrip-
tional activators such as the histone acetyltrans-
ferases (HATs) [12], resulting in transcriptional
activation of downstream gene expression. This is
the predominant mechanism of transcriptional acti-
vation for the α-MyHC and SERCA2a genes, and
such TREs are often referred to as “positive” TREs
since their association with both TR and ligand
results in an up-regulation of gene expression.
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In contrast, some thyroid-responsive genes, like
the β-MyHC isoform, which is markedly dimin-
ished after birth in rodents, undergo repression in
response to ligand. The decreased expression of 
β-MyHC is also dependent upon TR binding to spe-
cific DNA motifs in these repressed genes; such
sequences are commonly referred to as “negative”
TREs in that their action in response to ligand is pri-
marily a negative/repression pattern [13]. In con-
trast to the positive TRE, less is known about the
nature of this kind of negative TRE, in which ligand
binding results in gene repression.

What has been discussed thus far are mecha-
nisms that are developmentally regulated by thy-
roid hormone in myocyte-specific gene expression.
The fetal heart expresses higher β-MyHC and
lower α-MyHC/SERCA2a and this pattern is
reversed in the postnatal heart. As noted previous-
ly, however, the fetal gene program is also
expressed in the adult heart in response to various
pathological stimuli, including hypertension,
valvular disease, and ischemia/infarction, and in
response to a number of neurohumoral factors
(e.g., angiotensin II, catecholamines, endothelin),
all of which are known to induce pathologic
myocardial hypertrophy [14–16] but notably are
not induced under circumstances of physiological
growth, which is also characterized by larger
myocytes but with enhanced contractile function
[16, 17]. Pathological hypertrophy usually results
in diminished myocardial function, i.e., heart fail-
ure, and the increase in β-MyHC accompanied by
the decrease in α-MyHC and SERCA2a may
explain, at least in part, the depressed
contractile/relaxation function, normally seen in
hypertrophied/failing heart (reviewed in [18, 19]).
In contrast, physiological hypertrophy is associat-
ed with enhanced expression of the adult gene pro-
gram, i.e., increased α-MyHC and SERCA2a and
decreased β-MyHC expression [16].

For a number of years, our research group, like
others, has pursued the idea that reversal of the fetal
gene program may improve depressed myocardial
function in pathological hypertrophy. Although this
idea has been proposed for some time [20], the
focus on the TH:TR axis in this regard has received
much less attention. Notably Chang et al. [15]
reported that thyroid hormone reversed systolic and
diastolic function in the pathological hypertrophied
heart in vivo. Improvement was associated with iso-
form switching back to the α-MyHC isoform as

well as increases in SERCA2a. This “rescue” of the
myocyte gene program has also been confirmed in
vitro [16]. Only recently, however, have studies sug-
gested that the alterations in these thyroid-respon-
sive genes extend to alterations in the expression of
the thyroid receptors themselves. 

8.3 TR Expression in
Pathological/Physiological
Hypertrophy

The first suggestion that TRs might themselves be
involved in the pathological growth and abnormal
gene profile came from an appreciation of the sim-
ilarity between the fetal gene program, the
hypothyroid heart, and the myocardial gene pro-
gram seen in the resistance to thyroid hormone
(RTH) syndrome which results from an alteration
in TRβ action [7, 21]. Therefore, we hypothesized
that in failing heart the fetal gene program may be
induced, at least in part, by a deficiency in thyroid
hormone signaling in cardiac myocytes. However,
circulating levels of thyroid hormone are not consis-
tently altered in heart failure patients. Thus, if thy-
roid signaling is altered under these circumstances,
it must occur somewhere downstream in the path-
way, such as the level of the TR/TRE. To test this
hypothesis, we measured TR expression in both
human and rodent heart under several different cir-
cumstances of myocardial growth. 

It is generally accepted that TRs have four major
isoforms: TRα1, TRα2, TRβ1, and TRβ2 [9]. TRα1

and TRα2 are alternatively spliced from the TRα
gene locus, and TRβ1 and TRβ2 from the TRβ gene
locus. Although TRβ2 is exclusively expressed in
pituitary gland, the other three isoforms are ubiqui-
tously expressed throughout the body, including the
heart. TRα2 has a distinct feature in that it lacks the
thyroid-hormone-binding domain and thus acts as
naturally occurring repressor for positive TRE func-
tion [22].

As shown in Figure 8.1, we identified expres-
sion of TRα1, TRα2, and TRβ1 in rat heart, but, as
expected, failed to find any expression of TRβ2

[16]. Exercise-induced physiological hypertrophy
in rat (voluntary wheel-running) resulted in the
expression of an adult gene program in the heart,
i.e., α-MyHC and SERCA2a were increased, while 
β-MyHC was decreased. Investigating of TR isoform
expression in this model of physiological hypertrophy
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showed an increase in TRβ1 with no changes in either
TRα1 or TRα2 expression (Fig. 8.1a). Thyroid hor-
mone treatment of cultured myocytes also induced
the adult gene program and modest hypertrophy, and
we confirmed TRβ1 up-regulation in this in vitro
model of physiological hypertrophy (Fig. 8.1b).
In contrast, we observed marked induction of the
fetal gene program in the hypertrophied/failing rat
heart induced by ascending aortic banding, i.e., up-
regulation of β-MyHC and skACT with down-regu-
lation of α-MyHC and SERCA2a. In the same heart,
expression of TRα1 and TRβ1 was also decreased
(Fig. 8.1a). These phenomena were confirmed in
cultured rat cardiac myocytes in which the fetal
gene program was induced along with marked
hypertrophy by phenylephrine treatment (Fig. 8.1c).
Moreover, expression of the pathological fetal gene
program was reversed by thyroid hormone and was
accompanied by up-regulation of TRβ1 but not

TRα1 (Fig. 8.1c). These data suggested that the
hypothyroid-like features of the fetal gene program
are also associated with decreased expression of
functional TRs, whereas the hyperthyroid-like gene
program is accompanied by increased expression of
at least one of the functional TRs. Therefore, it
seems rational to hypothesize that the altered sig-
naling at the level of TR expression is one of the
mechanisms leading to the distinct gene expression
pattern in cardiac myocytes.

With this experimental data in hand, we next
measured TR isoform expression in human hearts,
where we identified a similar expression pattern to
the rat including distinct signals for TRα1, TRα2,
and TRβ1, but no TRβ2 (Fig. 8.2a) [23]. However, in
contrast to rodent failing hearts, in which we
observed down-regulation of all three TR isoforms,
in human failing hearts TRα1 was decreased but
TRα2 was up-regulated (Fig. 8.2a,b). The TRβ sig-
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Fig. 8.1 Regulation of thyroid hormone receptor (TR) isoforms in vivo (a) and in culture (b, c). a Hypertrophy was induced in adult
male rats by voluntary running exercise (Ex) for 10 weeks or ascending aortic constriction (AC) for 4 weeks, and left ventricular
TR isoform mRNAs were assayed. A representative gel is shown with mean values from the indicated numbers of rats, normalized
to the sedentary control group shown below. b, c Cultured neonatal rat cardiac myocytes were treated with (b) triiodothyronine
(T3) or (c) phenylephrine (PE) for 72 h, and TR isoform mRNAs were assayed in 10 μg total RNA by RNase protection (left and
middle). Alternatively, cells were treated for 120 h, and TRβ1 protein in equal numbers of myocyte nuclei was quantified by
Western blot (right). In the “PE+T3” groups, cells treated with 20 μmolPE/l were also treated with 100 nmolT3/l for the final 24
h (mRNA) or 72 h (protein). Representative gels are shown; mean data are from five cultures for mRNA and three cultures for pro-
tein. (Adapted from [16])
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nal was very low at baseline and not convincingly
changed. Since TRα2 is a naturally occurring domi-
nant-negative isoform, the conceptual model
remains the same in which the hypothyroid-like
gene program may be caused by attenuated thyroid
hormone signaling at the level of TR expression.

8.4 Isoform-Specificity of TR in 
Thyroid-Hormone-Induced 
Cardiac Hypertrophy

Since we had observed distinct alterations in TR
isoform expression under circumstances of both
physiological and pathological growth stimuli
which appeared to be regulated in concert with the
expression of the pathological gene program, we
next investigated the possibility that the individual
TR isoforms have distinct effects on cardiac
myocyte growth and the expressed gene program.
As a prelude to these studies, we were interested in
exploring the subcellular localization of the individ-
ual TR isoforms as well as the possibility that the
TRs themselves had unique effects, reflecting both
genomic and extranuclear, nongenomic targets as
has been recently described for a number of nuclear

hormone receptors. For example, the estrogen hor-
mone receptor (ER) is a well-characterized nuclear
hormone receptor that possesses both nuclear and
extranuclear nongenomic activities. Estrogen’s
vasodilatory effect is too rapid to be attributed to
ER-induced gene expression. Recent reports
describe cell membrane ER that interact with phos-
phatidylinositol-3 kinase (PI-3 kinase) [24] with
subsequent phosphorylation of endothelial nitric
oxide synthase (eNOS) [25]. This ER-PI-3 kinase
modulation of eNOS likely accounts for the rapid
nongenomic effect of estrogen as a vasodilator. A
similar mechanism has also been described for the
thyroid hormone receptor where, in vascular smooth
muscle cells, nongenomic thyroid hormone activity
decreases vascular tone by altering the activities of
various ion channels [26]. In endothelial cells,
extranuclear TRα1 also interacts with PI-3 kinase to
increase phosphorylation of eNOS [27]. Given the
evidence arguing for significant nonnuclear TR
effects, it is plausible to postulate that interactions
of cytosolic TR with other signaling molecules are
involved in cardiac myocyte growth and gene
expression.

As noted previously, in studies of neonatal rat
ventricular myocytes in primary culture, T3 treatment
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Fig.8.2 TR expression in human heart. a Representative RNase protection assay (2.5 days’exposure) using probes specific for TRα1/α2

and TRβ1. Each lane was loaded with 10 μg total RNA extracted from nonfailing hearts (NF) or hearts with idiopathic dilated car-
diomyopathy (IDC). GAPDH probe was used as an internal loading control. b mRNA expression determined by RNase protection
assay was quantified by counting the radioactivity of each specific band for each mRNA species. Counts were converted to molar
amount with several coefficients, such as specific activity of each probe, and normalized to GAPDH molecules. *p < 0.01 vs. NF.
CAD coronary artery disease. (Adapted from [23])
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leads to a significant increase in protein synthesis and
expression of the adult-specific gene profile, i.e., up-
regulation of αMHC and SERCA2a and down-regu-
lation of βMHC [16]. The prevailing thought is that
gene expression and myocyte hypertrophy are obli-
gate processes, i.e., gene expression begets hypertro-
phy. Contrary to this view, GC-1 [28], a relatively
specific TRβ agonist, is ineffective as a myocyte
hypertrophic agent [16] compared to T3 (EC50 for
protein synthesis: triiodothyronine [T3] 0.1 nmol/l,
GC-1 2 nmol/l), but its effect on gene expression is
similar to that of T3 (up-regulation of αMHC and
SERCA2a, and down-regulation of βMHC). These
findings suggested that thyroid hormone isoforms do,
in fact, have differential effects in the myocyte;
specifically, thyroid-hormone-induced cardiac hyper-
trophy is due to the activity of TRα1, while TRβ1

appears to be mainly involved in the transcription of
thyroid-hormone-responsive genes.

To address this possibility further, we developed
three adenoviral delivery constructs to overexpress

TRα1, TRα2, or TRβ1 proteins (AdTRα1, AdTRα2,
AdTRβ1) [11]. In support of the hypothesis that
there are TR isoform-specific effects in the heart,
infection with AdTRα1 resulted in a dose-dependent
increase in protein synthesis [11], while neither
AdTRα2 nor AdTRβ1 caused an increase in protein
synthesis even when expressed at very high levels.
As expected, the expression of thyroid-hormone-
responsive genes also showed TR-isoform-specific
differences (Fig. 8.3). Overexpression of TRβ1

induces the adult-specific gene profile similar to T3,
while overexpression of TRα1 induces the patholog-
ical gene profile (up-regulation of βMHC, ANP,
BNP, skeletal actin, and down-regulation of αMHC
and SERCA2a). As shown in Figure 8.4, localiza-
tion patterns of TR isoforms in the myocyte also
show isoform-specific differences. The expression
of TRα is noted in both the cytosol and the nucleus
even at low levels of AdTRα1 or AdTRα2 infection,
while the expression of TRβ1 is predominantly
nuclear (cytosolic expression is only noted at multi-

K. Kinugawa et al.84

Fig. 8.3 TR-isoform-specific changes in the cardiac myocyte gene program. Cells were treated with AdβGal at 50 multiplicity of
infection (MOI), with or without T3 (100 nM), for 72 h and compared with cells infected with AdTRα1 or AdTRα2, or AdTRβ1 at
50 MOI. Values of the corresponding AdβGal group were set at 100%, and data are presented as percentage change from 100%
(n = 3–4); i.e., a value of 0% equals no change from AdβGal-infected cells and 100% represents a doubling of signal. All signals
were corrected for RNA loading using an internal GAPDH signal. (Reproduced from [11])



plicity of infection > 200). Taken together, we con-
clude that the effects of thyroid hormone involve a
complex interaction of different TR isoforms with
the genomic effect of T3 being mediated by prefer-
ential activity of TRβ1 in the nucleus while the
myocyte hypertrophic response is mediated by both
cytosolic and nuclear TRα1 effects.

To characterize the mechanism behind thyroid-
hormone-mediated myocyte hypertrophy and gene
expression in cultured cardiac myocytes, we inves-
tigated the interactions of T3 with mitogen-activated
protein kinases (MAPK). MAPK comprise three
families of protein kinases: extracellular signal-

related kinases (ERK), c-Jun N-terminal kinases
(JNK), and p38 kinase. All of them have been
reported to play a role in myocardial hypertrophy
and gene expression. Somewhat unexpectedly, we
found that TRα1 interacts with transforming-
growth-factor-activating kinase 1 (TAK1), MAPK
kinase 3/6 (MKK3/6), and p38MAPK [11], but not
with JNK or ERK pathways, and the TRα1 interac-
tion with TAK1 was localized to the cytosol
(Fig. 8.5a–c). p38MAPK is a strong inducer of both
myocyte hypertrophy and the fetal gene program
[29], and in the neonatal cardiac myocyte culture
system overexpression of TRα1 leads to expression
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Fig. 8.4 Cardiac myocyte expression of human TRs. a Immunostaining. Neonatal rat cardiac myocytes (MC) were exposed to ade-
novirus at 100 MOI for 72 h. Less than 5% of cells were sarcomeric-actin-negative (nonmyocytes). A myocyte without expression
of human TRβ1 is identified (double white arrows). Note the restriction of TRβ1 expression to the nucleus of these cells while both
TRα1 and TRα2 appear to be distributed in nuclear and cytoplasmic compartments. b Electrophoretic mobility shift assay for the
DR4 (direct repeat-4) thyroid-responsive element (TRE). Cells were exposed to adenovirus at 50 MOI for 48 h. B1 and B2 consist
of heterodimers of retinoid X receptor (RXRα, β, or γ) and TR (one molecule of each), and homodimers of TRs (two TR mole-
cules), respectively. No monomer binding was observed. Competitor lanes were with unlabeled oligonucleotide. c Quantification
and subcellular location of human TR overexpression in neonatal rat cardiac myocytes. Myocytes were infected with the individ-
ual AdTRs at the indicated MOIs for 48 h. Fractionated cell extracts were prepared and subjected to Western blotting with human-
specific TR antibodies in the upper panels (hence no rat TR is detected in uninfected lanes). In the binding experiments, cell
extracts from equal numbers of cells were subjected to [125I]T3-binding assay as described previously [33]. Notably, expression of
TRα1 was readily found in both nuclear and cytoplasmic fractions, while AdTRβ1 expression was generally limited to the nucleus.
(Reproduced from [11])
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of the fetal gene program in a p38-dependent path-
way [11]. TRα2 also binds TAK1, but the TRα2-
TAK1 complex does not activate downstream sig-
naling cascades, consistent with the repressor prop-
erty of TRα2. On the other hand, we did not observe
any TRβ1 interaction with TAK1 in the cytosol
(Fig. 8.5a), and its cellular action appears to be
exclusively in the nucleus. AdTRβ1 infection results
in expression of the adult-specific gene program
with attenuation of cardiac hypertrophy (Fig. 8.3

and [11]). Importantly, TRβ1 inhibited p38MAPK
activation in the nuclei (Fig. 8.5d,e), indicating that
TRβ1 is able to “suppress” the pathological gene
expression induced by TRα1/p38MAPK activation.
In summary, T3-induced myocyte hypertrophy
appears to be mediated by the cytosolic interaction
of TRα1 and TAK1/p38MAPK, while the induction
of the adult-specific gene profile is due to the
nuclear activity of TRβ1, where this TR isoform
directly activates the transcription of thyroid-hor-

K. Kinugawa et al.86

Fig. 8.5 Cytosolic TRα1 interacts with TAK1 (a–c) and nuclear TRβ1 inhibits p38 activation (d, e). a TRα1 and TRα2 , (but not
TRβ1) interact with TAK1. Lanes 1-3 Human-specific TR antibody was validated for Western blotting with control human TRs
synthesized in rabbit reticulocyte lysate [TRα1 (~48 kDa), TRα2 (~58 kDa), and TRβ1 (~52 kDa)]. Doublets represent lysate-spe-
cific in vitro processing and are not seen in AdTR-infected cells. Lanes 4-6 Myocytes were infected with AdTRs at 50MOI for 
24 h followed by immunoprecipitation of endogenous TAK1. This was subjected to Western blotting for TR. Lanes 7-9 Expression
of human TRs in each sample was confirmed using the same antibody. b Whole-cell extract from uninfected cells was immuno-
precipitated with rabbit IgG or rat-specific TRα1 antibody, and subjected to Western blotting for TAK1. c Western blotting and
immunofluorescence microscopy for endogenous cardiac myocyte TAK1 expression. d, e TRβ1 (but not TRα1 and TRα2) interacts
with p38 and diminishes its kinase activity. Cells were infected with AdTRs and Adp38αWT for 24 h. Total p38 was immunopre-
cipitated and subjected to Western blotting for human TR (C1). e In vitro synthesized human TRβ1 or control rabbit reticulocyte
lysate was mixed with active MKK6 or active p38α (~68 kDa and their activities measured on unactive recombinant GST-p38α
(~64 kDa) or GST-ATF2 (~40 kDa), respectively. SB202190 was used at 10 Nm
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mone-responsive genes and inhibits the pathologi-
cal effects of p38MAPK.

Although reversing the fetal gene program with
thyroid hormone may lead to functional improve-
ment in the failing myocardium, thyroid hormone
also possesses deleterious effects on the heart that
may limit its therapeutic use for clinical heart fail-
ure (tachycardia, increased oxygen consumption,
arrhythmogenesis). It is tempting to speculate that
targeting the TH:TR axis and/or use of specific TR
agonists will thwart the deleterious effects of thy-
roid hormone treatment in heart failure while main-
taining the salutary effects on gene program and
myocardial function (reviewed in [30, 31]). In this
regard, further studies are needed to clearly identify
the extent to which TRα1 interacts with TAK1 and
other kinases. Considering the variety of cellular
action of thyroid hormone, it will be important to
identify cytosolic TR interactions with other signal-
ing molecules. Better characterization of cytosolic
activity and identification of specific nuclear TRβ1-
specific agonism may provide novel treatment
strategies for heart failure. This latter possibility is
particularly germane as TR-specific agonists are
currently being explored clinically for their meta-
bolic effects (reviewed in [32]).

8.5 Conclusions

The fetal gene program is an important feature of
the failing heart, resembles the gene expression pat-
tern seen in the hypothyroid heart, and is also asso-
ciated with decreased expression of functional TRs
themselves. In contrast, physiological hypertrophy
exhibits a more “hyperthyroid-like” gene program
and is accompanied by the increased expression of
specific functional TRs. Expression of individual
TR isoforms in a cell culture model of cardiac
myocyte hypertrophy indicates that there are iso-
form-specific effects on both cardiac myocyte
growth and the gene program. This work indicates
that nuclear TRs are critically important for specif-
ic gene regulation; thyroid-hormone-induced hyper-
trophy is mediated, at least in part, by cytosolic TR
(α1) as a function of its ability to bind to and acti-
vate members of the p38MAPK signaling cascade.
As heart failure is a clinical syndrome of ever
increasing importance around the world, the devel-
opment of novel approaches to this problem that tar-
get alterations in the cardiac myocyte gene program
by directly promoting a more physiological
response in terms of myocyte contractility will be a
welcome addition.
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Key Points

• The gene expression pattern in the hypertrophied and failing heart is frequently called the fetal gene
program and is similar to that seen in hypothyroidism.

• Thyroid receptor expression is altered in the failing human heart and in several experimental mod-
els of pathological growth.

• Thyroid hormone treatment induces the expression of a physiological gene program in the cardiac
myocyte and is associated with enhanced contractility.

• Individual thyroid receptors exhibit isoform-specific effects on cardiac myocyte growth and the
gene program in cell culture.

• The TRα1 isoform has a direct nongenomic effect on cardiac myocyte growth through its binding
to an upstream member of the p38MAPK family TAK1.

• The TRβ1 isoform does not bind TAK1 and has genomic effects that result in a more physiological
gene program with little hypertrophic growth.

• Exploiting isoform-specific effects of thyroid hormone receptors on the cardiac myocyte may rep-
resent a unique therapeutic approach to the clinical syndrome of heart failure.
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9.1 Introduction

Amiodarone was introduced in the early 1970s as an
anti-anginal drug [1] but is nowadays mostly used
as a highly effective antiarrhythmic drug for the
treatment of atrial and ventricular cardiac rhythm
disturbances [2]. Amiodarone contains 37% organic

iodine by weight. During biotransformation of the
drug, pharmacological quantities of iodine are
released, giving rise to iodine excess. In susceptible
patients, iodine excess may cause iodide-induced
hypothyroidism or iodide-induced thyrotoxicosis. A
destructive type of thyrotoxicosis is frequently seen,
caused by the cytotoxic effects of amiodarone and its
main metabolite desethylamiodarone (DEA) on thy-
rocytes [3]. Dronedarone, a new antiarrhythmic drug
that is structurally related to amiodarone (Fig. 9.1),
lacks an iodine moiety and thus amiodarone’s
iodine-related organ toxicity. Electrophysiological
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Abstract  Amiodarone, via its main metabolite desethylamiodarone, exerts compet-
itive inhibition of T3 binding to thyroid hormone receptor protein α1 (TRα1) and non-
competitive inhibition of T3 binding to thyroid hormone receptor protein β1 (TRβ1)
in vitro. Dronedarone, via its main metabolite debutyldronedarone, exerts competi-
tive inhibition of T3 binding to TRα1 in vitro, but not of T3 binding to TRβ1.
Mechanisms of inhibition of T3-dependent gene expression by desethylamiodarone
include inhibition of T3 binding to TR, inhibition of coactivator binding to TR, and
inhibition of TR binding to the thyroid hormone response element (TRE). Tissue con-
centrations of desethylamiodarone and debutyldronedarone obtained in vivo are of
the same order of magnitude as their IC50 values for inhibition of T3 binding to TR
obtained in vitro. Experimental animal studies demonstrated that amiodarone acts as
an antagonist to both TRα1 and TRβ1 in vivo, whereas dronedarone acts as a selec-
tive TRα1 antagonist. Amiodarone induces a local hypothyroid condition in the heart,
evident from a lower heart rate, lengthening of the QTc interval, and decreased
SERCA2a and αMHC and increased βMHC gene expression (all closely resem-
bling the changes in systemic hypothyroidism). Dronedarone may also act by
inducing a local hypothyroid-like condition in the heart, evident from a lower
heart rate, lengthening of the QTc interval, and decreased αMHC gene expression
(all TRα1-mediated), although it does not change SERCA2a and βMHC gene
expression (which are TRβ1-mediated).
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studies showed that drone-darone shares amio-
darone’s multichannel blocking effects, inhibiting
transmembrane Na+, K+, and Ca2+ channels, and
slow L-type calcium channels, as well as its antia-
drenergic effects [4]. Drone-darone possesses both
rate-control and rhythm-control properties and has
proved safe and effective in preventing recurrence
of atrial fibrillation. So far, no association has been
reported between drone-darone treatment and the
occurrence of hypo- or hyperthyroidism.

Early on, similarities were observed between the
effects of amiodarone treatment and hypothy-
roidism. Both conditions induce bradycardia,
lengthening of the cardiac action potential, and
depression of myocardial oxygen consumption. It
has therefore been hypothesized that the cardiac
effects of amiodarone can be explained–at least
partly–by the induction of a local hypothyroid-like
condition in the heart [1]. The cardiac effects of
amiodarone are observed in all patients treated with
the drug irrespective of ambient thyroid-stimulating
hormone (TSH) levels, and thus have nothing to do
with the occasionally observed direct effects of
amiodarone on the thyroid gland resulting in sys-

temic hypothyroidism. Possible mechanisms by
which amiodarone may induce cardiac hypothy-
roidism are inhibition of conversion of T4 into the
active hormone T3 by 51-deiodinase, inhibition of
transport of T4 and T3 through the plasma mem-
brane, inhibition of T3 binding to its nuclear recep-
tors, and down-regulation of specific isoforms of
the nuclear thyroid hormone receptors [5]. In this
chapter, we review the effects of amiodarone and
dronedarone with regard to thyroid hormone recep-
tors (TR), specifically in the heart.

9.2 In Vitro Inhibition of T3 Binding to TR

DEA, but not amiodarone, inhibits the binding of T3

to the thyroid hormone receptor protein β1 (TRβ1) in
vitro [6]. Lineweaver–Burk analysis indicates non-
competitive inhibition. Plots of the intercepts of
Lineweaver–Burk plots versus DEA concentration
are linear, giving a Ki of 30 μM for the binding of
DEA to the occupied receptor. Plots of the slopes
versus inhibitor concentration are parabolic, indicat-
ing a progressively stronger effect of DEA on the
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Fig. 9.1 Chemical structures of amiodarone, dronedarone, and their main metabolites desethylamiodarone and debutyldronedaro-
ne

a b

c d



unoccupied receptor as concentrations rise. This
preference for the unoccupied receptor is reflected in
experiments that show a progressive loss of T3 bind-
ing when the receptor is incubated for increasing
periods with DEA before T3 is added. DEA, but not
amiodarone, likewise decreases the binding of T3 to
the thyroid hormone receptor α1 (TRα1) in vitro in a
dose-dependent manner. However, Lineweaver–Burk
plots clearly indicate competitive inhibition by DEA
with regard to TRα1 [7].

In vitro experiments with dronedarone revealed
that dronedarone has no effect on the binding of T3

to TRβ1; at a high concentration of 100 μM, it
decreases T3 binding to TRα1 by 14%. The major
metabolite of dronedarone, debutyldronedarone, is
much more potent than the parent drug: at 100 μM
it decreases T3 binding to TRα1 by 77% and to TRβ1

by 25% [8]. The decrease in binding is dose-
dependent, and Langmuir analysis indicated that
inhibition of T3 binding to TRα1 by debutyl-
dronedarone is competitive in nature. IC50 values
are given in Table 9.1.

Taken together, the results of in vitro experi-
ments can be summarized as follows:
1. The major metabolites DEA and debutyl-

dronedarone, rather than their respective parent
drugs amiodarone and dronedarone, are capable
of inhibiting the binding of T3 to TR.

2. DEA is a more potent inhibitor than debutyl-
dronedarone, and inhibition of T3 binding to
TRα1 is more pronounced than inhibition of its
binding to TRβ1.

3. DEA and debutyldronedarone are competitive
inhibitors of T3 binding to TRα1 but DEA is a
noncompetitive inhibitor of T3 binding to TRβ1.

4. DEA is an effective antagonist of T3 binding to
TRα1 and TRβ1, but debutyldronedarone
appears to be a selective TRα1 antagonist.

9.3 In Vitro Studies on the Mechanism
of Inhibition

To gain further insight into the inhibition by DEA of
T3 binding to TRα1 and TRβ1, we studied the effects
of various amiodarone analogs and of various muta-
tions in TRβ1. The results of experiments with
amiodarone analogs on the structure–function rela-
tionship of inhibition of T3 binding to TR implied
that (1) the size of the diethyl-substituted nitrogen
group and of the two bulky iodine atoms in the
amiodarone molecule hamper the binding of amio-
darone at the T3 binding site of TR, and (2) differ-
ences in the hormone-binding domain of TRα1 and
TRβ1 likely to account for the competitive or non-
competitive nature of inhibition of T3 binding by
amiodarone analogs [9]. To gain insight into the
position of the binding site of DEA on TRβ1, we
investigated naturally occurring and artificial
mutants in the ligand-binding domain of TRβ1.
Mutant E457A causes a change from a negatively
charged amino acid to a hydrophobic amino acid,
enhancing the affinity for DEA. Mutant R429Q,
located in helix 11, causes an electrostatic potential
change from positive to uncharged, also resulting in
greater affinity for DEA. Inhibition of T3 binding to
mutated TRβ1 by DEA was noncompetitive in
nature, with IC50 values (17 ± 3 μM for E457A, and
32 ± 7 μM for R429Q) significantly lower than
those of the wild-type (56 ± 15 μM) [10]. It is pos-
tulated that aminoacids R429 and E457 are at or
close to the binding site for DEA, and that DEA
does not bind in the T3 binding pocket itself, in line
with the noncompetitive nature of the inhibition of
T3 binding to TRβ1 by DEA.

The binding site of DEA may thus be on the out-
side surface of the TRβ1 protein, overlapping the
regions where coactivators and corepressors bind.
Here, DEA could influence the interaction of TRβ1

with coactivator GRIP1 (glucocorticoid receptor
interacting protein-1). The T3-dependent binding of
GRIP1 to TRβ1 is indeed disrupted by DEA [11]. A
DEA dose experiment showed that DEA acts like an
antagonist under “normal” conditions (at 0.1 μM T3

and 5 DEA μmol/l) but as an agonist under extreme
conditions (at 0 and 1 nM T3 and > 0.1 mM DEA).
Comparable results are obtained in NIH3T3 cells
transiently transfected with TRβ and the reporter
construct ME-TRE-TK-CAT (containing the
nucleotide sequence of the thyroid hormone
response element TRE of malic enzyme ME, thymi-
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Table 9.1 IC50 values for inhibitory effects of desethylamio-
darone and debutyldronedarone on the binding of T3 to thyroid
hormone receptors α1 (TRα1) and β1 (TRβ1)a

Desethyl- Debutyl-
amiodarone dronedarone

TRα1 30 ± 3.9 59 ± 4.1 p < 0.01

TRβ1 71 ± 3.4 280 ± 29 p < 0.01

p < 0.01 p < 0.01

a IC50 values (μM) are given as mean ± standard error of the
mean [6–8]



dine kinase, and chloramphenicol acyltransferase)
[12]. ME-TRE-TK-CAT activity is increased 12.5-
fold by the addition of 1 T3 μmol/l to the culture
medium, 3.4-fold by the addition of 1 DEA μmol/l,
and 18.9-fold by the addition of both T3 and DEA.
The data suggest a synergistic effect of DEA with
T3 on ME-TRE rather than the postulated inhibitory
action, most likely caused by overexpression of
transfected TR into the cells. In experiments with a
limited amount of TRβ1, addition of 1 DEA μmol/l
decreased T3-dependent expression of the reporter
gene by 50%. The inhibiting effect of DEA was par-
tially due to a reduced binding of TR to ME-TRE,
as assessed by gel mobility shift assay.

It appears that DEA can act as an agonist or as an
antagonist with regard to TR depending on the ambi-
ent concentrations of the drug itself, T3, and TR. The
conditions encountered in the living organism favor
an antagonistic effect of DEA. First, DEA concen-
trations in rat tissues after treatment with amio-
darone 100 mg/kg per day orally for 2 weeks are in
the micromolar range (liver 18 μmol/kg, heart
14 μmol/kg), close to the IC50 values of DEA [13].
Human tissue samples obtained at autopsy from
patients treated with amiodarone also display high
DEA concentrations (liver 3815 μmol/kg, heart
274 μmol/kg) [3]. Second, T3 concentrations in rat
tissues after treatment with amiodarone 30 mg/kg
per day orally for 3 weeks are four to five times
lower than in control animals (liver 2 vs. 10 nmol/kg,
heart 1 vs. 4 nmol/kg) [14]. The occupancy of
nuclear T3 receptors by hormone will be rather low
in all likelihood, favoring the inhibitory effect of
DEA [6, 7]. Third, TRα1 and TRβ1 gene expression
is decreased in the atria and ventricles of rats treated
with amiodarone or dronedarone [15]. It should be
added that inhibition of 51-deiodinase alone cannot
explain all the effects of amiodarone treatment:
administration of iopanoic acid, a drug exerting sim-
ilar inhibitory effects on 51-deiodinase, reproduces
the effects of amiodarone only in part [16].

In summary then, the results of in vitro studies
suggest several mechanisms by which DEA could
induce a local hypothyroid-like condition in the heart:
1. Dose-dependent inhibition of T3 binding to TR,

enhanced by low ambient tissue T3 concentra-
tions

2. Dose-dependent inhibition of coactivator bind-
ing to TR

3. Dose-dependent inhibition of TR binding to TRE
It has not been studied whether the same mech-

anisms operate with respect to debutyldronedarone,
except for its demonstrated inhibitory effect on T3

binding to TRα1. Treatment with dronedarone does
not appear to influence 51-deiodinase [8].

9.4 In Vivo Studies Comparing
Amiodarone and Dronedarone

Experimental animal studies have tested two
hypotheses. Based upon the in vitro inhibitory
effects on nuclear T3 binding, the first hypothesis
was that amiodarone, via its metabolite DEA, acts
as a TRα1 and TRβ1 antagonist in vivo and that
dronedarone, via its metabolite debutyldronedarone,
acts as a selective TRα1 antagonist. Based on simi-
larities in the cardiac effects of amiodarone and
hypothyroidism, the second hypothesis was that
both amiodarone and dronedarone induce a local
hypothyroid-like condition in the heart.

The first hypothesis was tested by treating rats
with either amiodarone or dronedarone (100 mg/kg
per day orally for both drugs) for 2 weeks and com-
paring T3-dependent TR-isoform-specific gene
expression in liver and heart [8]. In the liver, TRβ1 is
much more abundant than TRα1. Expression of the
LDL receptor gene [17, 18] and 51-deiodinase activ-
ity [19] are T3-dependent and mediated mainly by
TRβ1. Amiodarone but not dronedarone would be
expected to reduce the concentration and activity of
these liver proteins. In the heart, TRα1 represents
70% and TRβ1 the remaining 30% of TR in ventric-
ular myocytes [20]. The heart–in contrast to the
liver–is thus viewed as a TRα1-predominant organ.
Heart rate  and the QTc interval on the electrocardio-
gram are both influenced by T3, an effect mediated
via TRα1 [21, 22]. The expectation is that amio-
darone and dronedarone would lower heart rate and
lengthen the QTc interval to a similar extent. In the
liver, the results were as expected. Amiodarone but
not dronedarone treatment decreased LDL receptor
protein concentration and thereby increased serum
total and LDL cholesterol. Also, amiodarone but not
dronedarone treatment reduced liver 51-deiodinase
activity associated with a decrease in serum T3. On
the ECG, QTc interval was indeed similarly length-
ened in amiodarone-treated and dronedarone-treated
animals (0.141 vs. 0.142 ms, respectively) as com-
pared to controls (0.114 ms). Heart rate in the amio-
darone group was also lower than in controls (351
vs. 382 beats per minute, respectively). Heart rate in
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the dronedarone group was not lower than in con-
trols (390 vs. 382 bpm) in this study [8], but in
another study it was (296 vs. 381 bpm) [23]. Tissue
concentrations of dronedarone and debutyl-
dronedarone are known from animal studies in rab-
bits treated with dronedarone 20 mg/kg per day oral-
ly for 3 weeks [24]. The myocardial dronedarone
content is 23 μmol/kg, and of debutyldronedarone 
6 μmol/kg of the same order of magnitude as amio-
darone and DEA concentrations in rat hearts. In view
of the higher doses of dronedarone, 90–100 mg/kg
per day given orally for 2 weeks [8, 23], it is likely
that debutyldronedarone tissue concentrations were
sufficiently high to exert an antagonistic effect on
TRα1. The collective data support the hypothesis
that amiodarone (via DEA) acts as a TRα1 and TRβ1

antagonist in vivo and that dronedarone (via debutyl-
dronedarone) acts as a selective TRα1 antagonist.

The second hypothesis was explored by evalu-
ating the effect of amiodarone and dronedarone on
T3-dependent expression of a number of cardiac
genes involved in cardiac contractility. T3-respon-
sive genes in cardiac myocytes include sarcoplas-
mic reticulum Ca2+-ATPase (SERCA2a) and its
inhibitor phospholamban (which regulate the
uptake of calcium into the sarcoplasmic reticulum
during diastole), α-myosin heavy chain (αMHC),
the fast myosin with higher ATPase activity, and β-
myosin heavy chain (βMHC), the slow myosin [2].
Administration of T3 results in up-regulation of
SERCA2 and αMHC and down-regulation of
βMHC [25]. The opposite is observed in hypothy-
roidism: down-regulation of SERCA2 and αMHC
and up-regulation of βMHC [23, 26]. The
decreased cardiac contractility associated with
hypothyroidism results in part from changes in the
expression of these cardiac genes [2]. Previous
studies suggested that TRα1 is linked to αMHC
transcription and TRβ1 to βMHC and SERCA2
[27]. One would thus expect amiodarone treatment
to be associated with down-regulation of SERCA2
and αMHC and up-regulation of βMHC, whereas
dronedarone treatment would result in down-regu-
lation of αMHC only.

Amiodarone treatment in rats (100 mg/kg per
day orally for 2 weeks) decreased SERCA2 and
αMHC and increased βMHC gene expression in the
heart relative to controls [8], which is in agreement
with other reports in the literature [26, 28].
Dronedarone treatment in rats (90–100 mg/kg per
day orally for 2 weeks) had no effect on SERCA2

and βMHC, but decreased αMHC in one study [8,
23]. The results once again underline the inhibitory
effects of amiodarone mediated by TRα1 and TRβ1,
whereas antagonism of dronedarone is restricted to
TRα1. The studies further support the hypothesis
that a local hypothyroid-like condition in the heart
is induced by amiodarone. Hypothyroidism has
been associated with increased tolerance of the
myocardium to ischemia. Propylthiouracil-induced
hypothyroidism results in increased postischemic
functional recovery of isolated rat hearts, which
may–at least partly–be attributed to tissue hypothy-
roidism [29]. This in turn may be explained by less
energy consumption in the hypothyroid myocardi-
um due to predominant expression of slow βMHC,
while myocardial glycogen content is increased.
Decreased energy demands and increased energy
availability are the main mechanisms of protection
by hypothyroidism.

Whether dronedarone also induces a local
hypothyroid-like condition in the heart is less clear.
Although the lower heart rate, the lengthening of the
QTc interval, and the fall in αMHC resemble
hypothyroidism, βMHC and SERCA2 levels do not
change (Table 9.2). However, Pantos et al. observed a
higher myocardial glycogen content in dronedarone-
treated rats (just as in hypothyroid rats) relative to
controls [23]. In addition, they  noted reduced con-
tractility, suppression of ischemic contracture, and a
decrease of postischemic left ventricular end-dias-
tolic pressure and lactate dehydrogenase release after
ischemia–reperfusion in dronedarone-treated ani-
mals. These authors thus concluded that dronedarone
treatment results in cardioprotection by selectively
mimicking hypothyroidism.
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Table 9.2 Influence of hypothyroidism, amiodarone, and
dronedarone on T3-dependent cardiac effects

Hypo-  Amiodarone Dronedarone
thyroidism

TRα1-mediated effects

Heart rate Lower Lower Lower

QTc interval Longer Longer Longer

αMHC Lower Lower Lower

TRβ1-mediated effects

βMHC Higher Higher No change

SERCA2 Lower Lower No change
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Key Points

• Amiodarone, via its main metabolite desethylamiodarone, exerts competitive inhibition of T3 bind-
ing to TRα1 and noncompetitive inhibition of T3 binding to TRβ1 in vitro.

• Dronedarone, via its main metabolite debutyldronedarone, exerts competitive inhibition of T3 bind-
ing to TRα1 in vitro, but not of T3 binding to TRβ1.

• Mechanisms of inhibition of T3-dependent gene expression by desethylamiodarone include inhibi-
tion of T3 binding to TR, inhibition of coactivator binding to TR, and inhibition of TR binding to
TRE.

• Tissue concentrations of desethylamiodarone and debutyldronedarone obtained in vivo are of the
same order of magnitude as their IC50 values for inhibition of T3 binding to TR obtained in vitro.

• Experimental animal studies demonstrated that amiodarone acts as an antagonist to both TRα1 and
TRβ1 in vivo, whereas dronedarone acts a selective TRα1 antagonist.

• Amiodarone induces a local hypothyroid condition in the heart, evident from a lower heart rate,
lengthening of the QTc interval, and decreased SERCA2a and αMHC and increased βMHC gene
expression (all closely resembling changes in systemic hypothyroidism).

• Dronedarone may also act by inducing a local hypothyroid-like condition in the heart, evident from
a lower heart rate, lengthening of the QTc interval, and decreased αMHC expression (all TRα1-
mediated), although it does not change SERCA2a and βMHC gene expression (which are TRβ1-
mediated).
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10.1 Introduction

The most prevalent and clinically relevant signs
and symptoms of both hyperthyroidism and
hypothyroidism are the cardiovascular manifesta-
tions [1–3]. These include palpitations as well as
changes in blood pressure, cardiac output, contrac-
tility, and systemic vascular resistance (SVR) 
(Fig. 10.1) [1,4]. It is not surprising, therefore, that
alterations in thyroid hormone metabolism that
often accompany heart failure (HF) may in turn

contribute to the pathophysiology of that disease.
While hypothyroidism is associated with an
increased incidence of diastolic dysfunction and
diastolic hypertension, hyperthyroidism is associ-
ated with systolic hypertension and an overall
decline in mean arterial pressure. Contrary to the
decreased SVR evident in hyperthyroidism, pul-
monary pressures may rise, leading to pulmonary
hypertension. This chapter discusses the role of
thyroid hormone in maintaining normal cardiac
function and the effects of thyroid disease on the
heart, in order to better understand the contribution
of impaired thyroid hormone metabolism in the
pathophysiology and clinical outcomes associated
with HF. Lastly, we review the preclinical and clin-
ical evidence to support the therapeutic utility of
triiodothyronine (T3) in treating HF.
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10.2 Hypothyroidism

The clinical signs and symptoms of hypothyroidism
include weight gain, cold intolerance, dry skin,
fatigue, bradycardia, narrowed pulse pressure, and
diastolic hypertension [5,6]. Overt hypothyroidism
affects approximately 5% of the adult female popu-
lation and is associated with increased SVR,
decreased cardiac contractility, decreased cardiac
output, and accelerated atherosclerosis [7]. In elder-
ly patients, symptoms may include hypothermia,
altered mental status, depression, pericardial and
pleural effusions, and myopathy [8]. In addition, the
risk of developing HF increases in this age group.

The cardiovascular findings of hypothyroidism,
however, are more subtle than those of hyperthy-
roidism. The blood pressure changes, alterations in
lipid metabolism, decreased cardiac contractility,
and increased SVR that accompany hypothyroidism
are caused by decreased thyroid hormone action on
multiple organs, including the heart, liver, and peri-
pheral vasculature, and are potentially reversible
with thyroid hormone replacement. There is also an
increase in serum creatine kinase to levels as high as
10 times normal in anywhere from 15% to 50% of
patients [1]. Hypothyroidism is associated with
other atherosclerotic cardiovascular disease risk

factors and with coronary artery disease, most like-
ly because of the increased hypercholesterolemia
and diastolic hypertension seen in these patients [9,
10].

10.3 Hyperthyroidism

An excess of endogenous thyroid hormone causes
hyperthyroidism and results in an array of signs and
symptoms that are diametrically opposite to those of
hypothyroidism. Most patients with hyperthy-
roidism present with cardiac manifestations that
include palpitations, tachycardia, exercise intoler-
ance, dyspnea on exertion, widened pulse pressure,
and atrial fibrillation, especially in older patients
[11]. With atrial fibrillation, cardiovascular mani-
festations become more severe and rate-related HF
may occur [12]. In longstanding hyperthyroidism,
exercise intolerance may also result from skeletal
muscle weakness [13]. While atrial fibrillation may
be the most significant supraventricular arrhythmia,
sinus tachycardia is the most common rhythm dis-
turbance and is recorded in almost all patients with
hyperthyroidism. Other rhythm disturbances, such
as ventricular tachycardia, are relatively uncommon
and may be the result of underlying heart disease.
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Fig. 10.1 Effects of thyroid hor-
mone on cardiovascular hemo-
dynamics. T3 affects tissue ther-
mogenesis, systemic vascular re-
sistance, blood volume, cardiac
contractility, heart rate, and car-
diac output. (Reproduced from
[7] with permission from Elsevi-
er)



Cardiac contractility is enhanced and resting
heart rate is increased in hyperthyroidism. Cardiac
output is increased due to the combined effect of
increased resting heart rate, contractility, and blood
volume, with a decrease in SVR. Many of the signs
of HF, including neck vein distension and peripheral
edema, may be due to right heart strain as a result of
pulmonary hypertension. Although thyrotoxicosis is
often associated with decreased SVR and decreased
mean arterial pressure, a subset of patients, especial-
ly the elderly, will experience hypertension, in part
because they have decreased arterial compliance with
increased cardiac output [14–16].

Cardiovascular hemodynamics are altered in all
thyroid disease states. T3 regulates the basal metabol-
ic rate (BMR) by increasing oxygen consumption in
peripheral tissues and tissue thermogenesis.
Metabolic demands, as well as direct effects of T3,
can affect SVR and lead to increased blood flow to
peripheral tissues with increased cardiac output.
Older patients with hyperthyroidism may have an
even greater increase in systolic blood pressure
because of the loss of elastic components of the larg-
er (capacitance) arteries [17]. The effect of thyroid
hormone on blood pressure homeostasis extends into
the euthyroid range. Diastolic function, as measured
by isovolumic relaxation time, varies across the
entire spectrum of thyroid function (Fig. 10.2).

While hyperthyroidism and hypothyroidism are
both associated with altered blood pressure, a low-
sodium diet in patients with untreated hypothy-
roidism, but not hyperthyroidism, was shown to
beassociated with a fall in diastolic blood pressure.
Renin levels also vary with alterations in thyroid sta-
tus, demonstrating that different mechanisms are
responsible for the increased blood pressure that can
occur in patients with hypothyroidism and hyperthy-
roidism [18].

Several of the cardiovascular manifestations of
hyperthyroidism mimic those of a hyperadrenergic
state. However, catecholamine metabolism is normal
in hyperthyroidism [19]. Many of these changes are
the result of T3-mediated effects on vascular endothe-
lial and smooth muscle cells, including endothelial
nitric oxide production. T3 may act to increase atrial
natriuretic peptide expression and renin synthesis and
secretion, all of which may contribute to the hemody-
namic changes described above [20].

10.4 Subclinical Thyroid Disease

Subclinical hypothyroidism is defined by a thyroid-
stimulating hormone (TSH) concentration above the
normal range, with serum total and free T3 and T4

levels within the normal range. Similarly, subclini-
cal hyperthyroidism is defined by a TSH concentra-
tion below the normal range with normal serum T3

and T4 levels.
Lipid profile changes are evident in subclinical

hypothyroidism. Even with mildly elevated TSH lev-
els (< 10 mIU/l), subclinical hypothyroidism has
been shown to be associated with changes in the lipid
profile significant enough to raise cardiovascular risk
[21]. In addition, the abnormal presence of C-reactive
protein, a risk factor for heart disease, is increased in
subclinical hypothyroidism, as are atherosclerosis,
coronary heart disease, and myocardial infarction
risks [22]. While the suitability of treatment of sub-
clinical hypothyroidism with appropriate doses of L-
thyroxine (T4) has been controversial, the benefits of
restoring TSH levels to normal can be considered
sufficient to outweigh the risks [2]. Rendering such
patients euthyroid results in an improvement of many
modifiable cardiovascular risk factors [23].

Patients with subclinical hyperthyroidism may
have no clinical signs or symptoms; however, stud-
ies show that they are at risk of many of the cardio-
vascular manifestations associated with overt hyper-
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Fig.10.2 Thyroid status and isovolumic relaxation time. Isovo-
lumic relaxation time as a measure of diastolic function is al-
tered across the spectrum of thyroid status. OH hypothyroidism,
SCH subclinical hypothyroidism, C control, H hyperthyroidism,
H+P hyperthyroidism plus β-adrenergic blockade (propra-
nolol), E hyperthyroidism after treatment to restore euthy-
roidism. (Reproduced from [7] with permission from Elsevier)
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thyroidism. Subclinical hyperthyroidism carries the
same or greater relative risk of atrial fibrillation as
does overt disease [24]. In a 10-year cohort study of
older patients, low TSH was associated with a
marked increased risk of cardiovascular mortality
and atrial fibrillation [25], as subsequently con-
firmed by similar studies [9].

10.5 Cellular Mechanisms of Thyroid
Hormone Action

The classic cellular thyroid hormone effects, the reg-
ulation of cell-specific gene transcription, are medi-
ated by thyroid hormone receptors (TRs) encoded by
two genes, TRα and TRβ (Fig. 10.3) [4]. Multiple
splice variants mediate the genomic actions of T3.
TRs bind to thyroid hormone response elements
(TREs) in the promoter regions of positively regulat-
ed genes [26, 27]. In the presence of T3, transcription
is induced, and in the absence of T3, transcription is
repressed. Negatively regulated genes are expressed
in the opposite manner, but may not require upstream

TREs [28]. There is no single mechanism by which
all T3-mediated negatively regulated genes are
expressed. The myosin heavy chain (MHC) genes 
α and β are well-studied thyroid-hormone-responsive
genes that are positively and negatively regulated,
respectively, by T3. β-MHC is induced in the absence
of T3 and repressed in its presence due to an antisense
RNA that is expressed from the downstream 
β/α intergenic promoter region in the opposite direc-
tion of the β-MHC gene [29, 30].

The model for α-MHC activation and repres-
sion, like that of other positively regulated genes,
involves two sequential steps requiring assembly of
protein complexes at the promoter [31]. Retinoid X
receptor (RXR) is a common heterodimer partner
for the TRs. In the first step, TR/RXR heterodimers
bind to TRE sequences and recruit histone acetyl-
transferases (HATs), which facilitate chromatin
remodeling. In the second step, the HATs are
exchanged for coactivator complexes that function
to activate transcription by recruiting the RNA poly-
merase II transcription machinery. In the absence of
T3, TRs recruit histone deacetylases (HDACs) to the
TREs and actively repress transcription. Chromatin
remodeling caused by histone hypoacetylation is
associated with repression.

Genes positively regulated by thyroid hormone
encode important cardiac proteins, including the
fast myosin heavy chain of the contractile appara-
tus, α-MHC; the calcium transporter, sarcoplasmic-
reticulum calcium-activated ATPase (SERCA2); the
sodium–potassium ATPase (Na+/K+ ATPase); and
the β1-adrenergic receptor. Many are negatively
regulated, including the counterparts to the α-MHC
and SERCA2 genes, β-MHC and phospholamban
(PLB), respectively. These genes are regulated in an
opposite manner in response to T3 and other hemo-
dynamic stimuli [1].

T3 mediates extranuclear, nongenomic effects on
the cardiac myocyte and on the systemic vascula-
ture, including changes in membrane ion channels
for sodium, potassium, and calcium, effects on actin
polymerization, and a variety of intracellular signal-
ing pathways in the heart and vascular smooth mus-
cle cells [32, 33].

10.6 Thyroid Hormone Metabolism

In overt hypothyroidism, TSH is elevated and serum
T4 and T3 are low. Treatment is accomplished with

S. Danzi and I. Klein100

Fig. 10.3 T3 effects on the cardiac myocyte. T3 has both genom-
ic and nongenomic effects on the cardiac myocyte. Genomic
mechanisms involve T3 binding to TRs, which regulate tran-
scription of specific cardiac genes. Nongenomic mechanisms
include direct modulation of membrane ion channels as indicat-
ed by the dashed arrows. AC adenylyl cyclase, b-AR β adrener-
gic receptor, Gs guanine nucleotide binding protein, Kv voltage-
gated potassium channels, NCX sodium calcium exchanger, PLB
phospholamban. (Reproduced from [1] with permission)



replacement doses of l-T4 which is then metabolized
to T3 in peripheral organs such as the liver, kidney,
and skeletal muscle. This peripheral conversion,
especially in human skeletal muscle, is accom-
plished by 5′-monodeiodinase enzymes and is
responsible for the majority of serum T3.

Two of the three deiodinases are responsible for
the conversion of T4 to the physiologically active
form of the hormone, T3 [34]. The type 1 5’-mon-
odeiodinase (D1) in the liver and kidney together
with the type 2 enzyme (D2) in skeletal muscle are
responsible for generating the circulating plasma
levels of T3 [35, 36].

In a variety of chronic illnesses, the rate of thy-
roid hormone metabolism may be impaired, leading
to reduced levels of serum T3 but with normal T4

and TSH. This low-T3 syndrome is referred to as
nonthyroidal illness. When serum T3 levels are
reduced as a result of chronic illness, caloric restric-
tion, or trauma, there are resulting changes in car-
diac gene expression and function similar to those
observed with classic primary hypothyroidism [37].
Some organs, such as the brain, readily transport
and metabolize T4 while other organs, such as the
heart, do not and are more vulnerable to reduced
serum T3 levels. In turn, reversal of these changes in
the cardiac phenotype can be accomplished with T3

but not T4 treatment.

10.7 Heart Failure and Thyroid
Hormone

The parallels between hypothyroidism and HF are
numerous (Table 10.1). Hypothyroidism results in
impaired left ventricular contractile function,
increased SVR, low cardiac output, and changes
in cardiac gene expression, similar to those seen
with HF.

The conversion of T4 to T3 is impaired after car-
diac surgery, acute myocardial infarction (MI), and
in HF in proportion to the severity of the heart dis-
ease, as assessed by the New York Heart Association
functional classification [38]. Recently published
studies reported that approximately 30% of patients
with HF have low-T3 syndrome. Low serum T3 is a
strong predictor of death in patients with heart dis-
ease and in fact is a stronger predictor of mortality
than is ejection fraction [39].

Decreased expression of both D1 and D2 has
been implicated in the development of the low-T3

syndrome in HF [35, 40]. A recent study reported
that in cardiac tissue, activity of type 3 deiodinase
(D3), which converts T4 and T3 to the inactive
compounds reverse T3 (rT3) and diiodothyronine
(T2), respectively, was increased in the infarcted
myocardium after induced MI, resulting in low
serum T3 levels in the experimental animals 
[36, 41].

In animal models, the low-T3 syndrome can be
produced by caloric restriction, resulting in
impaired cardiac contractility. Restoration of nor-
mal serum T3 levels by administration of exogenous
T3 re-establishes normal cardiac function.
Hypertension or MI can lead to HF with systolic or
diastolic dysfunction along with the low-T3 syn-
drome. Low serum T3 levels can further impair car-
diac function. Data suggest that replacement with
T3 restores normal function. Saline-treated animals
do not show a similar pattern of improvement.

The cardiac myocyte has limited, if any, ability to
convert T4 to T3 intracellularly and relies on serum
T3. Thus, with low-T3 syndrome, the myocardium
becomes relatively hypothyroid. Therefore, the
changes observed in the low-T3 syndrome can be
reversed with T3 but not T4 replacement.

The relationship between hypothyroidism and
hyperlipidemia became evident with the observa-
tion, over 40 years ago, that hypothyroid patients
had elevated serum lipid levels. While thyroid hor-
mone can alter cholesterol metabolism through mul-
tiple mechanisms, including a decrease in biliary
excretion, the proposed primary mechanism for
hyperlipidemia is an accumulation of LDL choles-
terol due to a reduction in the number and/or activ-
ity of LDL cell surface receptors, resulting in
decreased catabolism of LDL [42]. If untreated, the
dyslipidemia together with the diastolic hyperten-
sion associated with hypothyroidism may further
predispose the patient to atherosclerosis [43].
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Table 10.1 Similarities between hypothyroidism and heart
failure

Characteristics Hypothyroidism HF

Cardiac output ↓ ↓
Cardiac contractility ↓ ↓
Serum T3 levels ↓ ↓
Ischemic heart disease ± +++
Systemic vascular resistance ↑ Variable
Response to thyroid hormone +++ ?



Amiodarone, a commonly used iodine-contain-
ing antiarrhythmic drug for the treatment of both
atrial and ventricular cardiac rhythm disturbances,
can cause changes in thyroid function resulting in
either hypothyroidism or hyperthyroidism [44]. The
latter is a much more difficult clinical dilemma to
manage. Patients with pre-existing thyroid disease
are at greater risk of developing amiodarone-
induced thyroid dysfunction of either type.

Pulmonary hypertension, defined by a pulmonary
arterial pressure greater than 25 mmHg at rest and
30 mmHg during exercise, can be associated with
both hypothyroidism and hyperthyroidism. It has
been suggested that the autoimmune component is
the link because pulmonary hypertension can occur
with Hashimoto’s and Graves’ diseases. Pulmonary
hypertension and atrioventricular valve regurgitation
have been documented in hyperthyroidism with a
surprisingly high prevalence [45]. Several case
reports have documented that hyperthyroidism can
present as right HF [46]. The reasons for this are
unclear. It is possible that the decreased SVR that
occurs in hyperthyroidism does not occur in the pul-
monary vasculature. The pulmonary hypertension
usually resolves after treatment.

10.8 Thyroid Hormone Treatment of
Heart Failure

Based upon the cardiovascular actions of thyroid
hormone and the alterations in thyroid hormone
metabolism that accompany HF, it was hypothe-
sized that thyroid hormone treatment, specifically
with T3, improve or reverses the altered cardiovas-
cular physiology arising from a variety of cardiac
disease states (Fig. 10.4) (Table 10.2). Early stud-
ies by Morkin and colleagues first hinted at the
potential for thyroid hormone to improve cardiac
contractility and cardiac output in the post-MI
vertebrate animal model [47]. While some bene-
fits were observed, these did not lead to the same
degree of improvement as was recently reported
from our laboratory and others [48, 49]. Since it is
T3 and not T4 which is active at the level of the
cardiac myocyte and on vascular smooth muscle
and endothelial cells to enhance cardiac output,
studies which do not provide T3 in a physiological
replacement method or which use nonquantitative
replacement with either T4 or a combination of T4

and T3 are inherently limited in their effectiveness
[50, 51].
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Fig. 10.4 Preclinical and clini-
cal rationale for the role of T3

treatment in the management of
the signs and symptoms of heart
failure. MI myocardial infarction



Several authors have studied the effects of thy-
roid hormone to improve cardiac contractility and
reverse remodeling in pathological states, including
post-MI, hypertensive cardiomyopathy, and a vari-
ety of genetic myopathic states. In addition, thyroid
hormone has been utilized in the immediate post-MI
model to study its effects on necrotic and apoptotic
cell death. In essentially every model, when T3 is
provided in a physiological replacement dose there
is an improvement in cardiac function and a restora-
tion of the preinfarct genotype. As noted above,
when compared to the normal mammalian heart, the
failing heart has an alteration in gene expression
which is indistinguishable from that seen with
experimental hypothyroidism [52]. Thus, the ration-
ale for thyroid hormone treatment to provide for
reverse remodeling of this pathologically altered
myocardium is validated. The changes in left ven-
tricular (LV) function in the post-MI heart are simi-

lar to those of hypothyroidism. Studies designed to
assess T3 treatment have included measures of dias-
tolic as well as systolic function to best reflect the
functional activity of SERCA2.

Thyroid hormone analogues including 3,5-
diiodothyropropionic acid (DITPA) have been stud-
ied in both the rat and rabbit HF models. Despite the
inability to demonstrate classic nuclear effects of
DITPA on myocyte gene expression, the changes in
SVR and cardiac performance suggested a potential
therapeutic benefit. However recent studies of
DITPA in human trials have failed to confirm these
experimental findings [53].

In a rat post-MI model of HF, we have observed
a rapid fall in serum T3 accompanying the decrease
in LV systolic function and pathological hypertro-
phy (Fig. 10.5) [49]. Analysis of LV gene expres-
sion demonstrated a fall in α-MHC with a rise in
β-MHC and a decrease in SERCA2a. T3 treatment,
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Fig. 10.5 Experimental time
course of the preclinical studies
to determine the effects of T3

treatment on serum T3 levels, car-
diac function, and cardiac pheno-
type after coronary artery liga-
tion to produce myocardial in-
farction

Table 10.2 Potential benefits of T3 treatment in heart failure

Restore serum T3 to normal Improve skeletal muscle function

Positive inotropic agent Synergism with other HF treatments

Positive lusitropic agent Antiarrhythmic effect on QT interval 

Decrease SVR Promote reverse remodeling

Improve diastolic function Maintain systolic function

Oxygen cost of T3-mediated increases in 

cardiac work less than standard inotropic agents



provided as a constant infusion to restore serum T3

levels to normal, led to an improvement in LV sys-
tolic function and a decrease in LV mass, with
restoration of the normal LV phenotype. This
occurred with no increase in heart rate or ventricu-
lar irritability. Recently, Henderson et al. extended
these studies to include in vivo monitoring of heart
rate, atrial and ventricular irritability, and more
extensive measures of LV function [48]. They
observed that T3 treatment improved both diastolic
and systolic performance in association with 
partial reversal of the pathological genotype 
(Fig. 10.6).

10.9 Human Heart Failure Studies

In the first evaluation of changes in thyroid hor-
mone metabolism accompanying human HF,
Hamilton et al. showed that acute T3 treatment pro-
duced improvement in cardiovascular hemodynam-
ics [54]. The changes they observed were similar to
those reported by Klemperer et al., who used bolus
T3 treatment followed by a 6-h infusion to study the
effects of thyroid hormone treatment after coronary
artery bypass graft surgery [55]. In both studies, T3

could be administered safely without untoward
effects on cardiac ischemia or rate. There have been
multiple anecdotal reports of the ability of T3 to
enhance cardiovascular hemodynamics in brain-
dead organ donors, heart transplant recipients, and
patients presenting with viral myocarditis.

However, in each report, the benefits of T3 were
observed in the absence of case controls.
Chowdhury et al. prospectively studied the effects
of T3 infusion to restore serum T3 levels to normal
in children undergoing surgery for congenital heart
disease [56]. In these prospectively randomized
studies the benefits of T3 used to decrease the need
for inotropic support and to improve the postopera-
tive recovery were demonstrated.

Most recently the cardiovascular research group in
Pisa has prospectively studied the effects of 72 h of
T3 infusion to improve cardiac function in HF patients
with low serum T3 [57]. They demonstrated for the
first time the benefit in both cardiovascular perform-
ance and in neuroendocrine measures of HF, includ-
ing B-type (or brain) natriuretic peptide (BNP), nor-
epinephrine and aldosterone for this novel form of
treatment. As in all preceding studies there were no
untoward effects of intravenous T3 infusion on meas-
ures of cardiac ischemia or atrial or ventricular irri-
tability. In fact, T3 treatment of these HF patients pro-
duced a significant decrease in heart rate commensu-
rate with the improvement in cardiac function.

Based upon the cellular mechanisms of T3 action,
thyroid hormone treatment of HF would be expected
to improve diastolic function through a lusitropic
mechanism while also lowering SVR. This combina-
tion of effects would be especially attractive in long-
term treatment and would be expected to act syner-
gistically with both β-adrenergic blockade and
angiotensin-converting-enzyme inhibitors. T3 is also
capable of restoring QT intervals to normal and may
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Fig. 10.6 Effects of T3 replacement on systolic (+dP/dt) and diastolic (−dP/dt) function in the rodent model of acute myocardial in-
farction produced by coronary artery ligation. T3 was administered by constant infusion at 3 or 6 μg/kg per day. * versus control 
(p < 0.05), # versus saline (p < 0.05). (Data from [48])



act in this manner to decrease ventricular irritability
and ventricular tachycardia. Restoration of low T3

levels to normal may also result in improved skeletal
muscle function and psychiatric and neuropsycho-
logical measures similar to those obtained in the
treatment of hypothyroidism. Last, and most impor-
tant, is the fact that these gains in cardiac perform-
ance and cardiovascular hemodynamics are accom-
plished with no untoward increase in myocardial
oxygen consumption.

In the studies by Pingitore et al. T3 replacement
was accomplished by intravenous infusion to
restore serum T3 levels to normal [57]. Due to the
short half life of T3 and the known pharmacokinet-
ics of oral T3 absorption it is not possible to repro-
duce similar physiological replacement with the
existing formulations of T3. Novel delivery tech-
niques, including a modified-release, orally
absorbed T3 preparation, may be able to overcome
this treatment limitation.

10  Changes in Thyroid Hormone Metabolism and Gene Expression in the Failing Heart: Therapeutic Implications 105

Key Points

• Hypothyroidism is associated with hyperlipidemia, increased systemic vascular resistance,
decreased cardiac contractility, and reduced ejection fraction as well as skeletal muscle weakness.

• Thyroid hormone uniquely acts as a lusitropic agent, promoting cardiac relaxation, and therefore
hypothyroidism may lead to diastolic dysfunction.

• Thyroid hormone metabolism is altered in heart failure, leading to the low-T3 syndrome.

• Parallels between heart failure and hypothyroidism are numerous.

• A low serum T3 concentration is a strong predictor of death in patients with heart disease.

• T3 replacement in animal models of post-myocardial infarction and heart failure improved cardiac
function.

• Studies of T3 replacement in adults after coronary artery bypass surgery and in children after sur-
gery to repair congenital heart defects demonstrated improved postoperative recovery.

• Infusion of T3 over 72 h to heart failure patients with low-T3 syndrome provided benefits in cardio-
vascular performance and neuroendocrine measures.

• In essentially all preclinical and clinical studies of T3 replacement in heart failure, no untoward
effects were documented.
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11.1 Introduction

Metabolism in the heart is an exquisite balance
between the primary substrate oxidation pathways
in order to provide energy in the form of adenosine
triphosphate (ATP) to the contractile machinery.
The concept is rapidly emerging that abnormalities
in cardiac metabolism can exacerbate or even cause
various forms of heart failure. These abnormalities
extend from disruptions in enzyme systems control-
ling oxidative phosphorylation to shifts in enzymes
regulating intermediary substrate metabolism.

Disturbances in thyroid hormone (TH) homeosta-
sis during heart failure are discussed in other chap-
ters. TH controls cardiac metabolism through tran-
scriptional and post-transcriptional processes. While
TH controls metabolism primarily within the mito-
chondria. However, T3 also modifies substrate trans-
port across the sarcolemma and the mitochondrial

membrane. A general outline of mitochondrial
metabolism is shown in Figure 11.1. Decreases in
circulating TH levels or in the expression of cardiac
thyroid hormone receptors impact metabolic path-
ways during heart failure [1, 2]. Here review thyroid
hormone modulation of cardiac metabolism through
transcriptional and post-transcriptional (nongenom-
ic) pathways.

11.2 Efficiency of ATP Hydrolysis 

Myocardial oxidative phosphorylation and mito-
chondrial membrane transport systems efficiently
supply ATP for use by energy-consuming process-
es in the cardiomyocyte. Disruption of these sys-
tems can lead to thermodynamic instability and
relative cardiac energy starvation during heart
failure. The ATP production rate generally match-
es the overall rate of ATP hydrolysis in the mature
heart in vivo if carbon substrate and oxygen sup-
plies are ample. However, in the mature heart, the
phosphorylation potential [ATP/(ADP ⋅ Pi)]
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diminishes at near-maximal workloads, indicating
that a transition in respiratory control occurs. The
reduction in phosphorylation potential presum-
ably represents a shift to ADP-dependent respira-
tory regulation through the adenine nucleotide
translocator, the site of ATP/ADP exchange [3].
Proton nuclear magnetic resonance measurements
of myoglobin saturation in the mature pig heart
indicated that reduced phosphorylation potential
at a very high work state is not caused by limited
oxygen supply [4–6].

ATP hydrolysis releases the free energy stored in
the high-energy phosphate bonds of ATP. Although
this is a negative value, the change in free energy
state due to release of inorganic phosphate (Pi) by
ATP hydrolysis is a positive value. The free energy
of ATP hydrolysis (ΔGATP) is related to the phos-
phorylation potential [ATP]/[ADP][Pi]] and can be
calculated by [7]:

ΔGATP (kJ/mol) = ΔG° + RT ln ([ADP] [Pi]/[ATP]) 
(Eq. 11.1)

where ΔG° (−30.5 kJ/mol) is the value of ΔGATP

under standard conditions of molarity, temperature,
pH, and [Mg2+], R is the gas constant (8.3 J/molK),
and T is temperature in Kelvin. Therefore, at near-
maximal work state in the mature heart, a somewhat

lower amount of free energy is made available dur-
ing the release of a phosphate from ATP at various
ATPase sites within the myocyte: ATP → ADP + Pi.

Phosphocreatine provides the major reservoir of
high-energy phosphates within the cytosol. In mag-
netic resonance spectroscopy studies, the phospho-
creatine/ATP ratio is considered directly propor-
tional to phosphorylation potential. The creatine
kinase equilibrium reaction describes the relation-
ship between phosphocreatine (PCr) and ADP.

PCr + ADP + H+ ⇔ ATP + Cr; and Keq = [ATP][Cr]
/[PCr] [ADP] [H+]

(Eq. 11.2)

In following:

[ADP] = [ATP][Cr]/[PCr][H+] Keq*
(Eq. 11.3)

*Keq = 1.66 × 10−9
, as reported by Veech et al. [8].

Studies in intact animals demonstrated that
[ADP] increases and phosphorylation potential
declines with more moderate myocardial oxygen
consumption (MV

•
O2) elevation in the developing

heart. The relationship between MV
•
O2 and ADP emu-

lates a respiratory control pattern consistent with
first-order Michaelis–Menton kinetics, whereby

M.A. Portman110

Fig. 11.1 The major metabolic
pathways and oxidative phos-
phorylation. Enzymes and path-
ways highlighted in yellow are
candidates for thyroid hormone
regulation. OM outer mitochon-
drial membrane, IM inner mi-
tochondrial membrane, GLUT
glucose transporter, ANT ade-
nine nucleotide translocator,
CD36 fatty acid transporter
CD36, CPT-I carnitine palmi-
toyl transferase I, CAT carnitine
acylcarnitine translocase, PDHC
pyruvate dehydrogenase com-
plex, MCT monocarboxylate
transporter. F1 and F0 are com-
ponents of the ATP synthase



increasing ADP drives MV
•
O2. Transition to the

mature and less ADP-dependent-type of respiratory
control occurs in the first month of development and
parallels the accumulation of adenine nucleotide
translocator in the mitochondrial membrane. Studies
performed in vitro indicated that the degree of respi-
ratory control exerted through the adenine nucleotide
translocator decreases with age and depends on the
quantity or qualitative function of the adenine
nucleotide translocator within the mitochondrial
membrane [3]. Thus, phosphorylation potential and
ΔG°′ depend in part on adenine nucleotide transloca-
tor function. The ADP/ATP exchange rate must
increase in an concert with an increase in ATP
hydrolysis at ATPase sites. Any diminution in ade-
nine nucleotide translocator capacity would result in
elevated cytosolic ADP concentration with reduced
phosphorylation potential and ΔG′

ATP (Eq. 11.1).
Qualitative or quantitative deficiencies in the adenine
nucleotide translocator and shifts to ADP-dependent
respiration occur not only in the developing heart, but
also during congestive heart failure in a porcine
model in vivo [9]. Qualitative dysfunction can occur
through direct allosteric binding of the adenine
nucleotide translocator by fatty acyl-coenzyme A
derivatives, which accumulate after damage to fatty
acid oxidation enzymes. 

The efficiency of ATP hydrolysis is markedly
diminished at very high work states in the mature
heart and at more moderate work states in the devel-
oping heart due to the logarithmic nature of the rela-
tionship between ΔG0′ATP and phosphorylation
potential. The decrease in efficiency may not be
problematic under conditions, where the heart can
maintain high levels of ATP synthesis. However,
under stress conditions whereby oxygen or substrate
supply is limited and/or mitochondrial apparatus is
damaged, the decreased efficiency of ATP hydroly-
sis can limit energy supply to cellular processes
including the contractile apparatus.

Thyroid hormone modulates adenine nucleotide
translocator function, thereby providing at least one
avenue for modulating phosphorylation potential.
Sterling identified specific binding for triiodothyro-
nine (T3) within the inner-mitochondrial membrane
and immediate increase in respiration of hepatocyte
mitochondria [10]. T3 also acutely increased
ADP/ATP exchange in isolated liver mitochondria,
suggesting that T3 binds directly to the adenine
nucleotide translocator [11]. However, similar stud-
ies performed in cardiac mitochondria could not

confirm these rapid and direct actions on ADP/ATP
exchange [12] [13]. Thyroidectomy in newborn
sheep did prevent the normal and substantial devel-
opmental increase in adenine nucleotide translocator
mRNA and protein expression. These abnormalities
occurred in parallel with modifications in the rela-
tionship between phosphorylation potential and
MV

•
O2. ADP decreases during increases in cardiac

work and oxygen consumption in the thyroidec-
tomized sheep, strongly suggesting that the reduc-
tion in adenine nucleotide translocator limits
ADP/ATP exchange at the mitochondrial membrane.
This finding also conforms to ADP–ATP kinetics in
porcine models of heart failure characterized by ade-
nine nucleotide translocator deficiency [9]. Although
TH levels have not been evaluated in this model, cir-
culating T3 decreases in other forms of heart failure,
suggesting a cause for reduction in myocardial phos-
phorylation potential in these states. 

Interestingly, the mode of transcriptional regula-
tion of adenine nucleotide translocator by T3 is not
fully clarified. Adenine nucleotide translocator-2
(human) mRNA and mRNA for cytochrome c1

respond to T3 [14]. The response depends on the
presence of thyroid receptor α1, though not its typi-
cal heterodimeric binding partner, retinoid X recep-
tor (RXR). However, thyroid-receptor-binding half-
sites are not apparent within the promoter regions of
these genes. The absence of these sites suggests that
the thyroid receptor (TR) binds to alternative recep-
tor elements, possibly cross-reacting with peroxi-
some proliferator activated receptors (PPAR), major
modulators of cardiac metabolism, and their DNA
binding sites [15].

Creatine kinase (CK) represents another candi-
date for modulation of phosphorylation potential, as
this enzyme is responsible in part for high-energy
phosphate transfer within the cardiomyocyte.
Mitochondrial CK interacts with adenine nucleotide
translocator at the inner, mitochondrial membrane,
and activity decreases in heart failure. However,
hypothyroid states do not include a diminution in
cardiac mitochondrial CK activity [16], reinforcing
the importance of TH regulation of the adenine
nucleotide translocator in energy transfer. 

11.3 Substrate Oxidation

The cardiac energy state can also be modified by
adjusting or limiting the carbon substrate or oxygen
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supply. Several studies in isolated perfused hearts
demonstrated that the relationship between ADP
and MV

•
O2 is highly sensitive to the type of substrate

employed. The reversible glycolytic reactions cat-
alyzed by glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and phosphoglycerate kinase (PGK)
provide a mechanism for substrate-induced alter-
ations in energy state. These reactions couple the
cytosolic NADH redox state with [ATP]/([ADP] ×
[Pi]) and are purported to be at near-equilibrium in
the heart [17]. Cytosolic NADH fluctuates with
mitochondrial NADH and increases in parallel dur-
ing elevations in MV

•
O2 in vivo [18]. TH maintains

communication between these compartmental NAD
pools by regulating enzymes controlling cytosolic-
mitochondrial NADH shuttles [19]. ADP levels are
lowest with substrates that induce high NADHm
(reduced mitochondrial nicotinamide), such as
pyruvate or octanoate, and highest with substrates
which provide low NADHm, such as glucose or glu-
cose with insulin [20]. For instance, in vivo phos-
phorylation potential increased in the canine heart
during infusion of ketones in the form of β-hydrox-
ybutyrate [21]. Phosphorylation potential decreased
during catecholamine infusion in mature porcine
right ventricle by blocking fatty acid oxidation with
the carnitine palmitoyl transferase inhibitor
oxfenecine [22]. Ochiai et al. ameliorated after the
dobutamine-dopamine-induced decrease in
PCr/ATP and of increase in free ADP in canine
myocardium by providing pyruvate to the left ven-
tricle in vivo at maximal work state [4].

Thyroid hormone modifies substrate oxidation
through complex integration of transcriptional and
post-transcriptional mechanisms [23]. Triiodothy-
ronine rapidly (within 20 min) increases myocar-
dial phosphorylation potential in hypothyroid
neonatal sheep [13]. The mechanism does not
involve increased rapid activation of the adenine
nucleotide translocator. The observed increase in
phosphorylation potential, as determined by 31P
magnetic resonance spectroscopy, occurred without
a change in MV

•
O2, suggesting substrate mediation

of cytosolic NADH/NAD as the mechanism. This
hypothesis is supported by other studies showing
that T3 rapidly modifies substrate oxidation in the
isolated rat heart model. Experiments using isolated
perfused hearts and employing 13C detection by
nuclear magnetic resonance and isotopomer analy-
ses can define the fractional contribution to the cit-
ric acid cycle for up to three substrates simultane-

ously [23, 24]. This method has been used to study
TH regulation of substrate oxidation in the heart.

A deficit in total substrate oxidation capacity
represents the primary abnormality in various
hypothyroid states [25, 26]. Though contractile
function and citric acid flux are reduced in hypothy-
roid states, the heart maintains cardiac efficiency,
defined as power generated per oxygen molecule
consumed. In a transgenic mouse displaying the
dominant negative, nonligand binding, and cardios-
elective thyroid hormone receptor, Δ337T, this
adaptation accounts for the increased reliance on
glucose and or other glycolytic pathways, such as
glycogenolysis, relative to oxidation of fatty acids
and ketones. Fatty acid oxidation requires greater
oxygen for a given quantity of ATP synthesis than
do carbohydrates [27]. For instance, for the fully
metabolized molecule of oleate, approximately 2.8
molecules of ATP are produced per oxygen atom
utilized as opposed to 3.17 for carbohydrate.
Accordingly, although fatty acids or ketone oxida-
tion might enhance NADH redox state and free
energy of ATP hydrolysis, they reduce the efficien-
cy of ATP synthesis in respect of oxygen consumed.
However, the enhanced cardiac efficiency associat-
ed with TR dysfunction is tenuous, existing only
during the baseline or resting state. Simple pertur-
bations, such as increasing heart rate through pac-
ing, reduce cardiac systolic function, power genera-
tion, and efficiency. The poor response to stress
appears to be related to transcriptional mediation of
the enzymes controlling glycolytic pathways. These
include those regulating glucose transport and phos-
phorylation, respectively, the glucose transporters,
and hexokinase-2, which are down-regulated.
Additionally, pyruvate dehydrogenase kinases are
increased in expression. These enzymes inhibit
pyruvate dehydrogenase, the final step in glucose
metabolism prior to substrate entry into the citric
acid cycle.

Triiodothyronine modifies substrate oxidation
rapidly through mechanisms distinct from transcrip-
tional pathways, thereby explaining in part the rapid
alterations in phosphorylation potential mentioned
previously. In both the euthyroid and the hypothy-
roid rat heart, T3 rapidly alters substrate flux and
fractional contribution by shifting utilization pat-
terns away from the pyruvate dehydrogenase path-
way [23, 24]. In the euthyroid heart, T3 acutely
increases fatty acid oxidation, while decreasing lac-
tate utilization. In the hypothyroid heart, T3 rapidly
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decreases lactate oxidation, with a trend towards
increased free fatty acid oxidation. 

The molecular basis of this rapid nongenomic
action by TH still requires further clarification in
the heart. In the following paragraphs we will con-
sider some of the putative controllers of these sub-
strate oxidative pathways and speculate on the
impact of TH. 

11.3.1 Lactate Oxidation

Lactate supplies approximately 25% of myocardial
oxidative substrates, at normal physiological levels
[28, 29]. Pyruvate is an oxidized form of lactate, and
the two enter the heart cell through the same mono-
carboxylate transporter (MCT-1) [30]. The compart-
mentalization and oxidation of lactate by lactate
dehydrogenase within the mitochondria explains why
the cardiomyocyte can simultaneously oxidize and
produce lactate [31]. Several laboratories [23, 24, 32]
have shown that, when the heart is provided with lac-
tate, this substrate produces the major flux through
pyruvate dehydrogenase, relegating glucose to a
minor citric acid cycle contributor. The pyruvate lac-
tate transporter MCT1, the MCT1-chaperone
(CD147), and lactate dehydrogenase co-localize
within the mitochondrial reticulum of L6 skeletal
muscle cells [33]. These transporters show increased
protein expression in cardiomyocytes exposed to
conditions causing congestive heart failure [34]. The
translocation of these proteins to the sarcolemma
and, in some cases to the mitochondria likely repre-
sents a regulatory mechanism for this complex. T3

promotes lactate exchange at the skeletal muscle sar-
colemma without effecting MCT1 or MCT4 protein
expression, instead enhancing activity [35]. The
mechanism for the latter still requires elucidation,
and specific studies evaluating T3 promotion of
translocation of these protein complexes are needed. 

11.3.2 Lipid Kinase Family

The lipid kinase family regulates substrate oxida-
tion in heart and exhibits regulation by TH [36–38].
T3 and thyroxine (T4) directly or indirectly activate
phosphoinositide-3 kinase (PI3K), which phospho-
rylates phosphotidylinositols to phosphotidylinosi-
tol-3-4-5-phosphate [i.e., PtdIns(3,4,5)P3],
PtdIns(3,4)P3, and PtdIns(4,5)P3. The PtdIns regu-

late downstream kinases such as Akt/PKB, a serine
threonine protein kinase with a high sequence
homology to protein kinase A. Akt/PKB regulates
several downstream kinases, which directly control
metabolic pathways. PI3K primarily controls
Akt/PKB activity via modulation of PtdIns(3,4,5)P3
levels [39]. These in turn modulate the activity of
the phosphoinositide-dependent kinases isoforms 1
and 2, which activate Akt by phosphorylation,
respectively, at the threonine residue in the catalyt-
ic domain and a serine residue in C-terminal regula-
tory domain. In addition to phosphorylation by
these phosphoinositide-dependent kinases,
Akt/PKB activation involves recruitment to the
plasma membrane through its PH (plekstrin)
domain. Akt/PKB downstream targets involved in
metabolism include glycogen synthase kinase-2,
AMP-activated protein kinase (AMPK) [40], and
mTOR, the mammalian target of rapamycin, which
regulates protein synthesis. Additionally, Akt/PKB
appears to control translocation of glucose trans-
porter protein 4 (GLUT4). PI3K also regulates
insulin-dependent GLUT4 translocation to the cell
membrane.

Upstream from Akt/PKB, activation of PI3K by
TH involves novel protein-to-protein interaction.
Furuya et al. demonstrated that activation of PI3K
in thyroid gland extracts occurs through protein-to-
protein interaction with TH receptors [37]. They
showed TRβ co-localization with PI3K during acti-
vation. The level of activation varied according to
TH receptor isoform. The TRβPV mutant demon-
strated greater binding affinity for PI3K-p85 regula-
tory subunit and raised PI3K activity more than did
the wild-type TRβ. These phenomena suggest an
alternate mechanism for changes in glucose trans-
port, as observed by Esaki in heart expressing the
PV mutation [41]. The data imply the existence of a
novel activation mechanism which does not involve
transcriptional regulation. Independently, Cao et al.
also showed in skin fibroblasts that PI3K-p85 binds
to TRβ1 and requires T3 binding to this complex in
order to activate PI3K [38]. TH stimulation of this
regulatory PI3K pathway in cardiomyocytes has, to
date, been reported only by two separate laborato-
ries [42]. Kuzman et al. initially reported that T4

activated Akt signaling. T3 prevented cardiomy-
ocyte death induced by serum starvation. This pro-
tection was inhibited by LY294002, an inhibitor of
PI3K [42]. Kenessey and Ojamaa also recently
showed direct interaction of the cytosol-localized
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TH receptor TRα1 and the p85α subunit of PI3K in
cardiomyocytes. T3 exposure rapidly elevated PI3K
activity, resulting in increased phosphorylation of
downstream kinases (Akt) and the mammalian tar-
get of rapamycin (mTOR) [43]. Thus, these studies
indicate that T3 or T4 bind to TH receptors, which
interact with PI3K, alter the enzyme’s conforma-
tion, and modify activity.

The direct link between thyroid activation of
Akt/PKB on substrate utilization in the heart has
not been clearly established. However, Akt/PKB
inhibits AMPK, which controls long-chain fatty
acid and glucose oxidation in the heart under spe-
cific conditions [44]. Long-chain fatty acid oxida-
tion is controlled at the mitochondrial membrane
by the activity of carnitine palmitoyl transferase I.
Malonyl-CoA, the principal endogenous inhibitor
of carnitine palmitoyl transferase I and primary
controller of fatty acid oxidation, is rapidly turned
over in heart, is produced from acetyl-CoA by
acetyl-CoA carboxylase (ACC), and is degraded by
malonyl-CoA decarboxylase (MCD). ACC is deac-
tivated via phosphorylation by active AMPK, while
regulation of MCD is still controversial. Insulin
promoted Akt activity and phosphorylation, while
constitutive expression of active Akt in transgenic
mice blunted AMPK phosphorylation, thereby
inactivating AMPK [40]. A decrease in AMPK
activity should activate ACC, increase malonyl-
CoA, and inhibit fatty acid oxidation [45, 46]. If
THs operated solely along this cascade, inhibition
of fatty acid oxidation would occur rather than the
observed enhancement. Perfused-heart data regard-
ing AMPK and ACC modulation of fatty acid oxi-
dation have been inconsistent and in fact, fatty acid
oxidation regulation may relate more to substrate
supply than enzyme activation. While some studies
supported the tenet that AMPK directly controls
ACC activity, which in turn controls malonyl-CoA,
others show that malonyl-CoA level is controlled
by MCD [47]. However, both insulin and dobuta-
mine increase Akt/PKB in porcine heart in vivo
[48] while neither simultaneously alters AMPK
activity. Also, in the porcine heart, acute increases
in left ventricular contractile work and oxygen con-
sumption reduce myocardial malonyl-CoA content
independently of changes in the activities of MCD,
ACC, and AMPK. Thus, TH may interfere with the
Akt-PKB modulation of free fatty acid oxidation
through an alternate mechanism. Peroxisomal beta-
oxidation apparently supplies a portion of the long-

chain-fatty-acid-derived cytosolic acetyl-CoA, the
chief source of malonyl-CoA [48]. Regulation of
this pathway has not been elucidated, but may
relate to fatty acid transport and supply to the per-
oxisomes. Akt appears to enhance translocation of
the fatty acid transport protein CD36 to the sar-
colemma [49]. Accordingly, CD36 might be an
indirect target of TH.

11.3.3 Cardiolipin

Thyroid hormones directly stimulate the activity of
cardiolipin synthase and carnitine acylcarnitine
translocase (CAT), thereby increasing the content of
mitochondrial cardiolipin [50, 52], a key component
of the mitochondrial membrane. Although CAT
exchanges carnitine for acylcarnitine across the
inner mitochondrial membrane, this transporter has
not been considered a major regulator of fatty acid
oxidation. Other, cardiolipin-dependent mitochon-
drial enzymes may play a role in controlling sub-
strate oxidation and membrane potential, thus sug-
gesting an important role for THs in remodeling of
the mitochondrial membrane.

11.4 Mitochondrial Biogenesis

The failing heart exhibits fragmentation and distor-
tion of mitochondria, suggesting not only damage
but failure of mitochondrial biogenesis. A recent
review noted that no agent currently exists which
promotes mitochondrial biogenesis in the heart
[27]. In fact, T3 has been used as such an agent in a
multitude of experimental models, including in car-
diomyocytes [52]. Classically, ligand-dependent
thyroid receptor actions on DNA occur within the
nucleus and result in enhanced transcription of
nuclear-encoded mitochondrial components.
However, TH receptor interactions with respect to
mitochondrial proliferation are quite complex. As
noted previously, TH receptors demonstrate cross-
talk with other nuclear receptors [15, 53]. PPARs
are a subclass within the steroid-nuclear receptor
family. They play an important role in regulating
myocardial substrate metabolism, and their agonists
are currently being evaluated as treatment agents for
cardiomyopathies. TH receptors interact with
PPARs by sharing binding sites and heterodimeric
partners such as the RXR [54–56]. Additionally,
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PPARs and TH receptors share co-activation by the
PPAR-γ coactivator (PGC-1α). TH promotes the
transcription of PGC-1α, which enhances mito-
chondrial biogenesis through multiple mechanisms.
PGC-1 demonstrates a marked increase in proton
expression during the TH surge which occurs post-
natally. Cross-reactivity between TH receptors and
PPARs is demonstrated in mice expressing the car-
dioselective Δ337T mutation. These mice show an
altered cardiac transcriptional response to the
PPARα agonist WY14643 [57]. This agonist
prompted a robust increase in expression of the
reporter gene uncoupling protein 3 (UCP3), which
was abrogated in the transgenic mice. Hearts from
these mice showed altered responses for multiple
genes as determined by polymerase chain reaction
and/or gene chip array. The mechanisms for these
actions have been shown in studies performed in
vitro and in cell culture. Sequestration of RXR,
making this heterodimeric binding partner no longer
freely available for PPAR, plays an important role in
determining cross-talk [55, 58–60].

Thyroid hormone receptor binding and tran-
scriptional activity within the mitochondria repre-
sents another mechanism for regulating oxidative
metabolism. Mitochondrial biogenesis requires
cooperative regulation of protein synthesis by the
nuclear and mitochondrial genomes. Encoding
occurs in the nucleus for the vast majority of the
genes contributing to substrate oxidation, the respi-
ratory chain, and oxidative phosphorylation [61].
The coding capacity of the mammalian mitochondr-
ial genome includes only 13 proteins, representing
vital respiratory complex subunits. Thus, any tran-
scriptional activity within the mitochondria itself
would not directly alter the synthesis of proteins

involved in substrate oxidation. Nevertheless,
changes in oxidative capacity could stimulate sub-
strate oxidation pathways. Bigenomic coordination
occurs in part through nuclear respiratory factor-1
(NRF-1), which promotes mitochondrial transcrip-
tion factor A and other nuclear encoded proteins
involved in mitochondrial transcription, while
simultaneously enhancing synthesis of nuclear-
encoded respiratory chain components. The heart,
which maintains a high oxidative capacity relative
to other organs, must respond rapidly to changing
energy requirements encountered physiologically or
during stress conditions. T3 coordinates cardiac
mitochondrial and nuclear transcription [52, 62].
Time-course analyses refute the notion that T3 pro-
motes mitochondrial transcription machinery prior
to increasing respiratory complex proteins and/or
activity, and suggests that an alternate more direct
mechanism promotes mtDNA transcription.
Mitochondrial import for various THα1 isoforms
has been demonstrated [63–65]. In liver, only trun-
cated versions of these receptors have been identi-
fied within mitochondria, although they retain
potential for binding and transactivation of the
mitochondrial genome. Full length and multiple
truncated versions of TRα1 and TRα2 locate within
cardiac mitochondria [66]. The TRα2 isoform lacks
the ligand-binding domain, but competes for thyroid
hormone response elements (TREs) and acts as a
dominant negative regulator of T3 activity [67, 68].
Thus, the stoichiometric relationship between these
isoforms may determine mitochondrial transcrip-
tional activity. TRα2 is upregulated in congestive
heart failure relative to TRα1, providing a potential
mechanism for inhibition of mitochondrial biogene-
sis in concert with other maladaptive responses.
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Key Points

Thyroid hormone regulates numerous metabolic and mitochondrial pathways, which are disrupted in
heart failure. Thyroid hormone:

• regulates myocardial oxidative phosphorylation via the adenine nucleotide translocator.

• controls the energy released by ATP hydrolysis.

• controls substrate oxidation through transcriptional and post-transcriptional pathways.

• regulates mitochondrial biogenesis through multiple mechanisms.
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12.1 Concept of Ventricular 
Remodeling

The term “ventricular remodeling” is now being
widely used to describe ventricular morphometric,
architectural, and functional changes due to a vari-
ety of cardiovascular conditions; it consists of car-
diomyocyte, coronary vasculature, and collagen
network remodeling. Cardiac hypertrophy is the
predominant form of ventricular remodeling and
can be classified as either physiological or patho-
logical hypertrophy, each with distinctive character-
istics [1–4]. In physiological cardiac hypertrophy,
ventricular function is normal and delivery of O2 to
the metabolizing tissue is preserved. The remodeled
myocardium can return to normal when abnormal

loading conditions are removed. Histologically, car-
diomyocytes are surrounded by a fine network of
collagen fibers under normal conditions. Usually,
there is no re-expression of the fetal gene program.
In contrast, in pathological hypertrophy, ventricular
function is abnormal, O2 delivery to the tissue is
impaired and myocardial changes are not complete-
ly reversible. Cardiac fibroblasts and extracellular
matrix proteins accumulate disproportionately and
excessively around the cardiomyocytes. Fetal gene
expression is often up-regulated, including genes
encoding atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP), α-actin, and β-myosin
heavy chain (β-MHC), with down-regulation of α-
MHC and sarcoplasmic reticulum Ca2+-ATPase. In
adults, physiological hypertrophy occurs in
response to regular physical activity, chronic exer-
cise training, or pregnancy, and appears to be regu-
lated by the insulin-like growth factor (IGF)-1–PI3-
kinase–Akt signaling pathway. Pathological hyper-
trophy occurs in response to diverse pathological
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conditions and is often regulated by the Gαq path-
way [2, 5, 6]. However, other signaling pathways
and downstream effectors may also be involved in
both types of hypertrophy.

Initial stimuli for cardiac hypertrophy can be clas-
sified as pressure overload or volume overload,
which lead, respectively, to concentric and eccentric
hypertrophy. Concentric hypertrophy is characterized
by wall thickening with a normal or reduced chamber
cavity. The term “eccentric hypertrophy” was origi-
nally used to describe outward displacement of the
heart but is now generally used to describe hearts
with chamber dilation and a “relative” increase in
chamber volume, which is typical of volume-over-
loading hypertrophy [2, 7, 8] (Fig. 12.1). 

12.2 Ventricular Remodeling and
Myocardial Infarction

The concept of “ventricular remodeling” was
introduced in the 1970s and often referred to the
complex alterations in ventricular architecture
caused by myocardial infarction, particularly large
transmural infarcts, involving the changes in both
infarcted and noninfarcted areas [9]. The process
of ventricular remodeling in myocardial infarction
is mainly caused by volume overload due to the
loss of contractile tissue and can be arbitrarily
divided into early and later stages. The early stage,
termed “infarct expansion,” was described in 1978
by Hutchins and Bulkley and defined as “acute
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Fig.12.1 Cardiac hypertrophy and myocyte shape
changes with pressure and volume overload and
the progression to systolic heart failure. L length,
W width, L/W length/width ratio, CSA cross-
sectional area



dilatation and thinning of the area of infarction not
explained by additional myocardial necrosis” [10].
This process of myocyte necrosis, edema, inflam-
mation, and scar formation starts a few hours after
myocardial infarction and lasts for weeks or
months depending on the species [11, 12].
Histologically, it has been reported that the thin-
ning and lengthening of the infarct area is a conse-
quence of slippage between muscle bundles,
resulting in a reduction in the number of myocytes
across the infarct region [13]. However, evidence
from our lab suggests that myocyte lengthening
alone accounts for expansion of the spared
myocardium[14]. Infarct expansion is more com-
mon in patients with transmural infarctions involv-
ing the anterior apical surface than other regions of
the left ventricle [15], which may lead to develop-
ment of congestive heart failure, aneurysm forma-
tion, and myocardial rupture. The later stage of
ventricular remodeling starts as early as 2 weeks
after myocardial infarction [16] and continues
after scar formation. This process involves pro-
gressive ventricular chamber dilation and eccentric
hypertrophy of the noninfarcted area as compensa-
tory responses to the decline in pump function.
The acute distension of the noninfarcted myocardi-
um together with other acute compensatory mech-
anisms can maintain pump function within normal
limits. However, long-term dilation would aug-
ment diastolic and systolic wall stress and stimu-
late further ventricular enlargement, creating a
vicious cycle as “dilation begets more dilation” [7,
9]. The increase in wall stress of the dilated ventri-
cle can stimulate additional cardiac hypertrophy,

which can offset the increased wall stress and
reduce the stimulus for further enlargement.
However, in severe infarction, the loss of infarcted
tissue and volume overloading (chamber dilation)
is often out of proportion to the hypertrophic
response, resulting in further enlargement and dys-
function [17–19]. 

12.3 Myocyte Remodeling During
Cardiac Hypertrophy

Remodeling during cardiac hypertrophy is often
reflected at the myocyte level (Fig. 12.1, Table 12.1).
With ventricular pressure overload, myocyte
enlargement is due to an increase in cross-sectional
area (width) only. In volume overloading, there is an
equal increase in length and width, and myocyte
length/width ratio is maintained within a normal
range (physiological or early, phase pathological).
In congestive heart failure, there is a significant
increase in myocyte length with limited or no
growth in myocyte diameter, leading to an increase
in myocyte length/width ratio [14, 20–24]. The
increase in myocyte length is due to the addition of
new sarcomeres in series, whereas the increase in
myocyte width is due to the addition of new sarcom-
eres in parallel. Myocyte hypertrophy is accompa-
nied by changes in intracellular components,
including myofibrils and mitochondria, as well as
many cytoskeletal proteins. For example, 10 days
after aortic banding there is a significant increase in
myofibrillar volume and a significant decrease in
mitochondrial volume [25].
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Table 12.1 Left ventricular cardiac myocyte shape changes under different conditions [14, 20–24, 40, 45]

Cell volume (μm3) Cell length (μm) Cross-sectional area (μm2) Length/width ratio

Normal ~26,000–35,000 ~125–145 ~200–260 ~8

Volume overload

(compensated) ↑ ↑ ↑ ↔

Pressure overload

(compensated) ↑ ↔ ↑ ↓

Systolic heart failure ↑ ↑↑ ↑ or ↔ ↑

Hyperthyroidism ↑ ↑ ↑ ↔

Hypothyroidism ↓ ↔ or ↑ (long term) ↓ ↑

↑increase, ↓decrease, ↔ no change. 
Normal values at lower end represent those of females while higher values represent those of males. Values are from rats but most
other mammals, including humans, appear to have values in the same range



12.4 Hemodynamic Effects of Thyroid 
Hormones on Cardiovascular 
System

The influence of thyroid hormones (THs) on the
cardiovascular system has been noted for more than
200 years. THs are important regulators of cardiac
function and cardiovascular hemodynamics. Excess
THs cause a decrease in peripheral vascular resist-
ance and an increase in venous tone, which leads to
augmented blood return to the heart, increased pre-
load, increased blood volume, increased cardiac
output, and a hyperdynamic circulatory state
[26–30]. THs also cause an increase in systolic and
diastolic function [31, 32], although impaired dias-
tolic function has been reported with subclinical
hyperthyroidism [33]. The above changes typically
cause an increase in systolic arterial pressure and a
decrease in diastolic arterial pressure, leading to a
wider pulse pressure and a slight decrease in mean
arterial pressure [34, 35]. THs also have electro-
physiological and pro-angiogenic effects on the
heart [36–38].

12.5 Myocyte Remodeling in 
Hyperthyroidism

The overall hemodynamic effect of THs on the
heart is similar to that of volume overload, which
can induce physiological and pathological hyper-
trophy in the heart depending on serum TH levels
and duration of hyperthyroidism. Mildly increased
serum TH levels may cause concentric physiologi-
cal cardiac hypertrophy with increased wall thick-
ness but undetectable changes in cavity dimension.
It should be pointed out that there is a difference in
TH effects on the systemic and pulmonary circula-
tion [39]. While THs decrease systemic peripheral
resistance, pulmonary vascular resistance does not
change. Consequently, there may be a flow-medi-
ated increase in right ventricular systolic and mean
pulmonary artery pressures with minimal changes
in left ventricular systolic pressure and mean aor-
tic pressure. As a result, hyperthyroidism typically
leads to more pronounced hypertrophy in the right
ventricle than in the left ventricle. These changes
are reflected at the cellular level by regional differ-
ences in myocyte remodeling. After adult rats were
treated with a high dose of THs for 10 weeks,

myocyte volume was increased in all regions,
especially the right ventricle and the epimyocardi-
um of the left ventricle. Cell length was increased
in all regions, but about two-thirds of left ventric-
ular hypertrophy was due to increased myocyte
cross-sectional area. This translated into an
approximately proportional increase in myocyte
length and width, suggesting a physiological type
of hypertrophy (Table 12.1). There was a more
pronounced increase in myocyte cross-sectional
area in the right ventricle, reflecting the greater
increase in systolic pressure in that chamber [40].
THs can also directly stimulate cardiomyocyte
hypertrophy in vitro, suggesting a growth-promot-
ing effect independent of loading [41]. However,
higher serum TH may result in pathological hyper-
trophy and heart failure. BIO F1B hamsters treated
with TH for 2 months showed signs of developing
heart failure, as reflected in increased chamber
diameters, decreased ejection fraction, and posi-
tive and negative changes in pressure over time. In
this model, myocyte length was increased, with
increased α-MHC expression and decreased 
β-MHC expression [42]. 

Myocyte ultrastructural alterations caused by
TH have been reported and may vary as a result of
the duration and degree of hyperthyroidism.
McCallister and Page [43] reported an increase in
the volume percentage of mitochondria in
myocytes in hyperthyroid rats, whereas hyperten-
sion led to a reduction. This observation likely
reflected the changes in energy needs related to α-
myosin (high ATPase activity) and β-myosin (low
ATPase activity) isoforms, although this myosin
isoform shift was not known at that time. Others
have reported pathological alterations in cardiac
myocyte ultrastructure in hyperthyroidism, includ-
ing mitochondrial damage, myofibrillar disarray,
and disorganization of intercellular junctions and
cytoskeletal proteins such as desmin [44]. In our
experience, these changes may result from poor
fixation since we observed some of these alter-
ations in unperfused areas but never in areas that
were well-perfused with fixative (unpublished
observations). This is also a situation in which
immersion fixation of tissues from control and
hyperthyroid animals may lead to erroneous con-
clusions based on more rapid breakdown of hyper-
metabolic cells in hyperthyroid animals during the
diffusion time needed for fixation.
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12.6 Cardiovascular Hemodynamic
Changes and Myocyte 
Remodeling During
Hypothyroidism

The effects of TH deficiency on the cardiovascular
system are typically the opposite of those caused by
hyperthyroidism but may vary by species.
Hypothyroidism leads to increased peripheral vas-
cular resistance and reduced cardiac output. In
rodents, this generally is associated with reduced
peripheral systolic blood pressure [45, 46].
However, in humans, the increase in peripheral
resistance may exceed the decline in cardiac output
and this causes systemic hypertension in some
patients [34, 47]. Hypothyroidism is also character-
ized by impaired diastolic function, mildly abnor-
mal systolic function due to decrease in blood vol-
ume, reduction of preload, slight depression of
myocardial contractility, and bradycardia [48, 49].

Hypothyroidism may cause left ventricular
chamber dilatation despite cardiac atrophy.
Induction of hypothyroidism in rats by the anti-
thyroid drug propylthiouracil (PTU) for 4 weeks
resulted in a 24% heart weight decrease with
impaired cardiac function. Myocyte volume was
significantly smaller in hypothyroid rats, primarily
due to a reduction in myocyte cross-sectional area
(Table 12.1). There were no significant differences
in the cellular changes in the right and left ventri-
cles in hypothyroidism [45]. Rats treated with PTU
for 1 year had severe left ventricular systolic dys-
function, chamber dilation, and cardiac atrophy.
Chamber dilation was due to excessive myocyte
lengthening from series addition of sarcomeres, a
cellular change typical of heart failure [46]. This
cellular change is opposite that of cardiac unload-
ing from a left ventricular assist device (LVAD), in
which there is series removal of sarcomeres [50].
Chronic hypothyroidism was associated with
reduced expression of sarcoplasmic/endoplasmic
reticulum Ca2+-ATPase (SERCA)-2a and α-MHC
and increased expression of phospholamban and 
β-MHC [46]. Additionally, in this experiment,
serum hormone levels indicated mild hypothy-
roidism, suggesting that similar changes are pres-
ent in borderline low thyroid function. Cumu-
latively, these data provide a convincing case that
chronic hypothyroidism alone eventually leads to
heart failure.

12.7 Mechanisms of Thyroid Hormone
on Myocyte Remodeling

Many mechanisms have been proposed for the
effects of THs on myocyte remodeling. THs have
both genomic and nongenomic actions. The genom-
ic action is mediated by three TH receptors (TR),
β1, α1, and α2. TRα1 with α-MHC transcription.
TRβ1 is associated with β-MHC, SERCA, and
TRβ1 transcription [51]. TH-induced cardiac
myocyte hypertrophy has been shown to be TRα1-
specific and involves the transforming growth factor
β-activated kinase (TAK1) and p38 [52]. An in vitro
study done by Kenessey and Ojamaa [53] showed
that triiodothyronine (T3) stimulates protein synthe-
sis in cardiomyocytes via activation of phos-
phatidylinositol 3-kinase (PI3K) by cytosolic
TRα1, with subsequent activation of Akt, mam-
malian target of rapamycin (mTOR), and p70
(S6K). We found that thyroxine (T4) activates spe-
cific components of the Akt signaling pathway both
in vivo and in vitro. T4-induced cardiac hypertrophy
can be completely inhibited by the mTOR inhibitor
rapamycin, suggesting that TH-induced cardiac
hypertrophy is mediated by AKT/mTOR/S6 kinase
signaling [54]. Pantos et al. [55] showed that T3-
induced changes in cardiomyocyte shape and geom-
etry with increased major/minor ratio were accom-
panied by increased phospho-ERK levels, indicat-
ing activation of the ERK signaling pathway. Other
neuroendocrinological factors may also be involved
in TH-induced cardiac hypertrophy, including the
renin–angiotensin system and the sympathetic nerv-
ous system [56]. Shohet et al. [57] demonstrated
that endothelin 1 (ET-1) produced by cardiac
myocytes plays an important role in cardiac hyper-
trophy from hyperthyroidism. ET-1 acts in a
paracrine/autocrine manner, and mice with car-
diomyocyte-specific disruption of the ET-1 gene are
resistant to TH-induced cardiac hypertrophy. A
recent study also showed that T3-dependent repres-
sion of β-MHC is regulated by microRNA-208,
which is required for up-regulation of β-MHC in
response to PTU [58]. 

12.8 Coronary Vasculature Changes 
During Cardiac Hypertrophy

Cardiac hypertrophy is accompanied by growth of
the coronary vasculature, which maintains normal
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coronary flow reserve and oxygen supply. Two lev-
els of the vascular bed are of major importance dur-
ing the hypertrophic process. First, there may be an
increase in the cross-sectional area of precapillary
vessels, particularly the arterioles, to maintain suffi-
cient maximal coronary perfusion and adequate
coronary reserve. Second, growth of capillaries is
important to maintain adequate oxygen diffusion
distances [59]. However, vascular changes are vari-
able and dependent on several factors, including
age, type of overloading stimulus, and duration of
cardiac hypertrophy. In adults, cardiac hypertrophy
secondary to pressure overload is often associated
with decreased coronary reserve and increased min-
imal coronary vascular resistance due to inadequate
growth of new arterioles and capillaries, or even
loss of arterioles. Nonetheless, these changes may
become normalized over time by vascular growth
after hypertrophy is stabilized [60]. For volume-
overload-induced cardiac hypertrophy, studies have
shown that arteriolar and capillary growth parallels
the magnitude of hypertrophy, leading to normal
arteriolar length density (length per unit volume)
and capillary density, although some regional varia-
tion may occur [61, 62]. Exercise-induced cardiac
hypertrophy led to increased capillary density at 3
weeks with return to normal at 16 weeks [63].
There was also an increase in the number of small
arterioles and in the diameters of large arteries. The
net result per unit mass of myocardium was an
unchanged capillary supply but a larger and more
profuse arterial supply.

12.9 Coronary Arteriole and Capillary 
Changes During Thyroid-
Hormone-Induced Hypertrophy

Coronary vascular growth during TH-induced car-
diac hypertrophy has been well-studied. Marked
growth of arterioles and capillaries has been report-
ed in different animal models [37, 64, 65]. However,
the temporal angiogenic changes related to thyroid-
induced hypertrophy remain controversial. Toma-
nek et al. [38] reported that the angiogenic effect
precedes cardiac enlargement. Administration of
thyroxine caused a significant increase in epicardial
capillary density by day 5. Heron et al. [66] showed
that capillary growth initially exceeds cardiac
hypertrophy, with later normalization. Conversely,
Anjos-Ramos et al. [67] have shown that 1 week of

treatment with T4 results in a 33% increase in car-
diac mass and decreased capillary density. We found
that capillary growth does not keep up with myocyte
hypertrophy in chronic hyperthyroidism [68].
Obviously, some controversy remains regarding the
temporal changes in myocardial vascularization
during thyroid-induced cardiac hypertrophy. It is
our belief that THs are powerful regulators of vas-
cular growth in low-thyroid conditions, but that ves-
sel “overgrowth” is largely prevented by currently
unknown feedback mechanisms during hyperthy-
roid-induced cardiac hypertrophy.

12.10 Mechanisms of Thyroid-
Hormone-Induced Coronary
Vascular Remodeling

The regulation of vascular remodeling is complex.
Multiple factors and molecular mechanisms have
been proposed. Among these, mechanical factors
have been suggested as primary stimuli for angio-
genesis and are associated with increased blood
flow, longitudinal stretch, and prolonged diastole
[59]. Coronary blood flow is increased in the hyper-
thyroid state. There are at least three lines of evi-
dence supporting a role for flow-induced angiogen-
esis [59]. First, endothelial cells function as
mechanoreceptors for shear stress and stretch.
Second, DNA synthesis is stimulated by endothelial
cell flattening and by increases in flow or turbu-
lence. Third, mechanical stimulation may initiate
the synthesis and/or release of growth factors. An
increase in longitudinal stretch also occurs in hyper-
thyroidism due to volume overload and increased
diastolic dimensions of the ventricle.

With regard to molecular mechanisms, the
angiogenic effects of THs are believed to be due to
nongenomic actions and may depend on fibroblast
growth factor (FGF). Angiogenesis may involve the
cell surface integrin αVβ3 receptor and be mediated
by a mitogen-activated protein kinase (MAPK;
ERK1/2) signaling pathway [69–71]. Vascular
endothelial growth factor (VEGF-A) has also been
implicated in TH-induced angiogenesis [67]. The
Akt1/PKB signaling pathway has been shown to
play an important role in cardiac hypertrophy and
angiogenesis. Short-term Akt1 activation in the
heart induces physiological hypertrophy and angio-
genesis, with maintained capillary density and
increased myocyte expression of the major angio-
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genic growth factors VEGF and angiopoietin-2
(Ang-2) in a mTORC1-dependent manner. In con-
trast, long-term Akt1 activation leads to pathologi-
cal hypertrophy and decreased capillary density,
with down-regulated VEGF and Ang-2 expression
[72]. These results also suggest that angiogenesis
during cardiac hypertrophy is dependent on
paracrine signals from cardiac myocytes. Inhibition
of angiogenesis has been shown to impair Akt-
mediated or pressure-overload-induced cardiac
hypertrophy and cardiac function [72, 73], indicat-
ing that cardiac growth is also dependent on coro-
nary angiogenesis. These results implicate the exis-
tence of reciprocal cross-talk mechanisms between
the coronary vasculature and cardiac myocytes that
in coordination regulate myocyte remodeling, heart
function, and vascular remodeling. Since THs can

activate Akt signaling in the heart, it is possible that
Akt signaling is involved in TH-induced coronary
angiogenesis, but this has yet to be demonstrated
mechanistically.

12.11 Coronary Arteriolar and Capillary 
Changes During Hypothyroidism

Hypothyroidism causes progressive arteriolar loss
[46] (Fig. 12.2). PTU treatment of rats for 6 weeks
led to a dramatic 41% reduction in arteriolar length
density and 37% reduction of arteriolar numerical
density, with the smallest arterioles (5–15 μm)
being affected the most. PTU treatment of rats for 
1 year resulted in a 46% reduction in the arteriolar
length density and a 53% reduction of arteriolar
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a d
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f
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c Fig. 12.2 Changes in myocardial blood flow
and arterioles in hypothyroid rats. a-c Six-
week propylthiouracil (PTU) treatment: a
resting and maximum myocardial blood
flow; b arteriolar length density and number;
c size distribution of arterioles. d-f One-year
PTU treatment: d resting and maximum
myocardial blood flow; e arteriolar length
density and number; f size distribution of
arterioles. *p < 0.01 vs. control; p < 0.05
vs. control. (Adapted from [46])



numerical density, again primarily affecting the
small arterioles. Short-term and chronic hypothy-
roidism led to impaired myocardial blood flow,
which may have contributed to late signs of heart
failure. Since the arteriolar density is reduced below
normal in hypothyroidism despite myocyte atrophy,
the actual loss of arterioles exceeds that suggested
by the numerical density reduction. Unlike the situ-
ation with arterioles, it has been reported that capil-
lary density increases in hypothyroidism, apparent-
ly due to atrophy of myocytes [66, 74].

12.13 Do Serum Thyroid Hormone
Levels Accurately Reflect
Cardiovascular Tissue Hormone
Function?

Thyroid functional changes are typically assessed by
measuring the serum levels of T3, T4, free T3 (FT3),
free T4 (FT4), and TSH. There is some debate on the
threshold level of TSH that should be used to diag-
nose the presence of subclinical hypothyroidism and
hyperthyroidism. Consequently, a narrower TSH ref-
erence range has been proposed [75]. A study in our
lab recently examined cardiovascular changes in rats
with borderline hypothyroidism using surgical thy-
roidectomy and subcutaneous implantation of slow-
release pellets containing T4 [76]. Cardiac function
was assessed by left ventricular catheterization and
echocardiography. Serum and cardiac tissue T3 and T4

levels were also measured. One of the T4 doses yield-
ed normalization of serum hormones but not cardiac
tissue hormone levels or function. Arteriolar density
also remained below normal in this group. These
results suggest that serum hormone levels may not
accurately reflect tissue hormone function in border-
line thyroid conditions. It seems logical that cardiac
function would provide a more reliable indicator of
TH function at the tissue level than serum hormone
levels. Cardiac function reflects the end output of TH
action on the heart, including the summation of any
abnormalities (changes in membrane transporters,
nuclear receptors, deiodinases, etc.). Serum hormones
indicate what is available for metabolism.

12.14 Potential Application of Thyroid
Hormone in Cardiovascular
Diseases

The beneficial effects of THs on cardiac myocyte
and arteriolar remodeling suggest potential applica-
tions for therapy in heart diseases. In fact, several
studies have shown that THs can reduce myocyte
apoptosis and improve left ventricular remodeling
and function in myocardial infarction and congestive
heart failure [77–81] (Fig. 12.3). Treatment of spon-
taneously hypertensive heart failure (SHHF) rats
with desiccated THs led to a reduction in systolic
wall stress due to a specific change in myocyte trans-
verse shape [79] (Tables 12.2 and 12.3). The cham-
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Fig.12.3 Short-term (3-day) T3 treatment
reduced myocyte apoptosis in border ar-
eas of post-myocardial-infarction (post-
MI) rat hearts. a DNA laddering of post-
MI rat hearts. Genomic DNA was extract-
ed from the apex region 72 h after MI for
detection of DNA fragmentation using
the ligation-mediated polymerase chain
reaction (LM-PCR) technique with a LM-
PCR DNA ladder assay kit Maxim
Biotech, San Francisco, California, USA).
Treatment with T3 significantly decreas-
es the amount of DNA fragments in post-
MI rat hearts, indicating inhibition of
apoptosis by T3 treatment. b Terminal de-
oxynucleotidyl transferase dUTP nick
end-labeling (TUNEL) of post-MI rat
hearts (border area) using APO-BrdU
TUNEL Assay Kit (Invitrogen, Carlsbad,
California, USA). Treatment with T3 sig-
nificantly decreased myocyte apoptosis

a

b



ber diameter-to-wall-thickness ratio declined due to
a reduction in the ratio of myocyte major to minor
transverse diameters. The ratio α-MHC/β-MHC
was reduced in untreated SHHF rats and increased
in all TH-treated groups, suggesting a reversal of
the fetal gene program. However, increased meta-

bolic rate and oxygen consumption may undermine
potential benefits in the long run. A TH analogue
with more specific effects might be a better choice.
More work is clearly needed in humans to deter-
mine whether some cardiac patients will benefit
from THs or TH analogues.
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Table 12.2 Thyroid hormone treatment improved cardiac function and myocyte remodeling in spontaneously hypertensive heart
failure (SHHF) rats: hemodynamic data. Values are means ± SD. (Adapted with permission from [79])

Treatment group LVP (mmHg) +dP/dt (mmHg/s) –dP/dt (mmHg/s) Wall stress Heart rate
(kdyn/cm2) (beats/min)

Control rats 162 ± 17 10,374 ± 1,600 9,216 ± 1,538 87 ± 17 376 ± 41

SHHF rats
Untreated 170 ± 35 8,312 ± 1,798 5,997 ± 1,742† 169 ± 65† 318 ± 31
0.05% TH 197 ± 31 9,277 ± 1,548 7,302 ± 1,105 157 ± 63† 350 ± 12
0.1% TH 220 ± 46* 10,388 ± 2,365 7,999 ± 2,091 105 ± 36* 362 ± 31
0.2% TH 191 ± 31 10,775 ± 2,039* 8,812 ± 1,362* 104 ± 23* 440 ± 74*

LVP left ventricular end-systolic pressure, +dP/dt maximal rate of pressure development, –dP/dt maximal rate of pressure decline
* p < 0.05 vs. SHHF untreated rats, † p < 0.05 vs. control animals

Table 12.3 Thyroid hormone treatment improved cardiac function and myocyte remodeling in spontaneously hypertensive heart
failure (SHHF) rats: isolated left ventricular myocyte morphologic data. A dimension (major diameter) was determined by tracing
isolated myocytes; B dimension (minor diameter) was subsequently determined from the formula for volume relative to an ellipti-
cal cylinder. Values are means ± SD. (Adapted with permission from [79])

Treatment Cell length Cell volume Cross-sectional A Dimension B Dimension A/B Ratio
group (μm) (μm3) area (μm2) (μm) (μm)   

Control rats 120 ± 9 34,730 ± 4,147 279 ± 27 31 ± 2 12 ± 2 2.7 ± 0.5  

SHHF rats
Untreated 163 ± 9† 67,217 ± 9,754† 411 ± 51† 37 ± 4† 14 ± 3 2.7 ± 0.7
0.05% TH 168 ± 4† 63,423 ± 1† 379 ± 66† 35 ± 5 14 ± 2 2.6 ± 0.6
0.1% TH 164 ± 2† 77,785 ± 11,366† 453 ± 70† 33 ± 3  19 ± 3† 1.8 ± 0.3
0.2% TH 168 ± 2† 77,199 ± 10,593† 461 ± 61† 30 ± 1*  20 ± 2† 1.5 ± 0.1*†

* p < 0.05 vs. SHHF untreated rats, † p < 0.05 vs. control animals

Key Points

• Ventricular morphometric, architectural, and functional changes, due to a variety of cardiovascular
conditions and consisting of cardiomyocyte, coronary vasculature, and collagen network remodel-
ing, are known as ventricular remodeling.

• Thyroid hormones lead to the following changes: an increase in cardiac systolic and diastolic func-
tion; a decrease in peripheral vascular resistance; an increase in venous tone; an increase in cardiac
output; a hyperdynamic circulatory state; an increase in systolic arterial pressure; a decrease in dias-
tolic arterial pressure; alterations in cardiac electrophysiology; and promotion of angiogenesis.

(Cont. →)
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• Excess thyroid hormones lead to a proportional increase in myocyte length and cross-sectional area,
suggesting a physiological type of hypertrophy, with increased α-MHC expression and decreased
β-MHC expression.

• Hypothyroidism causes cardiac atrophy, primarily due to a decrease in myocyte cross-sectional
area, with decreased α-MHC expression and increased β-MHC expression. Long-term hypothy-
roidism also leads to chamber dilatation from series addition of sarcomeres in cardiac myocytes.

• Thyroid hormones promote coronary arteriolar and capillary growth.

• Hypothyroidism causes progressive arteriolar loss and may lead to a slight increase in capillary den-
sity due to myocyte atrophy.

• Thyroid hormone supplementation can reduce myocyte apoptosis, improve left ventricular remod-
eling after myocardial infarction, promote healthy vasculature, and may improve cardiac function
in heart failure.
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13.1 Introduction

Thyroid hormone (TH) appears to have played a
critical role in evolution, facilitating adaptation of
the organism to the environment and ensuring sur-
vival. Important evolutionary events such as “meta-
morphosis” in amphibians are TH-dependent
processes. Furthermore, during development, matu-
ration of all organs and particularly of the

myocardium depends on increasing TH signaling
after birth, which induces the transcriptional pro-
gramming leading to the characteristic gene expres-
sion profile of the adult. TH, unlike other pro-
growth stimuli, promotes tissue differentiation and
as such critically regulates metabolism (energy sup-
ply), contractile and electrical function, and
response to stress (hypoxic conditions) and opti-
mizes cellular morphology [1]. These unique prop-
erties may be of therapeutic importance in mending
the “broken heart.” In fact, it is now recognized that
the fetal transcriptional profile is reactivated in car-
diac diseases, and alterations in thyroid hormone
signaling may contribute to this response [2].
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However, two dogmas currently dominate the field:
that TH is detrimental to ischemic myocardium due
to the acceleration of heart rhythm, and that the
“low T3 state”, which accompanies heart diseases,
has a protective role and needs no treatment. These
beliefs, though long-standing, are now being chal-
lenged by recent experimental and clinical investi-
gations. In fact, low levels of triiodothyronine (T3)
in heart failure are associated with increased mortal-
ity and morbidity [3–5]. Furthermore, a cardiopro-
tective effect of TH has been demonstrated in cells,
animals, and even in humans [6–9] (Table 13.1).

13.2 TH and Ischemia–Reperfusion
Injury 

13.2.1 TH -Induced “Physiological’
Hypertrophy: A Phenotype 
of Cardioprotection 

Buser et al. were the first to observe, in 1990, that
isolated rat hearts with “physiological hypertrophy”
induced by 10 days of TH treatment could tolerate
ischemia–reperfusion injury better than nonhyper-
trophied hearts or hearts with aortic-constriction-
induced cardiac hypertrophy [10]. In 2000, Pantos
et al. confirmed this original observation in a simi-
lar experimental model and further showed that
postischemic recovery of function was enhanced
despite the fact that diastolic dysfunction (ischemic
contracture) was exacerbated upon ischemia [11]
(Fig. 13.1).

13.2.2 The Paradox of Exacerbated
Ischemic Contracture: Myocardial
Glycogen vs Hypertrophy 

Dissociation between ischemic contracture and car-
diac function has been observed in isolated rat hearts
subjected to ischemic preconditioning (brief episodes
of ischemia/reperfusion) prior to long ischemia and
reperfusion. This “paradox” appears to correlate
strongly with lower preischemic myocardial glyco-
gen content due to the brief ischemia-induced glyco-
gen depletion. Thus, during zero-flow ischemia, the
glycogen-dependent supply of energy is limited and
marked diastolic dysfunction occurs [12]. This
“glycogen hypothesis” seems to explain the effect of
TH on ischemic contracture. In fact, changes in TH

are associated with alterations in myocardial glyco-
gen content; myocardial glycogen is lower after TH
treatment, while the low TH state increases myocar-
dial glycogen content and depresses and delays
ischemic contracture [13, 14] (Fig. 13.1).

A possible role of TH-induced cardiac hypertro-
phy in the acceleration and intensification of
ischemic contracture has also been explored.
However, neither propranolol (α- and β-adrenergic
antagonist) nor irbesartan (an AT1-receptor antago-
nist) abolished the paradoxical pattern of ischemic
contracture induced by TH, despite the fact that
both drugs limited the development of cardiac
hypertrophy [11, 15]. Furthermore, a similar
response was not observed in hearts with aortic-
constriction-induced cardiac hypertrophy [16].

13.2.3 Protein Kinase C: A Potential Key
Player in TH-Induced
Cardioprotection 

Protein kinase C (PKC) has a critical role in protect-
ing of the myocardium against ischemia–reperfusion
injury, and certain PKC isoforms have been associat-
ed with cardioprotection [17, 18]. Overexpression of
PKCδ in cardiomyocytes protects against ischemia
by negative regulation of the ischemia-induced acti-
vation of proapoptotic p38 MAPK [18]. Further-
more, PKCδ phosphorylates important cardioprotec-
tive molecules, such as heat shock protein 27
(HSP27) [19]. TH treatment resulted in increased
expression and phosphorylation of PKCδ, and this
response was associated with increased phosphory-
lation of the heat shock protein (HSP) 27 and sup-
pressed activation of ischemia–reperfusion p38
MAPK [7, 20] (Fig. 13.2). Thus, it is likely that
PKCδ serves a critical role in TH-mediated cardio-
protection.

13.2.4 Heat Shock Proteins: Critical End-
Effectors in TH-Mediated
Cardioprotection

TH pretreatment results in increased expression of
HSP27 (particularly in the cytoskeleton) and HSP70
in the myocardium (Fig. 13.2). TH is a “physiolog-
ical” regulator of growth and promotes tissue differ-
entiation. Thus, regulation of the cytoskeleton
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Fig. 13.1 Langendorff recordings of
left ventricular pressure from isolated
normal (NORM), hyperthyroid
(THYR), and hypothyroid rat hearts
(HYPO) subjected to 20 min of zero-
flow global ischemia and reperfusion.
Note the differences and similarities
between groups regarding the func-
tional response to ischemia and reper-
fusion. Hyperthyroid and hypothyroid
hearts show increased postischemic
recovery of function despite the differ-
ent patterns of left ventricular dysfunc-
tion during the ischemic phase. Arrow
Peak contracture

Fig.13.2 Changes in intracellular signal-
ing pathways induced by thyroid hor-
mone (TH). Data obtained from studies
in cardiomyocytes (a) and intact heart
(b). TH appears to up-regulate prosur-
vival signaling pathways with impor-
tant physiological consequences for the
response to stress and cardiac remodel-
ing. p Phosphorylation. (Adapted by per-
mission from [1])

a

b



through cytoskeletal proteins such as HSP27 may be
critical in this response. Furthermore, proteins such
as HSP70 may function as molecular chaperones to
prevent proteins from misfolding and aggregation
during tissue growth and differentiation. These
changes may be of advantage in regard to the
response of the myocardium to ischemic stress,
since overexpression of these proteins was shown to
result in increased tolerance to ischemia [21, 22].

A strong link between HSPs and TH-induced
protection was recently demonstrated. TH treatment
appears not only to induce the expression of HSP27
in the cytoskeleton of the unstressed myocardium
but also to accelerate its translocation and phospho-
rylation to the cytoskeleton upon subsequent
ischemic stress, indicating that TH can increase the
tolerance of the heart by preserving cytoskeleton
integrity [20]. This has been further documented in
studies of neonatal cardiomyocytes exposed to
hypoxia [9]. Similarly, apart from the induction of
HSP70 in unstressed myocardium, increased
expression of HSP70 at the mRNA level was
observed in response to ischemia and reperfusion
after TH treatment [23]. Furthermore, time course
analysis showed that TH-induced cardioprotection
coincided with the presence of increased levels of
HSP70 expression, while no protection was seen
with short-term TH treatment, which failed to up-
regulate HSP70 [24] (Fig. 13.2).

13.2.5 TH-Induced Oxidative Stress:
Bad or Good ?

Long-term (14-days) TH treatment in rats was
shown to increase oxidative stress, as indicated by
increased levels of malondialdehyde (MDA) in the
myocardium. This has been suggested to result in
myocardial damage [25]. However, this response
appears to coincide with increased expression of
redox-regulated HSP70 and  increased tolerance of
the myocardium to ischemia (Fig. 13.2). Thus, it
seems likely that oxidative stress, by activating
redox-regulating cardioprotective molecules such as
HSP70, is a trigger of cardioprotection rather than
being detrimental. This is further supported by the
fact that short-term TH treatment (4 days) failed to
induce cardioprotection, and this response was
associated with the absence of increased MDA lev-
els and HSP70 content in the myocardium [24]. It
should be noted that mild oxidative stress is the key

mechanism of other paradigms of cardioprotection,
such as ischemic preconditioning [26].

13.2.6 TH Administration at Reperfusion:
Hemodynamics vs. Apoptosis 

In 1989, T3 treatment at reperfusion was shown to
improve cardiac hemodynamics in patients undergo-
ing coronary artery bypass graft [27]. The initial
observations were subsequently confirmed by sever-
al clinical and experimental studies [1]. More recent-
ly, we showed that, unlike dobutamine [28], T3 not
only improves postischemic recovery of function but
at the same time limits apoptosis. In fact, in an iso-
lated rat heart model of zero-flow ischemia and
reperfusion, T3 administration at reperfusion limited
apoptosis and increased postischemic recovery of
function (Fig. 13.3) (unpublished observations).
This response, unlike those to other hormones, was
shown to be mediated by suppressing of activation of
proapoptotic p38 MAPK and not by up-regulation of
prosurvival signaling pathways [29]. Furthermore,
T3 administration in rats with myocardial infarction
was found to reduce cardiac myocyte apoptosis in
the border area of infarction [30]. Thus, T3 may be
considered a suitable therapeutic option for hemody-
namic support in the setting of ischemia–reperfu-
sion. This concept is verified by recent data from
Ranasinghe et al. showing that T3 treatment during
bypass surgery increases cardiac index while limit-
ing the troponin release [8].

13.2.7 Low TH State: A State 
of Protection

Low TH state is a common response in several
pathological conditions such as myocardial infarc-
tion, and heart failure, and is regarded as an energy
adaptation to increase protection against stress [31].
In fact, patients with lower circulating TH levels
suffer smaller infarctions [32]. Furthermore, tissue
hypothyroidism occurs during cardiac remodeling
and has been associated with increased tolerance of
the postinfarcted heart to ischemia [33].

Hypothyroidism-induced cardioprotection is dis-
tinct from that induced by TH and is characterized
by suppressed and delayed ischemic contracture
(Fig. 13.1). It involves overexpession and activation
of PKCε and is mediated by suppressed  activation
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of the proapoptotic JNK signaling pathway [13].
Here it should be noted that this experimental evi-

dence may provide an explanation for the adverse
effects (angina) seen in patients with silent ischemic
heart disease and hypothyroidism after TH replace-
ment. This response is probably due to the loss of the
cardioprotection conferred by hypothyroidism and
not to the effects of thyroid hormone per se.

13.2.8 TH and Ischemic Preconditioning
Response 

TH status may alter the response of the myocardium
to cardioprotective interventions such as ischemic
preconditioning. In fact, when TH is in excess, the
ischemic preconditioning response is amplified

[14], while the preconditioning effect is lost in low
TH state [34]. This is of clinical and therapeutic rel-
evance since hypothyroidism is a common co-mor-
bidity in patients with heart disease [35] and may
alter the efficacy of preconditioning mimetic agents
used in clinical practice [36].

13.3 TH and Postischemic Cardiac 
Remodeling 

13.3.1 TH Signaling in Postischemic
Cardiac Remodeling: “Player”
or “Bystander”?

Several changes in the thyroid hormone-thyroid
receptor (TH–TR) axis have been identified in the
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Fig. 13.3 TH improves cardiac hemody-
namics while limiting apoptosis in the
setting of ischemia–reperfusion. Note the
difference in postischemic recovery of
function with dobutamine treatment, an
inotrope commonly used in clinical prac-
tice. a Langendorff recordings of left
ventricular pressure from isolated rat
hearts subjected to ischemia–reperfusion
without treatment and with T3 treatment
(40 μg/l) at reperfusion. b Microscopy
images showing caspase-3 activity
detected by fluorescent probe in nontreat-
ed and T3-treated hearts. The probe was a
generous gift from Quidd (Rouen,
France). c Langendorff recordings of left
ventricular pressure from isolated rat
hearts subjected to ischemia–reperfusion
without treatment and with dobutamine
treatment (10 μg/kg per minute) at reper-
fusion
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course of cardiac remodeling after myocardial
infarction and are thought to contribute to cardiac
dysfunction (Table 13.2). In the early study by
Ojamaa et al., T3 levels in plasma were found to be
lower within a week and remained abnormal after 4
weeks following coronary ligation, while TH-
responsive genes, such as myosin isoforms and
SERCA, were altered and nearly normalized by TH
administration [37]. Furthermore, D3 activity was
shown to be significantly increased in the postin-
farcted heart within a week following coronary lig-
ation in rats, contributing to increased TH catabo-
lism [38]. More recently, time-dependent changes in
the expression of TRs in the viable nonischemic rat
myocardium were observed. At 8 weeks after
infarction, TRα1 and TRβ1 protein expression were
down-regulated without changes in TH in plasma
[33]. This response corresponded to decrease in
SERCA expression  (which is TH responsive and is
shown to be regulated by TRβ1). A different pattern
was observed at earlier or later stages; no significant
changes were seen either in TR expression or in
plasma T3 during the first 2 weeks after myocardial
infarction in rats. However, at 13 weeks, the expres-
sion of TRβ1 was decreased while the expression of
TRα1 was increased. Furthermore, plasma T3 was
low while T4 remained unchanged [2]. This
response was associated with a shift of myosin iso-
form expression to the fetal pattern, a decreased

ratio of SERCA/PLB, and development of cardiac
hypertrophy [2].

This response seems to be of important physio-
logical relevance; overexpression of TRα1 may
reflect a compensatory mechanism to enhance TH
signaling in the presence of low plasma T3.
However, in a rat model of hypothyroidism, low T3

was not shown to be accompanied by increased
expression of TRα1 (unpublished data). It is there-
fore likely that overexpressed TRα1, in the pres-
ence of low T3, functions as an apo-receptor (unli-
ganded TRα1) (Fig. 13.4a), thus repression of  T3

positively regulated genes occurs, contributing to
the fetal phenotype characteristic of remodeled
myocardium. In fact, a similar pattern of TR
expression is observed during fetal life, a physio-
logical situation in which TRα1 is overexpressed
and TH is low [39, 40].

13.3.2 TRa1 Triggers a Switch to 
the Fetal Phenotype

The underlying mechanisms of the observed
changes in TR expression in the myocardium after
infarction remain largely unknown. Neuroendocrine
systems and the inflammatory response, both impli-
cated in cardiac remodeling, may be involved. In
fact, the proinflammatory response plays a critical
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Table 13.2 Changes in thyroid hormone signaling in the course of experimental postinfarction remodeling

Reference Species model Changes in TH signaling

Ojamaa et al. [37] Myocardial infarction in rat (1, 3 and 4 weeks) Decreased T3, no change in T4 in plasma

Pantos et al. [33] Myocardial infarction in rat (8 weeks) No change in T3 and T4 in plasma. 
Down-regulation of TRα1 and TRβ1 

protein expression in the myocardium   
Pantos et al. [49] Myocardial infarction in rat (2 weeks) No change in T3 and T4 in plasma. No change in 

TRα1 and TRβ1 protein expression in the 
myocardium

Pantos et al. [2] Myocardial infarction in rat (13 weeks)  Decreased T3, no change in T4 in plasma. 
Increased TRα1 and decreased TRβ1 protein 

expression in the myocardium

Olivares et al. [38] Myocardial infarction in rat (1 week) Decreased T3 and T4 and increased TSH in plasma. 
Induction of D3 activity in the myocardium

Chen et al. [30] Myocardial infarction in rat (3 days) Decreased T3 and T4 in plasma, no change in TSH

Pol et al. [110] Myocardial infarction in mice (1, 4 and 8 weeks) Induction of D3 activity in the myocardium



role in cardiac remodeling, and cytokines such as
tumor necrosis factor (TNF-α) are closely associat-
ed with cardiac dysfunction in animals and
patients with heart failure [41]. Furthermore, pro-
longed activation of adrenergic signaling is
thought to induce fetal-like changes in the
myocardium [42]. Based on this evidence, we
explored the possibility of  interactions between
α1-adrenergic signaling and TRα1 expression in
cardiomyocytes exposed to phenylephrine (PE, an
α1-adrenergic agonist) in the absence or presence of
T3 in the culture medium [43] (Fig. 13.4). PE admin-
istration (in the absence of T3 in the culture medium)
resulted in differential expression of TRα1 in the
nucleus and cytosol; TRα1 expression was increased
in the nucleus and decreased in the cytosol. This
response was accompanied by a further increase in β-
MHC expression in PE-treated cells and was found to

be dependent on the ERK signaling pathway [43].
PE-induced ERK activation was inhibited by the
administration of PD98059. As a result, a redistribu-
tion of the expression of TRα1  was observed, with a
marked decrease in TRα1 expression in the nucleus
and increased expression of this receptor in the
cytosol. Furthermore, β-MHC expression was signif-
icantly reduced [43] (Fig. 13.4c).

In the presence of excess T3 in the medium, a
different response to PE was observed: TRα1 was
overexpressed in both the nucleus and cytosol and
β-MHC expression was decreased, while α-MHC
was dominant in PE+T3-treated cells. Thus, TRα1
overexpression in the nucleus appears to corre-
spond to differential myosin isoform expression
depending on the availability of TH (liganded vs.
unliganded state) (Fig. 13.4). These data suggest
that unliganded TRα1 functions as an apo-receptor
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Fig. 13.4 a Molecular model of TRα1-regulat-
ed gene expression in three different states: in
the absence of ligand (apo-receptor state), in
the presence of ligand (holo-receptor state),
and in the absence of the receptor. RxR
Retinoid X receptor, CoR co-repressor, CoA
co-activator, HDAC histone deacetylase, HAT
histone acetyltransferase, TRE thyroid-hor-
mone-responsive element, P RNA polymerase.
b Densitometric assessment (in arbitrary units)
and representative Western blots of thyroid
hormone receptor α1 (TRα1) protein expres-
sion in the nucleus. Columns are means of
optical ratios, bar = s.e.m. * p < 0.05 vs. NT,
** p < 0.05 vs PE-T3. c Images of nontreated
neonatal cardiomyocytes (NT), cardiomy-
ocytes treated with phenylephrine (20 μΜ)
without T3 (PE–T3), and cardiomyocytes treat-
ed with phenylephrine and T3 (PE+T3) for 5
days. Images were obtained from fluorescence
microscopy after staining for slow (β)-myosin
with specific antibody. TRα1 overexpression
in the nucleus after prolonged exposure of car-
diomyocytes to phenylephrine corresponds to
a differential pattern of myosin isoform
expression depending on the presence or
absence of TH in the culture medium. TRα1
seems to trigger a switch to the cardiac cell
fetal phenotype
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and induces fetal phenotypic changes in cells
exposed to prolonged activation of α1-adrenergic
signaling. This notion is further supported by the
fact that overexpression of unliganded TRα1 in
neonatal cardiomyocytes resulted in cell growth
with a fetal pattern of myosin isoform expression
[44], and cardiomyocytes from mice with domi-
nant negative TRα1 displayed impaired calcium
handling and contraction [45]. Here, it should be
noted that TRα1 appears also to be critical in the
differentiation of cardiac embryonic cells [40].

The role of proinflammatory cytokines in TR
expression was investigated by the administration of
TNF-α in neonatal cardiomyocytes. Interestingly,
TNF-α treatment resulted in a differential pattern of
TR expression; TRβ1 expression was significantly
decreased, while the expression of TRα1 receptor
remained unchanged. This response was prevented
by high-dose T3 administration [46]. Taken togeth-
er, these data indicate that the inflammatory
response and the adrenergic system  have distinct
effects on TH signaling. However, interactions
between TH and other signaling pathways known to
be involved in cardiac remodeling cannot be exclud-
ed. TH treatment in cardiomyocytes was shown to
prevent the angiotensin II-induced increased expres-
sion of β-MHC and decreased expression of α-MHC,
indicating the existence of an interaction of the
angiotensin II and TH signaling [47]. Furthermore,
PKCα, which is now recognized as a key player in
the pathophysiology of heart failure, was shown to
alter the expression of TRα1. Overexpression of
PKCα in neonatal cardiomyocytes in the absence of
TH in the medium resulted in increased TRα1
expression in both cytosol and nucleus. This caused
marked expression of the T3-regulated β-MHC gene,
and treatment with T3 normalized the phenotype [48]. 

13.3.3 TH Prevents and/or Reverses
Contractile Dysfunction After
Myocardial Infarction 

The important role of TH signaling in the process of
cardiac remodeling after myocardial infarction has
been further documented by the beneficial effects of
TH administration early or late in the course of
myocardial infarction [49, 50]. A time course analy-
sis of function showed that left ventricular ejection
fraction (EF%) was significantly improved after
short- and long-term TH administration beginning

immediately after infarction. Furthermore, inde-
pendent of loading conditions, contractile indices,
such as +dp/dt and –dp/dt, were also significantly
improved. Similar effects have been demonstrated
with TH administration beginning at later stages in
the course of infarction (1–3 weeks) [37, 51, 52].
Interestingly, TH improved cardiac contractility
even when started 13 weeks after myocardial
infarction in rats (unpublished data).

13.3.4 TH Improves Cardiac Function by
Regulating the Expression of
Contractile Proteins 

TH administration early or late after myocardial
infarction has been shown to improve contractile
function by altering the expression of contractile
proteins in the myocardium. Hormone administra-
tion immediately after infarction prevented the
induction of β-MHC in the viable myocardium of
the postinfarcted hearts. Furthermore, the ratio
SERCA/PLB, which is reduced in the postinfarcted
heart, was significantly increased after TH treat-
ment [49, 50]. Similarly, TH treatment reversed the
fetal pattern of myosin isoform expression in hearts
from animals with old myocardial infarction
(unpublished data).

13.3.5 TH Improves Cardiac Function by
Regulating Novel Pathways
Related to Cardiac Contractility

It is now recognized that TH regulates cardiac con-
tractility via novel signaling pathways (Fig. 13.2). In
fact, TH treatment was shown to reduce the expres-
sion of both PKCε and PKCα in the postinfarcted rat
myocardium [49]. PKC isoforms α and ε can control
cardiac contractility through myofilament phospho-
rylation [53, 54]. Pharmacological and gene-therapy-
based inhibition of PKCα enhances cardiac contrac-
tility and attenuates heart failure [53], while overex-
pression of PKCε results in cardiac dysfunction.
Interestingly, the hypocontractile function in
hypothyroid hearts was shown to be associated with
overexpression of PKCε [13, 54].

The beneficial effect of TH on cardiac contrac-
tility may also be attributed to its ability to induce
the expression of HSP70 in the postinfarcted
myocardium, in which HSP70 content is otherwise
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low [50]. This protein is thought to be crucial for the
response to stress and cardiac function, and HSP70
deletion in knockout mice not only reduced toler-
ance to ischemia but also caused a deterioration in
contractile function [21].

13.3.6 TH Optimizes Cardiac Geometry:
Contractility vs. Shape 

It is now realized that TH, apart from its effect on
cardiac contractility, improves cardiac mechanics by
altering wall tension and left ventricular geometry
(Fig. 13.5). In fact, time course analysis in a rat
model of myocardial infarction showed that TH nor-
malized wall stress (as assessed by the ratio of left
ventricular diastolic diameter to posterior wall thick-
ness) as early as 2 weeks, due to the development of
cardiac hypertrophy early in the course of postin-
farction remodeling. Furthermore, TH changed the
cardiac geometry at later stages. The left ventricular
chamber became progressively more spherical after
myocardial infarction, as indicated by the progres-
sive decrease of the sphericity index (the ratio
between the long and short axes). With TH treat-
ment, the sphericity index, although not changed in
the first 2 weeks, was significantly increased after
13 weeks of treatment [50] (Fig. 13.5a). Thus, it
appears that TH improves cardiac mechanics at
early stages due to the development of hypertrophy

and at later stages by ellipsoidal reshaping of the
left ventricular chamber [50]. The latter effect is
probably due to the unique changes induced in cell
shape and geometry by TH [55]. Taken together, TH
seems to adapt the postinfarcted heart to unfavor-
able hemodynamics by inducing “physiological”
hypertrophy and changing the cardiac geometry.
This effect may be of therapeutic relevance and con-
stitutes a different approach from simply inhibiting
the hypertrophic response. It should be noted that
left ventricular geometry is an independent predic-
tor of mortality after acute myocardial infarction
[56] and interventions aiming to preserve cardiac
geometry are sought. So far, cardiac support devices
that ensure passive epicardial constraint seem to
confer some benefit [57].

13.3.7 TH Promotes Cardiac Cell
Plasticity: Growth vs. Shape 

13.3.7.1 TH Induces Physiological Growth

TH promotes cardiac growth through mechanisms
that are not fully understood. This response initial-
ly was thought to be secondary to the increased
workload induced by TH, since T4 treatment failed
to increase cardiac mass in heterotopic transplant-
ed rat hearts [58]. Subsequent studies investigated
possible involvement of the adrenergic and/or
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Fig. 13.5 a Changes in left ventricular
shape after myocardial infarction in
TH-treated and nontreated hearts. The
left ventricular chamber is more spher-
ical in shape in nontreated postinfarct-
ed hearts. The ratio of the maximum
long axis (L) to the maximum short
axis (S) of the left ventricle is reduced
and the viable segment becomes
hypertrophied (with a shift of myosin
isoform expression to the fetal pat-
tern). TH reshapes the left ventricular
chamber towards a more ellipsoidal
shape. Hypertrophy also develops with
myosin isoform expression of an adult
phenotype. This effect may be due to
the unique changes induced in cell
shape by TH (b). Ao Aorta
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renin–angiotensin system (both are activated in
hyperthyroidism) in TH-mediated hypertrophy.
In fact, pharmacological inhibition of β-adrenergic
signaling induced by propranolol or angiotensin II
at the level of the AT1 receptor diminished the
development of cardiac hypertrophy [11, 15]. More
recently, a direct effect of TH on cardiac growth was
demonstrated. Overexpression of TRα1 in neonatal
cardiomyocytes resulted in the activation of p38
MAPK and cell growth in the presence of TH. This
response was abrogated by SB203580 (an inhibitor
of p38 MAPK) [44]. Here, it is interesting to note
that overexpression of TRα1 receptor in the absence
of ligand can also result in cell growth, although
with pathological characteristics; myosin isoform
expression shifts to the fetal pattern [44]. TH
appears also to induce cellular growth by activating
the PI3K/Akt/mTOR signaling pathway via  cytoso-
lic TRα1 [59] (Fig. 13.2).

TH-mediated cardiac hypertrophy is not accom-
panied by cardiac fibrosis [60]. TH inhibits the pro-
α1 collagen promoter activity and downregulates
the collagen type I biosynthesis. Interestingly, in a
genetic model of cardiac fibrosis, TH normalized
the increased collagen type I gene expression in
ventricular tissue and prevented fibrosis after induc-
tion of cardiac hypertrophy in rats with aortic con-
striction [61, 62].

13.3.7.2 TH Induces Unique Changes 
in Cardiac Cell Shape 

TH, unlike other pro-growth stimuli, induces unique
changes in cardiomyocyte morphology; neonatal
cardiac cells become elongated, with well-oriented
myofibrils when exposed to T3. This was in contrast
to the irregular cell shape and myofibril disorgani-
zation observed after cell exposure to phenylephrine
(PE) [55] (Fig. 13.6). Furthermore, although both
TH and PE increased cell area and protein synthesis,
TH, in contrast to PE, enhanced α-MHC and
repressed β-MHC expression. Interestingly, this
response was associated with a differential pattern
of intracellular kinase signaling activation, which
may account for the two distinct types of hypertro-
phy induced by PE and TH administration [55, 63]
(Fig. 13.6). PE induced an early and sustained acti-
vation of ERK (p44 and p42), which was accompa-
nied by increased phosphorylation of p38 MAPK,
JNK, and Akt. In contrast, with TH, a different pat-

tern of activation was seen; activation of ERK (only
the p44 isoform, ERK1) occurred early and was non-
sustained. In addition, ERK was translocated to the
nucleus. Phospho-JNK levels were found to be
decreased and no changes in the expression of phos-
pho-Akt and phospho-p38 MAPK were observed
(Fig. 13.6c). The effect of TH on cell morphology
was shown to be abolished by PD98059, an ERK
inhibitor, while the hypertrophic effect of TH (as
determined by increased cell size and/or protein syn-
thesis) was prevented by the administration of
rapamycin, an mTOR inhibitor [55, 64]. Taken
together, these data strongly indicate that TH induces
changes in cell growth and geometry through activa-
tion of distinct pathways, and that the ERK cascade
is critical in TH-induced cardiomyocyte plasticity.
This may be of physiological and therapeutic impor-
tance: changes in cell shape may be translated into
alterations in cardiac chamber geometry [50].

13.3.8 TH and Tissue Engineering 

Wheter TH improves cardiac remodeling by
increasing the endogenous regenerative capacity of
the myocardium is an issue that remains largely
unresolved. Although this hypothesis is of impor-
tant therapeutic relevance, it has not yet been tested
in models of myocardial infarction. There is now
some evidence that T3 administration in rats is asso-
ciated with re-entry of cardiomyocytes into the cell
cycle, with increased cyclin D1 protein synthesis
and nuclear translocation. Interestingly, cardiomy-
ocyte DNA synthesis increased after T3 treatment,
with the absence of tissue injury [65]. Along this
line, T3 has been further shown to promote differen-
tiation of embryonic cardiomyoblasts via activation
of TRα1  [43] and to enhance contractility in car-
dioids (contractile tissue constructed from self-
organized neonatal cardiac cells) [66]. The latter
may be of therapeutic importance since tissue-engi-
neered heart muscle may provide an alternative
treatment modality for end-stage heart failure.

13.4 TH and Arrhythmia: Proarrhythmic
vs. Antiarrhythmic Effect

The arrhythmogenic effects of TH remain a poorly
explored controversial issue. The effects of acute
and long-term action of TH on cardiac susceptibili-
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ty to hypokalemia-induced ventricular fibrillation
and the heart’s ability to terminate ventricular fibril-
lation and restore sinus rhythm have been recently
investigated in guinea pig hearts [67]. These studies
clearly showed that TH has an anti- or proarrhyth-
mic potential, depending on animal age and on the
dose of TH used. It is interesting to note that
episodes of torsades de pointes in patients with car-
diomyopathy may be due to hypothyroidism-
induced prolongation of the QT interval, a situation
that could be reversed by TH treatment [68].

13.5 Clinical Implications:
Protection vs. Function 

Several studies have provided evidence that TH
metabolism is altered during cardiac and noncardiac

illnesses and after cardiac surgery [31]. The cause
of low T3 state seems to be multifactorial and
cytokines have been implicated [69]. Interferon-α
and interleukin-6 (IL-6) cause a response similar to
“low T3 syndrome,” and in patients with acute
myocardial infarction a negative correlation
between IL-6 or C-reactive protein (CRP) and T3

levels has been observed [70].
T3 levels in serum decline within 48 h after

acute myocardial infarction [71] or within 6–24 h
after cardiac surgery [72]. This response is thought
to contribute to energy preservation and, thus, to
protection under stress. Patients with low TH levels
at the onset of infarction to have smaller infarctions
[32]. Furthermore, tissue hypothyroidism during
cardiac remodeling increases tolerance of the
postischemic myocardium to ischemia [33].
However, this is achieved at the expense of impaired
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Fig. 13.6 TH and PE induce distinct changes in
cell morphology corresponding to a differential
pattern of myosin isoform expression. This re-
sponse involves a differential pattern of activa-
tion of kinase-mediated intracellular signaling
pathways and may account for TH-induced
“physiological” and PE-induced “pathological”
hypertrophy. a Fluorescence microscopy of non-
treated, PE-treated and T3-treated neonatal car-
diomyocytes after 5 days of treatment. Actin
myofilaments were stained with phalloidin. 
b Representative image showing α and β myosin
isoform expression in nontreated, PE-treated,
and T3-treated neonatal cardiomyocytes after 5
days of treatment. c Representative Western blot
showing phosphorylated ERKs, p38, JNKs, and
Akt levels in nontreated, PE-treated, and T3-
treated (T3) neonatal cardiomyocytes at 8 min
and 60 min, respectively
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cardiac function. Low T3 levels were shown to be
correlated with the severity of the clinical assess-
ment of heart dysfunction in patients with conges-
tive heart failure, and to be the only predictor of
NYHA class in a multivariate analysis that included
several neurohormonal parameters that change in
heart failure [4, 73]. Along these lines, we  recently
found that total T3 in plasma correlated strongly
with maximum oxygen consumption (peak VO2) in
patients with dilated cardiomyopathy, as assessed
by cardiorespiratory stress testing [3]. Furthermore,
low T3 plasma levels appear to be an independent
risk factor for increased mortality and morbidity in
patients with heart failure [73], and low TH levels
after infarction increase mortality in patients with
acute myocardial infarction [32].

13.6 Therapeutic Implications 

13.6.1 Selective Hypothyroidism and
Cardioprotection 

Antiarrhythmic compounds like amiodarone and its
metabolite desethylamiodarone (DEA) are noncom-
petitive inhibitors of TRβ1 and competitive
inhibitors of TRα1. Furthermore, dronedarone, a
noniodinated amiodarone-like agent, and particular-
ly its metabolite debutyldronedarone are selective
TRα1 antagonists [74]. The latter may be of thera-
peutic relevance in treating ischemia. The beneficial
effects of hypothyroidism on cardiac protection may
be elicited without the adverse effects of hypothy-
roidism, particularly those related to lipid metabo-
lism (TRβ1-mediated effects). Indeed, administra-
tion of dronedarone (at high doses), by inhibiting
TRα1 while sparing TRβ1, resulted in an increase
in myocardial glycogen levels, delayed ischemic
contracture, and increased tolerance to
ischemia–reperfusion [75].

13.6.2 TH: An Inotrope with
Antiapoptotic Action 

Several effects of TH on the cardiovascular system
could be therapeutically exploited. So far, the clin-
ical application of TH has been mainly due to its
positive inotropic and vasodilatory effect [31, 76].
However, the beneficial effects of TH on the
response of the heart to ischemia also may be of

therapeutic importance [77–79]. In fact, T3 admin-
istration to patients undergoing bypass surgery
increased cardiac index and reduced tissue injury
[8]. However, in adult patients undergoing routine
cardiac surgery, whilst some studies report
improved hemodynamic parameters in the immedi-
ate postbypass period, there is no evidence that its
use influences postoperative morbidity, mortality,
or length of stay in the elective patient [80].

13.6.3 Rescue Treatments 

TH may also have a role as rescue therapy in sup-
porting some high-risk patients during weaning
from bypass surgery or bridging left ventricular
assist device or transplant [81, 82]. A recent experi-
mental study showed that the depressed contractile
reserve and impaired calcium handling of cardiac
myocytes from chronically unloaded rat hearts were
ameliorated with administration of a physiological
dose of T3 [83, 84].

13.6.4 Thyroid Analogues 

The use of TH in clinical practice may be limited due
to its undesirable side effects [85]. However, several
pharmacological agents have been developed that can
specifically activate or antagonize TRs or influence
their binding with co-regulators. Selective TRβ1 and
TRα1 agonists and antagonists have been synthe-
sized that have fewer side effects [86, 87]. Interest-
ingly, GC-1, a TRβ1 agonist with no effect on cardiac
rhythm, has been shown to have a proangiogenic ac-
tion that is initiated at the plasma membrane and re-
quires the activation of MAPK signaling [88]. How-
ever, GC-1 exhibits relatively decreased uptake by
the heart compared to the liver, and GC-1 appears
mainly to lower plasma cholesterol and to reduce
body weight [86]. KB-141 is another TRβ1 agonist
thought to be suitable for treating obesity, hyperlipi-
demia, and diabetes [89]. More recently, TRα1 ag-
onists have also been synthesized [87] and await
testing. 3,5-Diiodothyropropionic acid (DITPA) is
the most well-studied thyroid analogue in relation to
heart failure. It displays a positive inotropic effect
without chronotropic action. Because of its minimal
effect on heart rate, the efficacy of DITPA was test-
ed in postinfarction cardiac remodeling in rats and
rabbits [90–95]. DITPA administration immediately
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Key Points

• Thyroid hormone promotes tissue growth and differentiation and as such has pleiotropic actions on
the heart: it regulates metabolism, cellular function and morphology, and the cellular response to
stress. 

• Thyroid hormone increases the tolerance of the heart to ischemia via regulation of cardioprotective
intracellular signaling.

• Thyroid hormone can improve hemodynamics in the setting of ischemia-reperfusion due to its
inotropic and antiapoptotic action.

(Cont. →)

after infarction was shown to improve cardiac hemo-
dynamics and induce angiogenesis [90–92, 94]. It is
currently under clinical investigation [96].

13.7 Conclusions 

TH is critical in tissue growth and differentiation
and as such has pleiotropic cellular actions through
its regulation of important regulatory and structural
genes related to metabolism, cell function and mor-
phology, and cellular response to stress.

TH appears to increase the resistance of the
myocardium to ischemic stress. This response
involves suppression of the proapoptotic p38 MAPK
signaling pathway and the up-regulation of cardiopro-
tective end-effectors, such as HSP27 and HSP70.

Hypothyroidism can also induce cardioprotec-
tion that is distinct from that mediated by TH.
Ischemic contracture is suppressed and delayed, and
the proapoptotic JNK signaling pathway seems to
be critical in hypothyroidism-induced protection. A
low thyroid state is common in myocardial infarc-
tion and heart failure patients, and this may be a
protective adaptive response with respect to
ischemic stress but a maladaptive response in terms
of cardiac function. As proof of concept, patients
with low plasma TH have smaller infarctions but a
worse prognosis.

Time-dependent changes in the TH–TR axis
occur in the course of postischemic cardiac remod-
eling and may be involved in the progression of car-
diac dysfunction after acute myocardial infarction.

Adrenergic signaling (α1-adrenergic) and
inflammatory factors (TNF-α) appear to interact
with TH signaling at the level of TRs, with impor-

tant physiological consequences. The α1-adrenergic
stimulation redistributes the TRα1 in the nucleus
which, in the absence of TH, acts as an apo-receptor
and induces fetal-like myosin expression.

TH administration early or late after acute
myocardial infarction has been shown to prevent
and/or reverse cardiac remodeling. TH improves
contractile function via its classical effect on the
expression of contractile proteins and/or via its
effect on novel signaling pathways related to car-
diac contractility (PKC, HSP70). More importantly,
TH appears to improve hemodynamics by optimiz-
ing cardiac geometry. This effect is likely due to the
unique changes in cell shape induced by TH.
Interestingly, TH effects on cell growth and cell
shape seem to be mediated by distinct signaling
pathways. TH changes in cell geometry appear to
involve transient activation of the ERK signaling
pathway, while TH induces cell growth through
activation of mTOR. 

The unique TH effects on cardiac cell plasticity
and cell response to ischemic insults may be of ther-
apeutic relevance in treating ischemic heart disease.
TH as an inotrope possessing antiapoptotic proper-
ties may be an optional treatment for supporting
hemodynamics in the setting of ischemia–reperfu-
sion. As proof of concept, TH improved hemody-
namics while reducing troponin release in patients
undergoing bypass surgery.

The antiapoptotic effect of TH and its potential
to change cardiac geometry have aroused interest in
TH as a new therapeutic modality to support hemo-
dynamics in the setting of ischemia–reperfusion and
in postischemic remodeling. TH analogues have
already been synthesized, and clinical trials are
needed to test the efficacy of TH in patients.
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14.1 Introduction

The preceding chapters have presented compelling
mechanistic data regarding the actions of thyroid
hormone on the myocardium. In this chapter, we
present data on the clinical effects of alterations in
thyroid hormone levels, focusing on human stud-
ies that have examined how abnormalities in thy-
roid function affect cardiovascular risk. After a
brief historical overview of overt hypothyroidism

and cardiovascular disease, we discuss studies of
subclinical thyroid dysfunction, defined as an
abnormal thyroid-stimulating hormone (TSH)
level with a normal free thyroxine (T4) level, since
subclinical thyroid dysfunction represents an area
whose management is debated. For subclinical
hypothyroidism, data are presented on cardiovas-
cular risk factors (both traditional and potential),
surrogate markers of coronary heart disease
(CHD), and CHD events. For each outcome, we
present the findings from observational studies
first, followed by the results from clinical trials of
levothyroxine therapy. For overt and subclinical
hyperthyroidism, data are presented on the risk of
atrial fibrillation.
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Abstract  Here we present data on the clinical effects of alterations in thyroid hor-
mone levels, with a focus on the cardiovascular risk associated with subclinical
thyroid dysfunction. Observational studies and small randomized trials have sug-
gested that subclinical hypothyroidism causes reversible alterations in traditional
cardiovascular risk factors and surrogate markers of cardiovascular disease. The
data supporting the assumption of such cardiovascular risk from subclinical
hypothyroidism are inconsistent, but patients less than 65 years of age or those
with a TSH concentration of 10 mU/l or higher may be at increased risk of coro-
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cular risk would improve with treatment.
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14.2 Overt Hypothyroidism and 
Cardiovascular Disease

Untreated overt hypothyroidism can result in pro-
found cardiac consequences, notably pericardial
effusions and congestive heart failure. Fortunately,
these clinical sequelae are rare in the modern era of
thyroid function testing and early intervention.
Because overt hypothyroidism affects only 0.3% of
the population [1] and immediate treatment is indi-
cated, the majority of published studies of overt
hypothyroidism have employed small study samples
and were cross-sectional in design. Autopsy studies
have suggested that there is more atherosclerosis in
patients with overt hypothyroidism than in healthy
controls [2]. Additional case–control studies have
demonstrated a greater prevalence of circulatory
dysfunction and atherosclerotic risk factors (higher
cholesterol levels, increased diastolic hypertension,
and adversely altered coagulability) in patients with
overt hypothyroidism, with improvement upon
treatment with levothyroxine therapy [2, 3].
However, the actual cardiovascular risk of overt
hypothyroidism has never been quantified and is
unlikely to be, as treatment of overt hypothyroidism
is without question. Instead where the field is still in
need of guidance is in the management of subclini-
cal hypothyroidism.

14.3 Subclinical Hypothyroidism

Subclinical hypothyroidism, defined as an elevated
TSH with a normal free thyroxine level, is a rela-
tively common condition, affecting anywhere from
4 to 20% of the general population [1, 4–7]. The
prevalence also tends to increase with increasing
age of the population sampled, with rates in the eld-
erly ranging from 10 to 20% [4, 5, 7–9].

The clinical cardiovascular effects of the mild
thyroid abnormalities found in subclinical hypothy-
roidism are unknown. There are many mechanisms
by which subclinical hypothyroidism might
increase the risk of cardiovascular disease. As men-
tioned above, atherosclerosis has been documented
by autopsy studies to be more severe in patients
with overt hypothyroidism than in matched euthy-
roid patients [2], and increased atherosclerosis as
measured by surrogate markers has been observed
in patients with subclinical hypothyroidism [10].
Alterations in lipid profiles in these patients, partic-

ularly elevated total cholesterol and low-density
lipoprotein (LDL) levels, have been invoked as a
potentially reversible cause of cardiovascular risk
[10–12]. Newer biomarkers and surrogate markers
for cardiovascular risk, such as C-reactive protein
(CRP), arterial stiffness, and brachial artery reactiv-
ity, may also be altered in patients with subclinical
hypothyroidism compared to the euthyroid popula-
tion [13, 14].

Associations between subclinical hypothyroidism
and increased prevalence and incidence of cardiovas-
cular disease have also been observed; however,
these results are heterogeneous across studies.
Furthermore, interventional trials aimed at correcting
the TSH to within a normal range also revealed con-
flicting evidence on the cardiovascular benefits of
such treatment. How do we reconcile the seemingly
contradictory data from these studies? Recent meta-
analyses of the observational studies suggested that
the relationship is in part dependent upon the age of
the patient and the level of TSH elevation [15, 16].
Thus, the cardiovascular risk may not be uniform
across all ages and all degrees of subclinical
hypothyroidism. Instead, these analyses suggest that
there are subpopulations of patients with subclinical
hypothyroidism who would derive the most benefit
from treatment with levothyroxine therapy.

14.3.1 Subclinical Hypothyroidism 
and Lipids

14.3.1.1 Observed Associations Between 
Subclinical Hypothyroidism and  
Lipid Parameters

A dose–response pattern is apparent in studies that
have examined lipid profiles across the spectrum
of thyroid function, with the highest levels in overt
hypothyroidism and the lowest in overt hyperthy-
roidism [4, 6, 17]. When the category of subclini-
cal hypothyroidism is examined separately, several
observational studies have found an association
between subclinical hypothyroidism and alter-
ations in lipid profiles [17–19]. It is widely accept-
ed that an elevated LDL cholesterol level is associ-
ated with increased cardiovascular events and car-
diovascular mortality [20]; therefore, it is reason-
able to presume that the elevations of LDL choles-
terol found in subclinical hypothyroidism would
confer a similar degree of risk. In addition, two
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other lipid measures that may be adversely altered
in subclinical hypothyroidism, high-density
lipoprotein (HDL) cholesterol and lipoprotein (a)
[Lp(a)], have been associated with poor cardiovas-
cular outcomes [20, 21].

Total and LDL cholesterol have been observed
in several studies to be elevated in people with sub-
clinical hypothyroidism versus their euthyroid
counterparts. In the Colorado Thyroid Disease
Prevalence Study, participants with subclinical
hypothyroidism had significantly higher total cho-
lesterol and LDL levels than did those with normal
TSH, and use of lipid-lowering medications did not
differ between the two groups [6]. Kanaya et al. also
noted an association between subclinical hypothy-
roidism and elevated total cholesterol levels, but
this association was only statistically significant
among African-American women [17]. In a cohort
of 85-year-olds, rising TSH was associated with a
statistically significant trend toward higher total
cholesterol and triglyceride levels [22].

Caron et al. noted lower HDL levels in 29 pre-
menopausal women with subclinical hypothy-
roidism versus matched controls, with no difference
in total cholesterol or triglyceride levels [23]. In a
small study of younger participants with a mean age
of 41 years, elevated Lp(a) levels were observed in
patients with subclinical hypothyroidism compared
with matched controls [19].

These associations, however, have not been con-
sistently seen. Several large, population-based stud-
ies  found no significant association between sub-
clinical hypothyroidism and unfavorable lipid pro-
files. In the Whickham Survey, a cross-sectional
analysis revealed no relationship between elevated
TSH and total cholesterol or triglyceride levels [24].
Several recent large cohort studies also supported
the lack of association between subclinical hypothy-
roidism and elevated LDL, total cholesterol, or
triglycerides, or low HDL [4, 7, 25].

One reason for the variability among studies
may be related to the age of the participants. For
example, studies including older participants, such
as the Rotterdam Study and the Cardiovascular
Health Study, in which the mean age, was 69 and 73
years, respectively, found no association between
subclinical hypothyroidism and elevated serum
lipids [4, 7]. This stands in contrast with studies
with a younger mean age of participants that
showed a positive association between subclinical
hypothyroidism and elevated total cholesterol, LDL,

or Lp(a), or low HDL [6, 19, 23]. Another con-
founder that may be contributing to such conflicting
results is the variability between studies regarding
the use of lipid-lowering medications. In the 2006
study by Cappola et al., analysis after exclusion of
patients taking lipid-lowering medications showed
no significant difference between groups [4]. In a
similar elderly cohort, Gussekloo et al. did find a
positive trend toward elevated total cholesterol and
triglycerides; however, use of these medications
was not described in the analysis [22]. Furthermore,
the association between elevated total cholesterol
and subclinical hypothyroidism seen by Kanaya et
al. was significant only among African-American
women, after excluding participants on lipid-lower-
ing medications [17]. Differences in mean TSH
between studies may also contribute to the variable
association between subclinical hypothyroidism and
lipid abnormalities. For example, in several studies
reporting a mean TSH of less than 10 mU/l, no
association was seen [4, 24–26]. Many of the stud-
ies reporting elevated total or LDL cholesterol, low
HDL, or elevated Lp(a) associated with subclinical
hypothyroidism studied subjects whose mean TSH
level was greater than 10 mU/l [19, 23, 27].

14.3.1.2 Effect of Levothyroxine Replacement 
on Lipid Profiles in Subclinical 
Hypothyroidism

Interventional trials aimed at treating subclinical
hypothyroidism have shown mixed benefit on serum
lipids and lipoproteins. Few were randomized con-
trolled trials, and even among the well-designed tri-
als, results varied. A randomized, double-blind
placebo-controlled trial by Cooper et al. showed no
significant difference in total cholesterol or triglyc-
erides after 1 year of levothyroxine (L-T4) or place-
bo, even in patients with baseline total cholesterol
of greater than 200 mg/dl [28]. Interestingly, all but
one of the 33 patients enrolled had subclinical
hypothyroidism as a result of treatment for Graves’
disease, and none were undertreated for overt
hypothyroidism. Kong et al. randomized 40 women
with subclinical hypothyroidism but no prior histo-
ry of thyroid disease to receive L-T4 or placebo for
6 months, also with no significant change in total
cholesterol, LDL, HDL, or Lp(a) [26]. 

In the Basel Thyroid Study, 66 women with a
mean age of 57 years were randomized to receive
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either placebo or L-T4 [27]. Treatment for 48
weeks was associated with a significant although
modest decrease in total (–3.8%) and LDL (–8.2%)
cholesterol that was more remarkable in patients
with a baseline TSH greater than 12 mU/l.
Treatment was not associated with changes in HDL,
triglycerides, or Lp(a). Another trial randomized 49
young patients with subclinical hypothyroidism
(mean age 35 years) to L-T4 or placebo until 6
months of euthyroidism was established [12]. A sig-
nificant decrease in total cholesterol and LDL of
close to 10% was noted in the treatment group.
Lp(a) levels did not change. Finally, Monzani et al.
randomized 45 young Italian patients (mean age 35
years) with subclinical hypothyroidism to receive
placebo or L-T4 for 6 months [10]. At baseline, the
subclinical hypothyroidism group had higher LDL
and total cholesterol than matched controls, and
after 6 months the treatment group had a statistical-
ly significant mean decrease in total cholesterol of
10%, or 22.6 mg/dl, and in LDL of 13%, or 19.7
mg/dl. Given the evidence that a 20% reduction in
total cholesterol with statin use can reduce the risk
of coronary events by 30%, a reduction of 10% as
seen in two of the above-mentioned trials is relative-
ly small but could represent a meaningful reduction
in adverse cardiovascular outcomes [29].

Meta-analyses and systematic reviews have
attempted to synthesize the conflicting data from
interventional trials. In a meta-analysis by Danese
et al. [30], 13 trials were reviewed; overall, there
was a modest but significant decrease in total and
LDL cholesterol, with mean decreases of 7.9 and
10 mg/dl, respectively. However, there was signif-
icant heterogeneity among the studies examined.
Furthermore, only three of the trials reviewed were
randomized controlled trials, and when subgroup
analysis was done of studies meeting at least four of
the eight internal validity criteria, there was no signif-
icant difference in the change in lipid profiles between
treatment and placebo groups. Interestingly, patients
with undertreated overt hypothyroidism and a base-
line total cholesterol > 240 mg/dL had the greatest
decrease in total cholesterol and LDL with L-T4

treatment. In contrast, in patients with mild (sub-
clinical) hypothyroidism or a baseline total choles-
terol level of less than 240 mg/dl, treatment with 
L-T4 did not provide significant benefit. 

A Cochrane review similarly found a trend
toward decreased total cholesterol with L-T4 treat-
ment, but no statistically significant change in total

cholesterol, LDL, HDL, triglycerides, or Lp(a) [31].
A subgroup analysis of patients with baseline LDL
above 155 mg/dl showed a significant decrease
with treatment, further supporting the theory that
patients with subclinical hypothyroidism and higher
baseline total cholesterol or LDL are more likely to
benefit from L-T4. This review only included ran-
domized trials, most of which were double-blinded
and therefore of higher quality than the studies
included in the meta-analysis by Danese et al.

In summary, there appears to be a trend toward
increasing total cholesterol and LDL with rising
TSH, and a dose–response effect between the
degree of hypothyroidism and the magnitude of
cholesterol elevation. The effects of L-T4 therapy
on lipids vary widely across studies, all of which
have been of relatively small sample size and many
of which were not placebo-controlled. However,
careful examination of these trials suggests that
treatment with L-T4 with normalization of TSH
causes significant, albeit modest, decreases in total
cholesterol and LDL, particularly in patients with
higher baseline total cholesterol and LDL, higher
baseline TSH values, or subclinical hypothy-
roidism as a result of undertreated overt hypothy-
roidism (Table 14.1). Similar effects are not consis-
tently seen with respect to HDL, triglycerides, or
Lp(a).

14.3.2 Nontraditional Biomarkers of 
Cardiovascular Risk in Subclinical 
Hypothyroidism

14.3.2.1 C-reactive Protein

Several serum biomarkers have been associated
with cardiovascular risk in the general population.
Of these, CRP is one of the most validated.
Observational data from the National Health and
Nutrition Examination Survey (NHANES), the
Framingham Heart Study, the Cardiovascular
Health Study, and the Physician’s Health Study
showed a positive association between serum CRP
and cardiovascular events and stroke, although the
addition of this biomarker to traditional risk factors
results in a relatively small improvement in predic-
tion models [32–34]. CRP has also been associated
with increased cardiovascular events in women
[35]. Whether or not CRP levels are higher at base-
line in patients with subclinical hypothyroidism ver-
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sus their euthyroid counterparts is not clear. Several
large, population-based cohorts showed no associa-
tion between subclinical hypothyroidism and elevat-
ed levels of CRP, including data from NHANES and
the Cardiovascular Health Study [4, 22, 36]. In two
relatively small, nonrandomized interventional tri-
als, subclinical hypothyroidism was associated with
elevated serum levels of CRP [14, 37]. However,
only in the trial by Ozcan et al. [37] did treatment
with L-T4 result in normalization of CRP levels, and
neither of these studies were adequately powered to
examine cardiovascular events (Table 14.1).

14.3.2.2 Homocysteine

Homocysteine has also been associated in several
epidemiological studies with atherosclerosis, CHD,
peripheral vascular disease, and stroke [38, 39].
While prospective trials aimed at lowering serum
homocysteine levels with folic acid, vitamin B6, and
vitamin B12 have shown no significant reduction in
cardiovascular events, the epidemiological associa-
tion remains [39]. Therefore, hyperhomocysteine-
mia has also been invoked as a possible cardiovas-
cular risk marker in the subclinical hypothyroidism
population. While an inverse relationship between
free T4 levels and homocysteine has been observed in
overt hypothyroidism, to date a significant associa-
tion between homocysteine and subclinical hypothy-
roidism has not been established [5, 14, 36, 37].
Likewise, in a small prospective trial, L-T4 replace-
ment normalized baseline elevated homocysteine
levels in overtly hypothyroid patients [40], whereas
in two interventional trials conducted in subclinical

hypothyroid patients L-T4 had no effect on serum
homocysteine levels [14, 37]. Thus, in contrast to
overt hypothyroidism, homocysteine levels are not
elevated in subclinical hypothyroidism compared
with the euthyroid population and are not improved
with normalization of TSH (Table 14.1).

14.3.2.3 Hemostatic Factors

Hemostatic factors, such as von Willebrand factor,
factor VII, and fibrinogen, may contribute to the
atherogenesis and thrombogenesis involved in acute
coronary syndromes [41]. Fibrinogen increases
platelet aggregation, fibrin formation, and plasma
viscosity and is thought to be the most important
hemostatic risk factor for cardiovascular disease
[42]. In the Framingham Heart Study, fibrinogen
levels were significantly higher in people with
prevalent cardiovascular disease, even after adjust-
ment for traditional risk factors [43]. Alterations in
these hemostatic factors have been examined in the
subclinical hypothyroidism population as potential
causes of increased thromboembolic disease and
increased cardiovascular risk. In a study by
Chadarevian et al. [44], low fibrinogen levels (con-
sistent with increased fibrinolysis) were observed in
severely hypothyroid patients. Interestingly, as the
TSH normalized with L-T4 therapy, patients with
moderate hypothyroidism had elevated fibrinogen
levels (consistent with decreased fibrinolytic activi-
ty), which ultimately normalized when euthy-
roidism was achieved, suggesting that milder eleva-
tions in TSH, as seen in subclinical hypothyroidism,
are associated with an increase in thrombogenesis
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Table 14.1 Association of serum biomarkers with subclinical hypothyroidism

Cardiovascular risk factor Association with subclinical hypothyroidism References

Total cholesterol + [6, 10, 12, 17, 22]

LDL + [6, 10, 12]

HDL – [4, 10, 26]

Triglycerides – [10, 24, 26, 57]

Lipoprotein (a) – [4, 19, 26]

C-reactive protein ± [14, 37]

Homocysteine – [10, 36]

+ Several studies showed a positive association
± A few small studies showed positive association, larger studies did not
– Several studies showed no association



[44]. This study, however, did not define “moderate
hypothyroidism” with reference to TSH and free T4

levels; therefore, it is not clear how to interpret
these findings using current definitions of subclini-
cal hypothyroidism. In one small, nonrandomized
trial evaluating hemostatic factors in subclinical
hypothyroidism patients before and after L-T4 treat-
ment, fibrinogen levels were found to be elevated at
baseline versus healthy controls, but did not normal-
ize after euthyroidism was achieved [45]. In con-
trast, an observational study of a small Turkish
cohort found no difference in levels of fibrinogen,
von Willebrand factor, or factor VIII between sub-
clinical hypothyroidism patients and euthyroid con-
trols [46]. In general, there are limited data regard-
ing the association between fibrinolytic activity and
cardiovascular risk in subclinical hypothyroidism,
although this is also true of the general population.
More investigation needs to be done before these
hemostatic factors become validated screening tools
for cardiovascular risk assessment.

14.3.3 Vascular Risk Factors and 
Subclinical Hypothyroidism

14.3.3.1 Arterial Stiffness

Arterial stiffness, as measured by central (or aortic)
pulse wave velocity and aortic augmentation index,
is increasingly recognized as an important contribu-
tor to cardiovascular risk. Central pulse wave veloc-
ity is essentially a measure of how quickly an aortic
pulse wave travels a specified distance in the vascu-
lar bed. This velocity is in part affected by the elas-
ticity of the vessel and the degree of vascular calci-
fication. Central pulse wave velocity can be meas-
ured by a variety of different methods, mainly dis-
tinguished by the device used and the vessels evalu-
ated. Distance is measured by recording the pulse
wave at two different sites (typically the carotid and
femoral arteries), while time is measured using an
event, such as the QRS complex on an electrocar-
diogram. Pulse wave velocity can also be measured
in the brachial arteries and ankles (the
brachial–ankle pulse wave velocity). However, in
this case, peripheral muscular arteries are examined,
and therefore central pulse wave velocity is
inferred. The aortic augmentation index (AIx),
another measure of arterial stiffness, is calculated
from a measured pulse waveform at the radial artery

[47]. Increased central pulse wave velocity and AIx
have been associated with cardiovascular and all-
cause mortality in the end-stage renal disease popu-
lation, and in healthy adults increased central pulse
wave velocity is an independent predictor of CHD
and stroke [47, 48].

Several small studies have evaluated pulse wave
velocity and AIx in subclinical hypothyroidism, in
an effort to further clarify cardiovascular risk in
these patients. Nagasaki et al. noted increased
brachial–ankle pulse wave velocity (baPWV) in
subclinically hypothyroid patients versus controls
[49]. This finding was independent of the degree of
TSH elevation. The same investigators also exam-
ined the effect of L-T4 treatment on brachial–ankle
pulse wave velocity in individuals with subclinical
hypothyroidism [50]. They found a significant
decrease in pulse wave velocity with normalization
of TSH only in patients with baseline elevated
baPWV. In another observational study of 19 female
subclinical hypothyroidism patients, AIx and cen-
tral pulse wave velocity were higher in subclinical-
ly hypothyroid patients than in matched controls.
Both parameters significantly decreased to control
levels after 6 months of L-T4 treatment and normal-
ization of TSH [51].

14.3.3.2 Brachial Artery Flow-Mediated Dilation

Brachial artery flow-mediated dilation (FMD) is
measured by transiently occluding the brachial
artery with a blood pressure cuff, then comparing
the maximum diameter after deflation of the cuff
with the baseline diameter of the vessel. Impaired
brachial artery FMD is thought to be a marker of
endothelial dysfunction. In the Cardiovascular
Health Study, impaired brachial FMD was found to
be an independent predictor of cardiovascular
events after adjustment for traditional cardiovascu-
lar risk factors [52]. A recent randomized, double-
blind, cross-over study in 100 patients with subclin-
ical hypothyroidism demonstrated an increase in
FMD with L-T4 therapy [13].

14.3.3.3 Other Measures of Endothelial 
Dysfunction

The vasodilatory response of the brachial artery to
acetylcholine (Ach) infusion is another indicator of
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endothelial function. A prospective study has shown
that impaired response to Ach infusion, indicative of
endothelial dysfunction, predicted cardiovascular
events in a cohort of patients with documented coro-
nary artery disease [53]. In a nonrandomized trial,
Taddei et al. evaluated endothelium-dependent
vasodilation as response to Ach infusion in 14
patients with subclinical hypothyroidism and then
re-evaluated these patients after treatment with L-
T4. After 6 months of euthyroidism, the patients
showed a statistically significant increase in vasodi-
lation in response to Ach infusion, suggesting
improved endothelial function [54].

In summary, newer surrogate markers for cardio-
vascular risk, such as the aortic augmentation index,
central pulse wave velocity, brachial artery FMD,
and endothelium-dependent vasodilation, may be
altered in patients with subclinical hypothyroidism.
In a small number of trials (only one of which was
randomized and placebo-controlled), treatment with
L-T4 appeared to be beneficial. However, these
methods of predicting cardiovascular risk are not
yet standard risk assessment tools, and their utility
remains to be seen in the general and in the subclin-
ically hypothyroid populations.

14.3.4 Surrogate Markers of 
Cardiovascular Disease in 
Subclinical Hypothyroidism

14.3.4.1 Carotid Intima–Media Thickness

Accelerated atherosclerosis is thought to be one of
the means by which thyroid dysfunction increases
cardiovascular risk. A reliable and noninvasive
measure of atherosclerosis is the carotid intima-
media thickness (IMT). Several observational stud-
ies have shown an association between carotid IMT
and risk of CHD and all-cause mortality independ-
ent of traditional risk factors [33, 55]. A case–con-
trol study of 35 patients with overt hypothyroidism
documented increased carotid IMT and higher cho-
lesterol levels at baseline compared to age- and sex-
matched controls [56]. Treatment with L-T4 for 1
year with normalization of TSH resulted in a signif-
icant decrease in carotid IMT. This decrease showed
a trend toward a positive association with total cho-
lesterol levels, suggesting that the primary mediator
of increased atherosclerosis in patients with thyroid
dysfunction is the lipid abnormalities. A double-

blind, placebo-controlled trial by Monzani et al.
showed significantly increased carotid IMT in
patients with subclinical hypothyroidism at baseline
versus controls [10]. This association was similar in
patients with mild (TSH < 10 mg/dl) and moder-
ate (TSH > 10 mg/dl) subclinical hypothyroidism.
Treatment with L-T4 resulted in a significant mean
decrease in IMT of 10%, again independent of the
degree of TSH elevation. Reduction in mean IMT
was directly related to the absolute reduction in
total cholesterol, providing additional support for a
strong link between atherosclerosis and serum lipid
abnormalities in subclinical hypothyroidism.

14.3.5 Prevalence and Incidence of CHD 
in Subclinical Hypothyroidism

While studies looking specifically at the prevalence
of risk factors in subclinical hypothyroidism pro-
vide insight into possible mechanisms of cardiovas-
cular disease in this patient population, they do not
ultimately clarify whether or not this translates into
increased incidence of cardiovascular events.
Several large, population-based cohort studies have
examined the prevalence and incidence of cardio-
vascular disease, specifically coronary heart disease
(CHD) and related mortality, in an effort to deter-
mine whether or not individuals with untreated
endogenous subclinical hypothyroidism are at
increased cardiovascular risk.

14.3.5.1 Prevalence of CHD in Subclinical 
Hypothyroidism

The prevalence of CHD in patients with subclinical
hypothyroidism compared with euthyroid individu-
als varies among cross-sectional studies. In the orig-
inal Whickham cohort, Tunbridge et al. found no
association between prevalent CHD and subclinical
hypothyroidism [24]. Subsequent cross-sectional
analyses in cohorts whose average age was in the
50s have not reliably reproduced this finding. A
Japanese study of atomic bomb survivors and the
Busselton Health Study both reported a positive
association between prevalent CHD and subclinical
hypothyroidism [25, 57]. In contrast, two studies in
elderly cohorts did not show this association [4, 11].

A recent meta-analysis of 12 studies found a
higher prevalence of CHD in people with subclinical
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hypothyroidism than in euthyroid controls [odds
ratio (OR) 1.23; 95% confidence interval (95% CI)
1.02–1.48], but with significant statistical hetero-
geneity among these studies [15]. When age-strati-
fied analyses were performed (age greater than or
less than 65 years), the statistical heterogeneity
resolved, and CHD was only more prevalent in stud-
ies whose mean subject age was less than 65 years
(OR 1.57; 95% CI 1.19–2.06) [15]. Thus, the rela-
tionship between prevalent CHD and subclinical
hypothyroidism may depend upon the age of the
patient in question.

14.3.5.2 Incidence of Cardiovascular Disease
and Cardiovascular Mortality in
Subclinical Hypothyroidism 

Longitudinal studies assessing the incidence of car-
diovascular disease and mortality have also pro-
duced mixed results (Table 14.2). Vanderpump et al.
found no increased incidence of CHD or mortality
among patients with subclinical hypothyroidism in
20 years of follow-up [58]. Similarly, longitudinal

studies by Cappola et al., Rodondi et al., and Parle
et al. found no increase in the development of CHD,
or cardiovascular or total mortality [4, 11, 60]. One
study of 85-year-old men and women found
decreased mortality from cardiovascular and non-
cardiovascular causes in the subclinical hypothy-
roidism group [22]. Conversely, in a 10-year follow-
up study by Imaizumi et al., subclinical hypothy-
roidism was associated with increased total mortal-
ity in men, and there was a suggestive, but not sta-
tistically significant, increase in the incidence of
CHD in male subjects [25]. In the Rotterdam Study,
Hak et al. found a higher incidence of myocardial
infarction in elderly women with subclinical
hypothyroidism, but this increase was not statisti-
cally significant and was based on only 16 events
(OR 2.5; 95% CI 0.7–9.1) [7]. 

There are several possible explanations for the
conflicting results obtained from these longitudinal
studies. In an analogous situation to prevalent dis-
ease, the age of the cohort may play a role in the
association between subclinical hypothyroidism and
incident disease. In the meta-analysis by Razvi et
al., the incidence of CHD increased significantly in
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Table 14.2 Observational studies of the incidence of cardiovascular disease or mortality in subclinical hypothyroidism

Study No. of  Mean patient age Mean duration of Findings compared to euthyroid
patients, sex (years) follow-up (years) control

Rotterdam Study [7] 957 69 4.6 ↑ MI HR 2.5 (95% CI 0.7–9.1)
F

Nagasaki [25] 2,443 59 10 ↑ Total death HR 1.2 (95% CI 0.8–1.6)
F+M

Busselton Health Study [57] 1,926 50 20 ↑ CHD events HR 1.8 (95% CI 1.2–2.7)
F+M

Whickham Survey [58] 2,122 44 20 No difference CHD 
F+M

Birmingham [60] 1,191  70 10 No difference CV death
F+M

Health ABC Study [11] 2,730  75 4 No difference CV disease
F+M

Cardiovascular Health Study [4] 3,135  73 13 No difference CHD, CV death
F+M

Leiden 85+ Study [22] 558 85 3.7 CV death with increasing TSH
F+M 

MI myocardial infarction, HR hazard ratio, CI confidence interval, CHD coronary heart disease, CV cardiovascular



the group whose mean age was less than 65 years
(OR 1.68; 95% CI 1.27–2.23), but not in the group
whose study subjects were all 65 years or older (OR
1.02; 95% CI 0.85–1.22) [15]. Similarly, in the
meta-analyses conducted by Ochs et al., a signifi-
cantly increased risk of CHD was found when
patients less than 65 years of age were analyzed
[relative risk (RR) 1.51; 95% CI 1.09–2.09], which
was not reproduced in the 65 and over group (RR
1.05; 95% CI 0.90–1.31) [16] (Table 14.3). The
association between subclinical hypothyroidism and
incident CHD may also be determined by the degree
of TSH elevation. Those studies that reported CHD
risk separately by severity of subclinical hypothy-
roidism demonstrated an increased, albeit nonstatis-
tically significant, risk in partecipants with TSH
levels of 10 mU/l or higher (RR 1.69; 95% CI
0.64–4.45), whereas study that only reported the
standard definition of subclinical hypothyroidism of
TSH ≥ 4.5 mU/L did not (RR 1.06; 95% CI
0.91–1.25) (Table 14.3).

Differences across studies in the quality of
study design provide another possible explanation
for inconsistent results. Cardiovascular events in
some studies were adjudicated and in others were
not, exclusion of study participants on medications
affecting thyroid hormone was not consistent, and
adjustment for confounders varied significantly
between studies. For example, the Busselton
Health Study, Whickham Survey, Health ABC
Study, and Leiden 85+ study did not exclude
patients who were taking thyroid hormone prepa-

rations. While several other studies did exclude
patients on thyroxine replacement at baseline, only
two accounted for L-T4 use at follow-up [4, 25]. If
L-T4 replacement attenuates cardiovascular risk,
then failure to account for its initiation could have
resulted in an underestimate of the impact of
untreated, endogenous subclinical hypothy-
roidism. In addition, methods used to define out-
comes differed significantly between studies. In
the Whickham Survey, Vanderpump et al. used
multiple criteria to confirm incident cases of CHD,
including physician records, patient reports, and
major and minor electrocardiographic criteria [58].
More recent studies similarly used multiple crite-
ria to ascertain cardiovascular events, including
patient report, hospital discharge records, electro-
cardiograms, and review of cases by a committee
[4, 11, 25]. This contrasts with studies in which
events were determined by record linkage or ICD-9
codes without confirmation by another method
[57, 60]. In two recent meta-analyses, subgroup
analyses were done for study quality. Ochs et al.
found that when data were pooled from higher-
quality studies (based on blinded adjudication of
outcomes and degree of loss to follow-up), a lower
risk of incident disease and cardiovascular and
total mortality was seen [16] (Table 14.3). Razvi et
al. similarly stratified studies based on quality cri-
teria, and an increased incidence of ischemic heart
disease events was still seen among studies with
subjects less than 65 years old; however, cardio-
vascular mortality became nonsignificant [15].
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Table 14.3 Stratified meta-analysis of the association of subclinical hypothyroidism with the risk of coronary heart disease or car-
diovascular mortality. (Adapted from [16])

Characteristic Coronary heart disease        Studies, n CV mortality Studies, n
Summary RR Summary RR 
(95% CI) (95% CI)

Stratified by mean age
< 65 years 1.51 (1.09–2.09) 4 1.50 (0.97–2.30) 3
≥ 65 years 1.05 (0.90–1.22) 6 1.12 (0.91–1.37) 5  

Definition of subclinical hypothyroidism
TSH ≥ 4.5 mU/l 1.06 (0.91–1.25) 7 1.13 (0.92–1.39) 6
TSH ≥ 10.0 mU/l 1.69 (0.64–4.45) 2 2.26 (0.54–9.45) 1  

Study quality
Formal adjudication 1.02 (0.86–1.22) 5 1.09 (0.88–1.35) 4
Adjudication without knowledge 1.08 (0.90–1.31) 8 1.13 (0.92–1.39) 6
of thyroid status

CV cardiovascular, RR relative risk



Other limitations of many of these longitudinal
studies include the relatively short duration of fol-
low-up, and, for all of these studies, use of only a
single set of thyroid function tests to define sub-
clinical hypothyroidism. TSH elevations can be
transient, as was seen in the Leiden 85-Plus study,
where almost half the participants with subclinical
hypothyroidism at baseline were euthyroid when
the TSH level was repeated 3 years later [22]. If
many of the patients designated at baseline as sub-
clinically hypothyroid ultimately reverted to
euthyroidism during the course of follow-up, this
could bias studies towards the null and decrease
the incidence of subclinical-hypothyroidism-relat-
ed cardiovascular disease.

Similar issues arise when examining cardiovas-
cular mortality outcomes, with the suggestion of
an increased cardiovascular mortality when all
studies are included [hazard ratio (HR) 1.19; 95%
CI 0.81–1.76), but larger risk estimates in those
with partecipants age younger than 65 or with TSH
levels of 10 mU/l or higher [16] (Table 14.3). In
distinction to the studies that focused on popula-
tions without pre-existing cardiovascular disease,
Iervasi et al. conducted a study in cardiac patients.
They found greater cardiovascular mortality in
patients with subclinical hypothyroidism than in
euthyroid patients (HR 2.40; 95% CI 1.36–4.21)
[61]. Furthermore, the risk appeared to be highest
in patients with ischemic heart disease (HR 3.1;
95% CI 1.6–5.9), suggesting that the consequences
of untreated subclinical hypothyroidism may be
more severe in those with pre-existing cardiovas-
cular disease.

Overall, a trend toward increased prevalence
and incidence of cardiovascular disease and car-
diovascular mortality is seen in a subgroup of
younger patients with subclinical hypothyroidism,
particularly in those less than 65 years old. In eld-
erly cohorts, this association is found inconsistent-
ly and is particularly absent in higher-quality stud-
ies with more rigorous inclusion/exclusion criteria
and ascertainment of outcomes. The discrepancy
between results in younger versus older popula-
tions could be secondary to the high prevalence of
conventional cardiovascular risk factors in older
populations, minimizing the impact of any single
risk factor. It is also possible that the traditional
cardiovascular risk factors identified in middle-
aged populations are less relevant in those who
have survived to old age. For example, in older

adults, serum lipids are only weakly associated
with risk of developing cardiovascular disease
[62]. Therefore, if cardiovascular risk in subclini-
cal hypothyroidism is mediated by elevated serum
lipids (particularly LDL and total cholesterol),
subclinical hypothyroidism may be a less impor-
tant contributor to the development of cardiovascu-
lar disease in older populations.

Importantly, there are no prospective, random-
ized controlled trials of treatment of subclinical
hypothyroidism with a primary endpoint of cardio-
vascular events and mortality, rather than a surro-
gate outcome such as carotid IMT or arterial stiff-
ness. Although the observational data suggest
appropriate target groups for therapy, based on age
and degree of TSH elevation, the degree to which
the cardiovascular risk is reversible in these sub-
populations is unknown. Accordingly, data from an
appropriately powered, randomized, controlled
trial looking at clinically meaningful cardiovascu-
lar outcomes are needed to inform practicing clini-
cians about the need for treatment of subclinical
hypothyroidism.

14.4 Overt Hyperthyroidism and 
Cardiovascular Disease

Untreated overt hyperthyroidism induces signifi-
cant cardiac effects, including tachycardia, exer-
cise intolerance, dyspnea on exertion, widened
pulse pressure, and atrial fibrillation [63]. Recent
data suggested that these are common effects,
although they are not reversed in all overtly hyper-
thyroid subjects after therapy to normalize thyroid
function tests, but instead depend on the underly-
ing health status of the study subject [64]. As with
overt hypothyroidism, immediate treatment is indi-
cated once overt hyperthyroidism is detected.
However, the field continues to require guidance in
defining the management of subclinical hyperthy-
roidism.

14.5 Subclinical Hyperthyroidism

Subclinical hyperthyroidism, defined by a low TSH
with a normal free thyroxine level, affects anywhere
from 1 to 6% of the US population [1, 4, 6, 59, 65],
although the prevalence is as high as 11% in areas
of iodine insufficiency [66].
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The clinical cardiovascular effects of subclinical
hyperthyroidism appear to parallel those of overt
hyperthyroidism, but are of decreased frequency
and severity. The most clinically significant cardio-
vascular risk from subclinical hyperthyroidism is
atrial fibrillation, which has been demonstrated in
several studies, as outlined below. In addition, sev-
eral studies have examined CHD and cardiovascular
mortality in individuals with subclinical hyperthy-
roidism.

14.5.1 Subclinical Hyperthyroidism and 
Atrial Fibrillation

In 1994, Sawin et al., using data from the
Framingham Heart Study, reported an increased
risk of atrial fibrillation in subjects with subclini-
cal hyperthyroidism compared to the euthyroid
state [67]. They found that individuals with TSH
values of 0.1 mU/l or less who were not receiving
thyroid hormone therapy had an adjusted relative
risk of 3.8 (95% CI 1.7–8.3) for developing atrial
fibrillation and those with TSH values between 0.1
and 0.4 mU/l had an adjusted relative risk of 1.6
(95% CI 1.0–2.5). The lack of a statistically signif-
icant difference in the 0.1–0.4 mU/l group led to
lingering questions about the risks of endogenous
mild subclinical hyperthyroidism, which is more
commonly found than a TSH level below 0.1
mU/l. Furthermore, individuals with elevated thy-

roxine levels, indicating overt hyperthyroidism,
were included in the category of TSH values of 0.1
mU/l or less, which could have led to an overesti-
mate of the effect of subclinical hyperthyroidism.
An analysis by Cappola et al. of data from the
Cardiovascular Health Study, in which subjects
with elevated free thyroxine levels were excluded,
also showed an increased risk of atrial fibrillation
in those with subclinical hyperthyroidism (HR
1.98; 95% CI 1.29–3.03) [4]. Furthermore, the
adjusted hazard ratio was 1.85 (95% CI 1.1–3.0) in
the subgroup of those with a TSH of 0.1–0.44
mU/l, showing a statistically significant increase
in risk in this subgroup. The analyses of the seven
individuals with subclinical hyperthyroidism and a
TSH of less than 0.1 mU/l were not published
with these data due to the small number of sub-
jects, but they are displayed in Fig. 14.1, in order
to demonstrate the dose-response relationship
between the degree of subclinical hyperthyroidism
and the risk of atrial fibrillation.

Both of these studies were conducted in indi-
viduals age 65 and over. Their findings are sup-
ported in younger populations by an increased
prevalence of atrial fibrillation in a cross-sectional
study of people age 45 and older who were
referred to a single institution for thyroid function
testing [68]. Another cross-sectional study in peo-
ple 65 and older confirmed a higher prevalence of
atrial fibrillation in those with subclinical hyper-
thyroidism [59]. Interestingly, in an analysis limit-
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Fig.14.1 Incidence of atrial fibrillation
by thyroid group in the Cardiovascular
Health Study. (Adapted with permis-
sion from [4]. Copyright© (2006)
American Medical Association. All
rights reserved)



ed to subjects with TSH levels in the euthyroid
range, increasing free T4 level was also independ-
ently associated with atrial fibrillation, supporting
a dose-dependent effect of free thyroxine on the
promotion of atrial fibrillation, even the presence
of TSH levels that are considered to be normal.

14.5.2 Subclinical Hyperthyroidism and 
CHD and Cardiovascular Mortality

Two studies have examined the risk of CHD [4, 57]
and five have studied cardiovascular mortality in
individuals with subclinical hyperthyroidism [4,
22, 57, 60, 69]. In the Cardiovascular Health
Study, there was no relationship between subclini-
cal hyperthyroidism and incident CHD, compared
to euthyroid individuals (HR 1.04; 95% CI
0.64–1.69) [4]. Likewise, in the Busselton Health
Study, there was no statistically significant
increase in CHD (HR 1.30; 95% CI 0.60–3.30),
although with only five cardiovascular events in
the subclinical hyperthyroid group, these data
should be interpreted with caution.

Two studies [22, 60] reported a slight risk of
increased cardiovascular mortality in the subclini-
cally hyperthyroid state, whereas three did not [4,
57, 69]. None of these studies found statistically
significant results, consistent with the small sam-
ple sizes of individuals with subclinical hyperthy-
roidism and the resultant low power of the study.
In the meta-analysis by Ochs et al., the overall haz-
ard ratio of cardiovascular mortality was 1.19,
which was not statistically significant (95% CI

0.81–1.76). Several of these studies were also
plagued by the same design issues as the observa-
tional studies of subclinical hypothyroidism,
including a lack of adjudicated outcomes, inclu-
sion of study participants who were taking thyroid
hormone, and, in all of these studies, measurement
of thyroid function tests at a single baseline time-
point. 

Cardiovascular mortality was greater in
patients with subclinical hyperthyroidism than in
euthyroid patients in the study conducted in car-
diac patients by Iervasi et al., with a hazard ratio of
2.32 (95% CI 1.11–4.85) [61]. Furthermore, the
risk appeared to be exclusively limited to those
with ischemic heart disease (HR 3.5; 95% CI
1.2–7.9), suggesting that the consequences of
untreated subclinical hyperthyroidism are more
severe in patients with pre-existing cardiac condi-
tions.

There are no prospective, randomized con-
trolled trials of treatment of subclinical hyperthy-
roidism with a primary endpoint of cardiovascular
events and mortality. Although the observational
data strongly support the treatment of subclinical
hyperthyroidism to prevent atrial fibrillation, par-
ticularly in those age 65 years and older, the degree
to which the cardiovascular risk is reversible is
unknown. In the absence of data from an appropri-
ately powered, randomized, controlled trial to
examine the impact of therapy on the incidence of
atrial fibrillation, treatment of subclinical hyper-
thyroidism should be considered, particularly in
patients 65 years and older and those with pre-
existing ischemic heart disease.  

A.C. Waring and A.R. Cappola162

Key Points

• Small case–control studies and autopsy data have suggested an association between overt hypothy-
roidism and atherosclerotic cardiovascular disease.

• Overt hypothyroidism should always be treated as soon as it is detected. The major clinical contro-
versy is the cardiovascular risk from subclinical hypothyroidism.

• Some observational studies and small randomized clinical trials have suggested that subclinical
hypothyroidism causes reversible alterations in traditional cardiovascular risk factors and surrogate
markers of cardiovascular disease.

(Cont. →)
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• Data about the cardiovascular risk of subclinical hypothyroidism are inconsistent, though meta-
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• Both overt and subclinical hyperthyroidism are risk factors for atrial fibrillation.

• Large, randomized clinical trials are needed to identify the target populations of individuals with
subclinical thyroid dysfunction whose cardiovascular risk would improve with treatment.
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15.1 Introduction

“Subclinical thyroid dysfunction” refers to a con-
dition in which patients have an abnormal thy-
rotropin (thyroid-stimulating hormone, TSH) level
and a normal free thyroxine (T4) level [1]. Several
reviews have suggested a TSH upper-limit cut-off
of 4.5–5.0 mU/l [1, 2], but some authors concluded
that the upper limit of the TSH range should be low-
ered to 2.5–3.0 mU/l [3, 4]. Based on these refer-
ence ranges, the prevalence of subclinical hypothy-
roidism (SHypo) is about 4% in adults, and that of
subclinical hyperthyroidism (SHyper) 1%, with

higher prevalences in older adults and in women [2,
5–7]. Controversy persists as to whether screening
and treatment of subclinical thyroid dysfunction is
warranted [1, 2, 8, 9], as current evidence about the
risks is limited [1, 2] and randomized controlled tri-
als on relevant clinical outcomes have not yet been
performed [2, 10]. Here we review the evidence
regarding the relationship between subclinical thy-
roid dysfunction and heart failure and mortality.

15.2 Subclinical Hypothyroidism and
the Risk of Heart Failure Events

Heart failure (HF) is the leading cause of hospital-
ization in persons older than 65 years [11].
Recognizing and treating risk factors for HF events
is important for prevention. SHypo seems to be
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associated with diastolic and systolic cardiac dys-
function, and thyroxine replacement improves car-
diac function in patients with SHypo [12]. However,
only a few studies have directly addressed the rela-
tionship between SHypo and HF.

The Health, Aging, and Body Composition study
is a population-based study of a cohort of elderly
men and women (age 70–79) that began in 1997 in
the areas surrounding Pittsburgh, Pennsylvania, and
Memphis, Tennessee, USA. Among the 2,730 black
and white adults who were followed for 4 years
[13], participants with a TSH level greater than 0.1
mU/l but less than 4.5 mU/l were considered euthy-
roid. Free T4 was measured in all participants with
a TSH level of 7.0 mU/l or greater. Hypothyroidism
was further classified according to TSH levels:
mild elevation (4.5–6.9 mU/l), moderate elevation
(7.0–9.9 mU/l), and marked elevation (10.0 mU/l
or greater). Participants with overt thyroid disease
under amiodarone or thyroid hormone therapy
were excluded. Rodondi et al. found that partici-
pants with a TSH of 7.0 mU/l or greater had a
higher rate of HF events than euthyroid subjects
(35.0 vs. 16.5/1,000 person-years, p = 0.006; 
(Fig. 15.1 and Table 15.1) [13]. In multivariate
analysis, including adjustment for prevalent cardio-
vascular disease and HF, the risk of HF was about
three times as high among those with high TSH lev-
els. In those with a TSH level of 7.0–9.9 mU/l, the
hazard ratio (HR) was 2.58 (95% CI 1.19–5.60), and
it was 3.26 (95% CI 1.37–7.77) for those with a
TSH of 10.0 mU/l or greater. After exclusion of 175
participants with prevalent HF, there were 127 who

had incident HF events. The adjusted HR for inci-
dent HF events was 2.33 (95% CI 1.10–4.96; p =
0.03) in those with a TSH level of 7.0 mU/l or
greater. Among the participants with prevalent HF,
51 had recurrent HF events; the adjusted HR was
7.62 (95% CI 2.25–25.77; p = 0.001) in those with
a TSH level of 7.0 mU/l or greater. Results were
similar after excluding thyroid hormone users, and
there was no interaction with race or sex (p > 0.20
for each interaction). However these results were
limited by the lack of routine echocardiography,
which limited the identification of HF and the type
of cardiac dysfunction involved.

This issue was also examined among 3,065
adults over 65 years of age in the Cardiovascular
Health Study, who underwent echocardiography at
baseline and at follow-up [14]. The definition of
SHypo was the same as in the study described
above. The authors compared adjudicated incident
HF events over 12 years of follow-up and changes
in cardiac function over 6 years between partici-
pants with SHypo, SHyper, and euthyroidism. They
found a greater incidence of HF events among par-
ticipants with a TSH level above 10 mU/l than
among euthyroid participants (45.2 vs. 22.2/100
person-years, p = 0.003), but not among those with
TSH between 4.5 and 9.9 mU/l or among those with
SHyper. Compared to euthyroid participants, most
baseline echocardiographic parameters did not dif-
fer by thyroid status; participants with TSH of 10.0
mU/l or greater had a higher peak E velocity (0.80
vs. 0.72 m/s, p = 0.002), and this difference persist-
ed after adjustment for age, gender, heart rate, and

R. Auer and N. Rodondi168

Fig. 15.1 Cumulative congestive heart failure
(CHF) events in older subjects in relation to thy-
rotropin (TSH) levels. The rate of CHF events in-
creased with higher TSH levels (p = 0.03 for
trend). Participants with a TSH level of 7.0 mU/l
or greater had a higher rate of CHF events than did
euthyroid participants (p = 0.006); this was not
the case for those with a TSH level between 4.5
and 6.9 mU/l. (Reproduced with permission from
[13]. Copyright© American Medical Association.
All rights reserved)
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systolic blood pressure. Peak E velocity, a sign of
decreased left ventricular compliance, was associ-
ated with incident HF in the overall study sample
(HR 1.14 for each 0.1 m/s increment, 95% CI
1.09–1.18, p < 0.001) and in those with TSH of
10.0 mU/l or greater (HR 1.45, 95% CI 1.20–1.76,
p < 0.001) after adjustment for age, gender, and
systolic blood pressure. Over 5 years, most
changes in echocardiographic parameters did not
significantly differ by thyroid status, except that
participants with TSH of 10.0 mU/l or greater had a
larger increase in left ventricular mass (+21 vs. +4
g, p = 0.04) and a greater proportion of HF events
associated with low ejection fraction than did euthy-
roid participants (80% vs. 45%, p = 0.08).

Two small cross-sectional studies also evaluated
the association between thyroid hormones and HF.
One small cross-sectional study found that 8 of 31
patients (26%) with HF had a TSH level greater than
3.6 mU/l, with normal T4 levels [15]. Fruhwald et
al. found either functional or morphological thyroid
disorder in 59 of 61 patients with invasively diag-
nosed idiopathic dilated cardiomyopathy [16].
However, neither study was prospective or included
a control group without HF.

In conclusion, SHypo is associated with a mod-
erately elevated risk of HF among older adults with
a TSH greater than 10 mU/l. This issue has not been
examined in cohorts of younger adults. To date,
there is no evidence that SHyper is associated with
clinical HF events, but only one study has examined
this issue [14].

15.3 Subclinical Thyroid Dysfunction
and the Risk of Mortality

SHypo is associated with elevated cholesterol levels
and increased risk of atherosclerosis [17–21]. Yet,
data on the relationship between SHypo and cardio-
vascular and total mortality are conflicting [13,
22–24]. In this section, we present the results of
seven prospective studies with total or cardiovascu-
lar mortality outcomes that followed participants
with SHypo or SHyper, based on a meta-analysis
[25].

Atomic bomb survivors from Nagasaki have
had a biannual health examination since 1958.
Between 1984 and 1987, 2,856 subjects agreed to
participate in a thyroid disease screening program
and were followed for 10 years [26]. Mean age at

baseline was 58.5 years and levels of TSH of
0.6–5.0 mU/l and free T4 levels of 0.8–2.5 ng/dl
(10.3–32.3 pmol/l) were considered normal (see
Table 15.2). Participants with a history of thyroid
hormone treatment and those with subsequent thy-
roid hormone treatment were excluded. The analy-
sis made adjustments for age, systolic blood pres-
sure, smoking status, erythrocyte sedimentation
rate, and the presence of diabetes mellitus. Among
the 2,550 participants included in the analysis,
11% had SHypo. After 6 years, all-cause mortali-
ty and, particularly cardiovascular mortality, was
increased in men with SHypo. After 10 years,
however, there was no significant association
between the presence of SHypo at baseline and an
increase in all-cause mortality in both sexes (HR
1.2; 95% CI 0.8–1.6). The authors did not report
data on participants with SHyper.

In the Busselton Health Study, 3,447 people on
an electoral roll in 1981 responded to a health sur-
vey (65% response rate; mean age 49.8 years) [24].
Twenty years later, Walsh et al. measured thyroid
hormone levels in the blood samples of 2,108 par-
ticipants that were frozen in a blood bank [24].
After the exclusion of subjects with coronary heart
disease at baseline, they linked the thyroid data with
administrative mortality data, adjusting their analy-
sis for major cardiovascular risk factors among
other factors. SHypo was defined as a TSH level
higher than 4.0 mU/l, with normal free T4. The
SHypo group was further divided into subjects with
a serum TSH level of 10 mU/l or less and those with
serum TSH level of more than 10 mU/l. SHyper was
defined as a TSH level of less than 0.4 mU/l, with
normal free T4. These authors found a pattern of
increased cardiovascular mortality among subjects
with SHypo (HR 1.5, 95% CI 0.9–2.5). Participants
with SHyper had no increased cardiovascular mor-
tality (HR 1.0, 95% CI 0.2–4.3). One strength of
this study is the retrospective thyroid hormone
measurement, as participants were unaware of their
thyroid status during follow-up. However, data on
subsequent thyroid hormone use were lacking and
could therefore not be included in the model.
Similarly, only total cholesterol and HDL choles-
terol level were measured at baseline, and data on
LDL cholesterol, a potentially important covariate,
could not be included in the model [24].

The 1.5-point estimate found in the Busselton
study contrasts with prospective studies that enrolled
older participants. 

R. Auer and N. Rodondi170



15  Relationship Between Subclinical Thyroid Dysfunction and Heart Failure and Mortality 171

Ta
b

le
 1

5
.2

  S
ub

cl
in

ic
al

 h
yp

ot
hy

ro
id

is
m

 a
nd

 th
e 

ri
sk

 o
f 

m
or

ta
lit

y.
 (

A
da

pt
ed

 f
ro

m
 [

25
],

w
ith

 p
er

m
is

si
on

 f
ro

m
 A

nn
al

s 
of

 I
nt

er
na

l M
ed

ic
in

e)

St
ud

y 
Po

pu
la

tio
n 

st
ud

ie
d

A
ge

,y
ea

rs
Pe

rc
en

ta
ge

  F
ol

lo
w

-u
p

Fo
llo

w
-u

p
T

SH
 c

ut
-o

ff
E

xc
lu

si
on

Ty
pe

 o
f

H
R

A
dj

us
tm

en
ts

(r
an

ge
 o

r  
of

 w
om

en
st

ar
tin

g,
du

ra
tio

n
m

U
/l 

(n
o.

 o
f 

of
 th

yr
oi

d
ou

tc
om

es
(9

5%
 C

I)
ag

e 
±

SD
)

in
 th

e 
ye

ar
ye

ar
s

pa
rt

ic
ip

an
ts

 w
ith

 
ho

rm
on

e/
(n

o.
 o

f o
ut

-
st

ud
y

ab
no

rm
al

 T
SH

)
an

tit
hy

ro
id

co
m

es
 in

dr
ug

 u
se

rs
eu

th
yr

oi
d/

su
bc

lin
ic

al
hy

po
th

yr
oi

d
pa

rt
ic

ip
an

ts
)

Im
ai

zu
m

i e
t a

l. 
99

9 
at

om
ic

 b
om

b 
58

 (
58

±
10

) 
0

19
84

–1
98

7
6

>
5.

0 
 (

96
)

Y
es

/N
A

C
H

D
 m

or
ta

-
4.

8 
(0

.8
–2

9.
3)

A
ge

,s
ex

,
N

ag
as

ak
i  

20
04

 
su

rv
iv

or
s 

in
 N

ag
as

ak
i,

lit
y 

(3
/2

) 
an

d 
sm

ok
in

g
[2

6]
 A

du
lt 

H
ea

lth
 

Ja
pa

n 
St

ud
y

25
50

58
 (

58
±

10
) 

 
60

.8
19

84
–1

98
7

10
>

5.
0 

 (
25

7)
 

Y
es

/N
A

To
ta

l m
or

ta
-

1.
2 

(0
.8

–1
.6

)
lit

y 
(2

68
/4

2)
99

9
58

 (
58

±
10

) 
0

19
84

–1
98

7
6

>
5.

0 
 (

96
) 

Y
es

/N
A

C
V

 m
or

ta
lit

y 
 2

.4
 (

0.
5–

11
.8

)
(6

/2
) 

W
al

sh
 e

t a
l. 

20
05

 
19

26
 a

du
lts

 li
vi

ng
 

49
.8

 (
17

–8
9)

49
.6

19
81

  
20

>
4.

0 
 (

10
1)

 
N

R
/N

R
C

V
 m

or
ta

lit
y

1.
5 

(0
.9

–2
.5

)
A

ge
,s

ex
,B

M
I,

[2
4]

 B
us

se
lto

n 
in

 th
e 

ru
ra

l t
ow

n 
 

(1
70

/2
1)

sm
ok

in
g,

di
a-

H
ea

lth
 S

tu
dy

of
 B

us
se

lto
n,

be
te

s,
to

ta
l c

ho
-

W
es

te
rn

 A
us

tr
al

ia
le

st
er

ol
,t

ri
gl

yc
-

er
id

es
,B

P,
hy

-
pe

rt
en

si
ve

 th
er

a-
py

,e
xe

rc
is

e,
an

d 
th

yr
oi

d 
di

se
as

e

R
od

on
di

 e
t a

l. 
20

05
 

27
30

 c
om

m
un

ity
-

74
.7

 (
70

–7
9)

 
51

N
R

 
4

≥
4.

5 
 (

33
8)

 
N

o 
(o

nl
y 

in
To

ta
l  

m
or

ta
-

1.
20

 
A

ge
,s

ex
,r

ac
e,

[1
3]

 H
ea

lth
,A

gi
ng

,
dw

el
lin

g 
ad

ul
ts

 in
 th

e 
 

a 
SA

)/
N

A
lit

y 
(2

83
/4

1)
(0

.8
3–

1.
74

)
sm

ok
in

g,
di

a-
an

d 
B

od
y

m
et

ro
po

lit
an

 a
re

as
  

be
te

s,
pr

ev
al

en
t

C
om

po
si

tio
n 

St
ud

y
of

 P
itt

sb
ur

gh
,P

A
 a

nd
 

C
V

 m
or

ta
lit

y
0.

74
C

V
D

,p
oo

r 
or

M
em

ph
is

,T
N

,U
SA

(9
4/

10
)

(0
.3

4–
1.

61
) 

fa
ir

 h
ea

lth
,B

P,
to

ta
l c

ho
le

st
er

ol
,

≥
10

.0
  (

44
)

To
ta

l  
m

or
ta

-
2.

05
cr

ea
tin

in
e,

ed
u-

lit
y 

(2
83

/8
)

(0
.9

0–
4.

68
)

ca
tio

n,
in

co
m

e,
th

yr
oi

d 
ho

rm
o-

C
V

 m
or

ta
lit

y
2.

26
ne

,a
nd

 A
C

E
 

(9
4/

3)
(0

.5
4–

9.
45

)
in

hi
bi

to
r 

us
e

C
on

t. 
�



R. Auer and N. Rodondi172

St
ud

y 
Po

pu
la

tio
n 

st
ud

ie
d

A
ge

,y
ea

rs
Pe

rc
en

ta
ge

  F
ol

lo
w

-u
p

Fo
llo

w
-u

p
T

SH
 c

ut
-o

ff
E

xc
lu

si
on

Ty
pe

 o
f

H
R

A
dj

us
tm

en
ts

(r
an

ge
 o

r  
of

 w
om

en
st

ar
tin

g,
du

ra
tio

n
m

U
/l 

(n
o.

 o
f 

of
 th

yr
oi

d
ou

tc
om

es
(9

5%
 C

I)
ag

e 
±

SD
)

in
 th

e 
ye

ar
ye

ar
s

pa
rt

ic
ip

an
ts

 w
ith

 
ho

rm
on

e/
(n

o.
 o

f o
ut

-
st

ud
y

ab
no

rm
al

 T
SH

)
an

tit
hy

ro
id

co
m

es
 in

dr
ug

 u
se

rs
eu

th
yr

oi
d/

su
bc

lin
ic

al
hy

po
th

yr
oi

d
pa

rt
ic

ip
an

ts
)

C
ap

po
la

 e
t a

l. 
20

06
 

32
33

 c
om

m
un

ity
-d

w
el

-
72

.7
 (≥

65
)

59
.6

19
89

–1
99

0
12

.5
>

4.
5 

 (4
96

)
Y

es
b

/Y
es

To
ta

l  
m

or
ta

li-
1.

14
A

ge
,s

ex
,p

re
-

[2
2]

 C
ar

di
ov

as
cu

la
r 

lin
g 

ad
ul

ts
 in

 4
 U

S
ty

 (1
17

0/
23

3)
(0

.9
8–

1.
32

)
va

le
nt

 C
V

D
,

H
ea

lth
 S

tu
dy

co
m

m
un

iti
es

:W
as

hi
ng

to
n

th
yr

oi
d 

m
ed

ic
-

C
ou

nt
y,

M
D

; P
itt

sb
ur

gh
at

io
n,

ra
ce

,
(A

lle
gh

en
y 

C
ou

nt
y)

,
sm

ok
in

g,
di

a-
PA

; S
ac

ra
m

en
to

 C
ou

nt
y,

be
te

s,
L

D
L

-
C

A
; a

nd
 F

or
sy

th
 

ch
ol

es
te

ro
l,

C
ou

nt
y,

N
C

lip
id

-l
ow

er
in

g
C

V
 m

or
ta

lit
y

1.
16

dr
ug

s,
hy

pe
rt

en
-

(4
74

/1
01

)
(0

.9
2–

1.
46

)
si

on
,B

M
I,

an
d 

C
R

P

Pa
rl

e 
et

 a
l. 

20
01

 
11

71
 c

om
m

un
ity

-d
w

el
- 

70
.4

 (
>

60
) 

57
.2

19
88

–1
98

9 
8.

2
>

5.
0 

 (
69

) 
Y

es
/Y

es
To

ta
l  

m
or

ta
li-

0.
9 

A
ge

 a
nd

 s
ex

[2
3]

 
lin

g 
ad

ul
ts

 in
 

ty
 (

44
4/

25
)

(0
.6

–1
.4

)c

B
ir

m
in

gh
am

,U
K

C
V

 m
or

ta
lit

y 
1.

4 
(1

18
/1

0)
 

(0
.7

–2
.6

)c

G
us

se
kl

oo
 e

t a
l. 

20
04

 
55

8 
ad

ul
ts

 li
vi

ng
 in

 o
ne

85
66

19
97

–1
99

9
3.

7
>

4.
8 

  (
30

) 
Y

es
/Y

es
To

ta
l m

or
ta

li-
0.

55
Se

x 
an

d 
[2

7]
 L

ei
de

n 
ur

ba
n 

di
st

ri
ct

 in
 L

ei
de

n,
(a

ll 
ag

ed
 8

5)
 

ty
 (

18
0/

6)
 

(0
.2

4–
1.

25
)

ed
uc

at
io

n
85

-p
lu

s 
St

ud
y

T
he

 N
et

he
rl

an
ds

C
V

 m
or

ta
lit

y 
 0

.4
7 

(7
5/

2)
(0

.1
1–

1.
90

)

SD
st

an
da

rd
 d

ev
ia

tio
n,

T
SH

th
yr

oi
d-

st
im

ul
at

in
g 

ho
rm

on
e,

H
R

 h
az

ar
d 

ra
tio

,9
5%

 C
I 

95
%

 c
on

fi
de

nc
e 

in
te

rv
al

,N
A

no
t a

pp
lic

ab
le

,C
H

D
co

ro
na

ry
 h

ea
rt

 d
is

ea
se

,C
V

ca
rd

io
va

sc
ul

ar
,B

P
bl

oo
d 

pr
es

su
re

,N
R

no
t r

ep
or

te
d,

SA
se

ns
iti

vi
ty

 a
na

ly
si

s,
A

C
E

an
gi

ot
en

si
n-

co
nv

er
tin

g 
en

zy
m

e,
C

V
D

ca
rd

io
va

sc
ul

ar
 d

is
ea

se
,B

M
I

bo
dy

 m
as

s 
in

de
x,

C
R

P
C

-r
ea

ct
iv

e 
pr

ot
ei

n
a

A
ll 

st
ud

ie
s 

w
er

e 
po

pu
la

tio
n-

ba
se

d 
st

ud
ie

s.
 A

 p
op

ul
at

io
n-

ba
se

d 
st

ud
y 

w
as

 d
ef

in
ed

 a
s 

a 
ra

nd
om

 s
am

pl
e 

of
 th

e 
ge

ne
ra

l p
op

ul
at

io
n.

b
T

hi
s 

st
ud

y 
al

so
 a

cc
ou

nt
ed

 f
or

 th
yr

oi
d 

ho
rm

on
e 

us
e 

in
 th

e 
fo

llo
w

-u
p,

an
al

yz
in

g 
it 

as
 a

 ti
m

e-
de

pe
nd

en
t c

ov
ar

ia
te

.
c

St
ud

y 
au

th
or

 p
ro

vi
de

d 
re

la
tiv

e 
ri

sk
 v

al
ue

 f
or

 s
ub

cl
in

ic
al

 h
yp

ot
hy

ro
id

is
m

 a
ft

er
 e

xc
lu

si
on

 o
f 

18
 p

ar
tic

ip
an

ts
 w

ith
 lo

w
 T

4,
an

d 
re

la
tiv

e 
ri

sk
 v

al
ue

 f
or

 s
ub

cl
in

ic
al

 h
yp

er
th

yr
oi

di
sm

 a
f-

te
r 

ex
cl

us
io

n 
of

 2
 p

ar
tic

ip
an

ts
 w

ith
 h

ig
h 

T
4.

C
on

t. 
Ta

b
le

 1
5

.2



In the previously described Health, Aging, and
Body Composition Study, Rodondi et al. also
assessed the effect of SHypo on all-cause mortality
and cardiovascular mortality. Among the 338 partic-
ipants (12.4%) with SHypo, the authors found no
increase in total mortality and cardiovascular mor-
tality after the 4-year follow-up. Even after classify-
ing the participants with SHypo according to
increasing TSH levels, risks were increased for
those with TSH levels above 10.0 mU/l but
remained statistically not significant (Table 15.2).

Cappola et al. analyzed the data from the
Cardiovascular Health Study with respect to sub-
clinical thyroid dysfunction [22]. The Cardiovascu-
lar Health Study is a population-based, longitudinal
study of cardiovascular risk factors that enrolled
5,888 adults age 65 years or older in four US com-
munities. After the exclusion of people taking thy-
roid medication or medication that might have
altered thyroid testing (prednisone, amiodarone)
and participants with overt hyperthyroidism at base-
line, 3,233 participants were included in the analy-
sis. Euthyroidism was defined as TSH of 0.45–4.50
mU/l, SHypo as TSH of more than 4.50 mU/l but
less than 20 mU/l, with a normal free T4 concentra-
tion, and SHyper as TSH of 0.10–0.44 mU/l or less
than 0.10 mU/l, with a normal free T4. In this study,
15% had SHypo and 1.5% SHyper. After adjustment
for relevant confounders, the HR for SHypo and
cardiovascular mortality was 1.16 (95% CI
0.92–1.46) and that for all-cause mortality 1.14
(95% CI 0.98–1.32). Of note, 142 of 496 partici-
pants with SHypo (27%) used thyroid replacement
medication during follow-up. When this covariate
was included in the model, these risks remained sta-
tistically not significant, suggesting that thyroid
replacement therapy for SHypo has no effect on
mortality outcomes. For participants with SHyper,
the HR was 0.94 (95% CI 0.49–1.83) for cardiovas-
cular mortality and 1.08 (95% CI 0.72–1.62) for all-
cause mortality (Table 15.3).

Parle et al. followed 1,191 individuals from
Birmingham UK who were older than 60 years at
the time of baseline measurements for 10 years to
study the effect of thyroid dysfunction on mortality
[23]. The mean age was 70.4 years and the normal
range for TSH levels  0.5–5.0 mU/l. After the exclu-
sion of participants who were taking thyroxine or
antithyroid medication at baseline, 8% had SHypo
and 6% SHyper. The authors repeated TSH and T4

measurement at yearly intervals in those with

abnormal baseline TSH values. Thirty of 76 partici-
pants with SHypo at baseline (40%) developed overt
hypothyroidism and began thyroxine replacement
treatment over follow-up. A TSH level over 
5.0 mU/l compared to those with a TSH level with-
in the reference range did not affect cardiovascular
or all-cause mortality (HR 1.4, 95% CI 0.7–2.6, and
HR 0.9, 95% CI 0.6–1.4, respectively). Observed
causes of death in participants with normal or raised
TSH levels did not significantly differ from age-spe-
cific mortality data from the WHO databank for
England and Wales recorded in the same period. For
participants with SHyper at baseline, there was an
increased risk in total and cardiovascular mortality
after 2, 3, 4, and 5 years. However, after 10 years of
follow-up, a pattern of increased cardiovascular and
total mortality was found only for participants with
SHyper at baseline (HR 1.6, 95% CI 0.8–2.9, and
HR 1.2, 95% CI 0.9–1.8, respectively, Table 15.3). 

Risk in the very elderly was studied in the
Leiden 85-Plus Study, in which adults age 85 years
were followed for 4 years [27]. TSH levels of
0.3–4.8 mU/l were considered normal. Of the 558
participants with thyroid-function assessment at
baseline, 5% had SHypo, 3% SHyper, and 4% were
on thyroid medication. Mortality was very high, as
37% of the participants died during follow-up.
Thyroid status was a strong predictor of mortality:
participants with normal TSH levels had higher
mortality than those with low TSH levels. Adjusting
for potential confounders did not significantly
change the results. The HR of mortality per standard
deviation increase in TSH levels (2.71 mU/l) was
0.76 (95% CI 0.62–0.92). Moreover, subgroup
analysis of participants taking thyroid medication
showed that, in those with high levels of TSH and
low levels of T4, i.e., those with suboptimal thyroid
replacement, survival was higher, suggesting that
taking thyroxine was more harmful than beneficial
in this very elderly population. If the results are pre-
sented as HR between SHypo and the normal popu-
lation instead of per standard deviation increases in
TSH levels, a pattern of decreased total mortality is
found for participants with SHypo (HR 0.55, 95%
CI 0.24–1.25, Table 15.2). Potential explanations
for these age differences might be competing caus-
es of death among older adults (e.g., due to cancer)
or more competing risk factors for coronary heart
disease among older adults (e.g., age, sex) [25].
Other potential explanations are related to the thy-
roid physiology itself in older adults (decreased 
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thyroid hormone action at the tissue level, reduced
thyroid hormone metabolism) [28]. High TSH in the
elderly might also be a compensatory mechanism
for some perturbations, whereas in younger adults it
is caused by thyroid dysfunction.

We recently pooled the results of these prospec-
tive studies in a meta-analysis [25], including data
from the above-mentioned studies as well as from
two longitudinal population-based studies that did
not measure T4 levels and therefore could not for-
mally exclude participants with overt hypothy-
roidism, as most people with TSH elevation have
subclinical and not overt hypothyroidism [29, 30]. In
the absence of a consensus, we did not pre-specify a
TSH cut-off to define SHypo, and performed a sen-
sitivity analysis by limiting the analysis to studies
with a TSH cut-off of at least 4.5 mU/l [2]. Using a
random effects model, we found a pattern of modest-
ly increased risk for total and cardiovascular mortal-
ity associated with SHypo [summary relative risk
(RR) for total mortality 1.12, 95% CI  0.99–1.26,
and for cardiovascular mortality summary RR 1.18,
95% CI 0.98–1.42) [25]. Sensitivity analysis exclud-
ing the studies that did not measure T4 levels led to
similar results. Study quality was heterogeneous and
we considered formal adjudication procedures and
adjudication without knowledge of thyroid status as
the main quality criteria. Pooling only studies of the
highest quality yielded lower point estimates.
Limiting the analysis to two studies that adjusted for
most cardiovascular risk factors also yielded lower
point estimates [13, 22]. As suggested by the studies
that included older patients, age seemed to influence
the results [23, 27]. Increased total and cardiovascu-
lar mortality was only seen in participants age less
than 65 years with SHypo. However, these sensitivi-
ty analyses must be considered with caution consid-
ering the small number of studies for each group.
Moreover, studies of the highest quality were also
those with older patients. For SHyper, we did not
specify a TSH cut-off, in the absence of a consensus,
but all studies had a cut-off within a small range,
0.3–0.5 mU/l. Based on a random effects model, the
summary RR was 1.12 (95% CI 0.89–1.42) for total
mortality and 1.19 (95% CI 0.81–1.76) for cardio-

vascular deaths. We found no differences by mean
age but lower point estimates were obtained for
higher-quality studies.

The study by Åsvold et al. published after our
meta-analysis, seems to confirm that age might be
an important effect modifier of TSH levels [31]. The
Nord-Trøndelag Health Study (HUNT Study),
prospectively analyzed the association between thy-
rotropin levels and cardiovascular mortality in
17,311 women and 8,002 men older than 40 years
without known thyroid disease, cardiovascular dis-
ease, or diabetes mellitus at baseline. Mean age was
60 years. During a median follow-up of 8.3 years,
the authors found a linear and positive association
of thyrotropin levels within the reference range
(0.5–3.5 mU/l) with coronary heart disease mortali-
ty in women, but not in men. Parle et al. found the
reverse association in participants with a mean age
of 70 years. Åsvold et al. also mentioned that partic-
ipants with SHypo had increased mortality, but
without presenting the results in numbers [32]. A
positive association with coronary heart disease
remains to be confirmed over the full range of TSH
values in this study.

15.4 Conclusions

SHypo represents a potentially modifiable risk fac-
tor for HF and cardiovascular and total mortality.
Given the high prevalence of thyroid dysfunction,
even a small increase in those events among people
with SHypo would have important public health
implications. However, the elderly population rep-
resents a different subgroup, in which a high TSH
level might be neutral or even protective at very
old age in terms of total mortality. For SHyper, due
to the scarcity of data, the association with mortal-
ity outcome needs further research. To date, there
is no randomized controlled trial assessing HF or
mortality outcome following thyroid hormone sub-
stitution. Final proof of  the benefits of treating
individuals with abnormally high TSH levels can
only come from well-designed randomized, place-
bo-controlled clinical trials [33].
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Key Points

• Subclinical thyroid dysfunction is the condition seen in patients who have an abnormal level of thy-
rotropin and a normal level of free thyroxine. 

• Subclinical hypothyroidism is associated with a moderately elevated risk of heart failure events
among older adults with a thyrotropin level of 7–10 mU/l. This issue has not been examined in
cohorts of younger adults.

• Subclinical thyroid dysfunction represents a potentially modifiable risk factor for mortality. Adults
aged less than 65 years with subclinical hypothyroidism might be at increased risk for all-cause and
for cardiovascular mortality. The situation might be reversed in the very elderly. Data are more lim-
ited for subclinical hyperthyroidism.

• Before screening for thyroid dysfunction in the general population can be recommended, random-
ized, placebo-controlled trials of treatment of subclinical thyroid dysfunction with measurement of
clinical outcomes, such as cardiovascular disease, as end points should be performed to assess the
efficacy of thyroxine replacement or antithyroid medications.
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16.1 Introduction

Nearly 10 million people in the United States and
Europe suffer from chronic heart failure (HF), and
1 million patients are diagnosed with HF each
year. HF represents a major public healthcare and
economic problem in Western countries, being one

of the principal causes of morbidity, mortality, and
hospitalization. Also, chronic HF is one of the most
common reasons for general practitioner consulta-
tions by people 65–70 years old. The population-
based cohort Rotterdam Study of 7,983 participants
showed that survival after diagnosis was 63% at 
1 year, 51% at 2 years, and 35% at 5 years [1].

Neuroendocrine activation is important in the
progression of HF, and inhibition of neurohormones
has long-term benefit in terms of mortality and mor-
bidity. Experimental and clinical findings strongly
support the concept that thyroid hormone (TH) also
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plays a fundamental role in cardiovascular home-
ostasis. In HF, the main and earliest alteration of thy-
roid function is what is referred to as “low-T3 syn-
drome,” which is characterized by a reduction in
serum total triiodothyronine (T3) and free T3 with
normal levels of thyroxine (T4) and thyrotropin (thy-
roid-stimulating hormone, TSH). This syndrome,
which may affect one-third of patients with
advanced HF (corresponding to 1 million people
living in the United States and Europe), is conven-
tionally regarded as an adaptive mechanism reducing
the catabolic processes of illness. However, in recent
years this interpretative model has been widely
debated. The principal goal of the present chapter is
to review the main pathophysiological and clinical
links between altered thyroid metabolism and HF
during the progression from organ-specific (i.e., car-
diovascular) disease to systemic disorder.

16.2 Cardiovascular Actions of Thyroid 
Hormone: Cellular, Neurohumoral,
and Hemodynamic Effects

Whatever its initial cause, HF represents progres-
sive structural and functional derangement of the
cardiovascular system, mainly mediated by persist-
ent, toxic activation of sodium-retaining, vasocon-
strictive neuroendocrine systems and of proinflam-
matory cytokines. The natural consequence is that
the evolution and prognosis of HF is closely
dependent on the derangement of neurohumoral
systems. TH significantly and directly affects both
cardiovascular- and neuroendocrine-related sys-
tems. A convincing argument in favor of a patho-
physiological relationship between the progression
of HF and the appearance of a hypothyroid-like
state secondary to a reduction in the biologically
active hormone T3 should be founded on evidence
of molecular, cellular, and neurohumoral actions
resulting from a TH defect able to induce an HF-like
state.

16.2.1 Physiology of the Thyroid System:
General Aspects

The thyroid gland secretes just a small amount (4–6
μg/day) of T3 [2]. In humans, most T3 (nearly 20–25
μg/day) derives from conversion in peripheral tis-
sues from the prohormone T4, which is uniquely

secreted by the thyroid [2]. For the conversion of T4

into T3, two iodothyronine 5′-monodeiodinases
have been identified: type 1, also termed D1, and
type 2, also termed D2. A third monodeiodinase,
type 3 (D3), catalyzes the inactivation pathway of
T4 by generating the biologically inactive hormone
reverse T3 (rT3) [3]. The deiodinative pattern, taken
as a whole, constitutes the principal homeostatic
system that controls circulating and intracellular
concentrations of the active form T3 in the body’s
various peripheral districts. By an extreme simplifi-
cation we can say that type 1 deiodinase is the major
source of circulating T3 and type 2 deiodinase is
responsible for the local production of T3 in the tis-
sues [4]. However, more recent data seem to support
the hypothesis that D2 is responsible for the produc-
tion of significant amounts of circulating T3, at least
in humans [5].

The major actions of TH are the result of the
interaction of T3 with its specific nuclear receptor
(TR). In humans, two TR isoforms, TRα and TRβ,
have been described, both of which bind T3 and
mediate TH-regulated gene expression.

Although most of the effects of TH are nuclear-
mediated, there is clear evidence of additional,
nongenomic, rapid (seconds or minutes) actions of
T3 and T4 [6]. The signal transduction pathways
modulated by TH include cell-surface G-protein-
coupled receptors and activation of the mitogen-
activated protein kinase (MAPK) cascade or P13
kinase. Nongenomic and genomic actions of TH
may interface, as documented by TH-induced acti-
vation of the MAPK pathway that promotes translo-
cation to the nucleus of serine phosphorylated
TRβ1. Effects of TH on the mitochondria may also
be included as extranuclear actions of the hormone,
although THs also have been documented to regu-
late some gene expression in the mitochondria,
including those involved in ATP turnover.

16.2.2 Cardiac Effects of Thyroid
Hormone

Thyroid hormone regulates various cardiac structur-
al and functional proteins, as extensively discussed
in other chapters. T3 signaling is critical for proper
heart function, regulating the expression of the
myosin heavy chain isoforms α-MHC and β-MHC
by increasing the expression of the former and
decreasing that of the latter [7]. Moreover, T3 stimu-
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lates nearly all of the enzyme systems involved in
Ca2+ and ion flux. In adults, SERCA2 is responsible
for cytosolic Ca2+ homeostasis by regulating the
amount of Ca2+ released during each cardiac cycle.
Phospholamban inhibits SERCA2 through a
decrease in its affinity for Ca2+ [8]. Thyroid hormone
stimulates SERCA2 [9] and inhibits phospholam-
ban, so that the ratio of phospholamban to Ca2+-
ATPase is higher in hypothyroid hearts. TH also
exerts important effects on the electrophysiological
properties of cardiac myocytes [10–12]; in particu-
lar, TH shares the regulation of voltage-gated potas-
sium channels at the molecular level.

Ventricular remodeling is a critical process in
the development and progression of HF. An interest-
ing potential link between the cardiac phenotype
observed in HF and the cardiac hypothyroid state is
the so-called fetal gene recapitulation, a pattern
characterized by an increase in β-MHC and phos-
pholamban and a decrease in α-MHC and SERCA2
[13]. A fetal gene program is activated in failing
human hearts; a hypothyroid state induces in the
heart a fetal gene program that is similar in pattern
to the one seen in HF, and that is reversible with TH
treatment. In a rat model of starvation-induced low-
T3 syndrome, cardiac α-MHC mRNA content was
significantly reduced compared with controls, the
decline being linearly related to the decrease in
serum T3 [14]. Systolic and diastolic left ventricular
function was impaired, as demonstrated by the
reduction of both +dP/dt and  the mean left ventric-
ular relaxation time. Importantly, supplementation
with synthetic L-T3 normalized the α-MHC isoform
and SERCA2 contents, despite persistent food
restriction, improved systolic and diastolic heart
performance. These results are in line with those
described by Ladenson et al. in a case report of a
young man with dilated cardiomyopathy and
hypothyroidism; in this patient, the restoration of
euthyroidism resulted in a gradual and substantial
improvement in the ventricular ejection fraction and
functional capacity, accompanied by an 11-fold
increase in ventricular α-MHC mRNA levels [15].

In addition, the importance for ventricular geom-
etry and mechanical function of the extracellular
matrix in maintaining myocyte alignment has been
increasingly recognized [16, 17]. Metalloproteinases
regulate the turnover of myocardial extracellular
matrix proteins. Accumulating experimental evi-
dence indicates an important role for the reduced
activity of matrix metalloproteinases in the patho-

genesis and progression of left ventricular dysfunc-
tion. TH seems to play a key role in the regulation of
metalloproteinases; the administration of L-T3 in
rats is accompanied by an increase in serum and left
ventricular metalloproteinase action and, conse-
quently, by a reduction of extracellular matrix [18]. 

16.2.3 Vascular Effects of Thyroid
Hormone: General Aspects

TH markedly affects the peripheral vascular tone
[19]. Administration of synthetic TH is followed by
a rapid reduction in peripheral vascular resistance
[20, 21]; this effect is secondary either to local
release of vasodilators, which follows the increased
metabolic activity and oxygen consumption induced
by the hormone, or to a direct effect of TH on vas-
cular smooth muscle (VSM) cells [22].

Both T3 and T4 have vasodilatory effects, those
of the former being more prominent than those of
the latter. At present, however, the multiple mecha-
nisms by which TH per se influences the peripheral
vasculature have not been fully explained. The
endothelium is likely a pressure sensor, secreting
factors with vasodilatory action and modulating
responsiveness to counteracting vasoconstrictors.
THs may modulate VSM tone through the synthesis
and release of endothelium-derived relaxing mole-
cules such as nitric oxide (NO) and of unidentified
diffusible endothelium-derived hyperpolarizing fac-
tors (EDHF) that act via the opening of potassium
channels. THs interact directly with VSM cells of
isolated rabbit mesenteric artery, causing dilation
[23]; in particular, T4 was found to be more potent
than T3 in inducing vascular relaxation in rat mesen-
teric resistance vessels [24]. Moreover, in vitro
studies demonstrated that exposure to T3 of VSM
cells isolated from rat aorta caused these cells to
relax rapidly. This effect was independent of cyclic
adenosine monophosphate (cAMP) and NO forma-
tion [21]. Indeed, primary cultures of vascular
endothelial cells exposed to T3 do not show NO pro-
duction, indicating that T3 interacts directly with
VSM cells to cause relaxation. In rat skeletal muscle
resistance arteries, T3 is more effective than T4 in
inducing vasodilation [25]. This dilation appears to
have both endothelium-dependent and endothelium-
independent components because T3 dilation was
attenuated by NG- nitro-L-arginine, indomethacin,
and glibencamide. Analysis of all the cited studies

16  Low Triiodothyronine Syndrome as a Powerful Predictor of Death in Heart Failure 181



highlights a wide variety of somewhat contrasting
data that prevents the drawing of definitive conclu-
sions; however, the different methods and experi-
mental approaches adopted may partially explain
the disparate results reported on the vascular effects
of THs.

An additional remark is that, in hypothyroid rats,
renal sensitivity to endothelium-dependent and NO-
mediated vasodilators is also diminished; the
decreased responsiveness to vasodilation in renal
vessels may partially explain the observed increase in
total vascular resistance in the presence of a hypothy-
roid state [26]. The impaired water excretion occur-
ring in hypothyroidism may thus reflect the alteration
in renal plasma flow and glomerular filtration rate
secondary to increased systemic resistance and gen-
eralized vascular contraction together with a reduced
cardiac output, all of which are corrected by substitu-
tion treatment with synthetic TH.

16.2.4 Effects of Thyroid Hormone on
Myocardial Flow

A reduction of vasomotor tone induced by THs has
also been documented in the coronary arteries. A
direct, dose-dependent effect of THs within a few
seconds of administration has been described in rat
coronary arteries, suggesting a nongenomic mecha-
nism of vasodilating action of the hormone that is
independent of cAMP, guanosine monophosphate
(GMP), or NO generation [27]. A coronary vasodila-
tor effect of TH has been observed in various animal
models, e.g., after hypothermic global ischemia in an
ex vivo canine heart, in in vivo anesthetized rabbit
and rat models, and in an ischemia–reperfusion iso-
lated rat heart model [27–30]. Notably, the vasodila-
tory effects of T3 in the heart occur only in the ven-
tricles, not in the atria [30].

An important additional finding is that type 2
deiodinase is expressed in cultured human coronary
artery cells and human aortic cells [31]. The presence
of D2, which represents the main enzyme involved in
the local supply of biologically active T3 from the
conversion of T4, suggests that VSM cells are indeed
potential physiological targets for the action of THs
[21, 31]. Moreover, the identification of different TR
mRNA isoforms in vascular cells points to a classic
genomic action of T3 [31]. Based on the above find-
ing, it is plausible to postulate that, besides the
nongenomic effects of T3 on vascular tone, the hor-

mone may modulate VSM cell contractility by regu-
lating the cellular phenotype through classic nuclear
transcription mechanisms.

16.2.5 Microcirculatory Effects of
Thyroid Hormones

Until now, very few studies have been carried out to
investigate the in vivo role of THs on the microcir-
culation. Recent data from our laboratory have
shown that T3 causes a dose-dependent dilation of
hamster cheek pouch arterioles within a few min-
utes of its administration [32]. Arteriolar relaxation
is abolished by NO synthase (NOS) inhibition, indi-
cating a correlation between T3-induced dilation
and NOS activation. NO is known to activate a sol-
uble guanylate cyclase in neighboring cells that
leads to an increase in cGMP, inducing the relax-
ation of VSM [21, 33]. These results support the
hypothesis that NO is the main factor in T3-induced
arteriolar dilation in vivo, at least in experimental
animal models. Interestingly, the same studies
demonstrated that T4 causes arteriolar dilation, but
the time to dilation was significantly different for T4

and T3. Moreover, the effect of T4 was abolished by
iopanoic acid, which inhibits both type 1 and type 2
deiodinase, indicating that local conversion of T4 to
T3 is crucial for the dilation induced by THs.
Conversely, local application of propylthiouracil
(PTU), an elective inhibitor of type 1 deiodinase,
does not change the vascular response to T4. Taken
together, these results suggest that local T4-to-T3

conversion plays an important physiological role in
the dilation induced by THs in the microcirculation
in vivo and in the regulation of T3-mediated vascu-
lar tone.

16.2.6 Thyroid Hormone and
Neuroendocrine Systems: How Do
the Two Systems Cross-Talk?

TH produces marked neuroendocrine responses.
Low thyroid function can influence many of the
neurohumoral systems involved in vascular tone and
plasma volume regulation. In particular, TH modu-
lates the sympathetic and plasma renin-angiotensin-
aldosterone systems, and activates natriuretic pep-
tide transcription and synthesis. Plasma levels of
TH appear to be directly correlated with renin activ-
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ity and plasma levels of angiotensin II and aldos-
terone [34, 35]. Patients with chronic hypothy-
roidism show enhanced sympathetic activity that
may contribute significantly to peripheral vasocon-
striction; the increased sympathetic efflux may
overcome a down-regulation of postsynaptic vaso-
constrictor α-adrenoceptors, which is described in
hypothyroid states. This is at variance with what is
observed in normal physiology, in which a positive
relationship  exists between TH and the number and
activity of noradrenergic receptors.

The number and function of vasodilatory β-adre-
noceptors are also reduced in hypothyroidism and
represents a major cause of the decrease in renin
secretion together with a reduction in liver
angiotensinogen production. Hypothyroidism may
reduce plasma angiotensinogen by 71%, plasma
renin activity by 73%, and plasma angiotensin II by
81%, at least in rats [34]. Inhibition of the
renin–angiotensin system could lead to significant
vasodilation, volume depletion, and hypotension if
not sufficiently compensated by the activation of
opposite pressor and salt-retentive systems. As a
matter of fact, T3 deprivation, besides increasing
sympathetic efflux, may release the normal inhibi-
tion of vasopressin induced by TH, thus favoring
vasoconstriction and maintaining intravascular vol-
ume. Interestingly, despite the reduction in
angiotensin II levels, plasma aldosterone is fre-
quently found to be normal or even increased in
hypothyroidism [36]; this fact could be in keeping
with either an adrenal supersensitivity to
angiotensin II, as in some forms of low-renin, salt-
sensitive hypertension, or reduced renal clearance.
TH also causes significant changes in angiotensin
receptor density, especially in the angiotensin II
subtype: angiotensin II subtype density increased by
168% in hypothyroid rats [34]. Angiotensin II plays
an important role in the control of cardiomyocyte
growth, hypertrophy, and fibrosis. The increase in
angiotensin II receptor gene expression, as docu-
mented in hypothyroid rats, may thus represent an
additional mechanism favoring regression to the
fetal gene program, which is induced by low circu-
lating levels of THs [37, 38].

Finally, hypothyroidism down-regulates the
activity of cardiac natriuretic peptides at the level of
vascular, glomerular, and tubular receptors by
decreasing receptor effects on vasodilation and
natriuresis. The net effect of all these neuroen-
docrine actions, coupled with the lack of direct 

T3-dependent vasodilation, produces an increase in
vascular resistance. At the kidney level, this may
lead to a decrease in glomerular filtration and
medullary flow rate with impairment of glomeru-
lar–tubular balance and increase in sodium reab-
sorption, both corrected by hormonal replacement
therapy [39]. Interesting pathophysiological data on
the relationships between thyroid function and neu-
roendocrine aspects in the absence of cardiovascu-
lar disease have been derived from a human model
of acute severe hypothyroidism secondary to total
thyroidectomy [40]. The main finding of the study
was that hypothyroidism induced an increase in
blood pressure levels, particularly diastolic,
reversible with TH replacement therapy.
Importantly, in the hypothyroid state, mean values
for plasma catecholamines were in the upper normal
range. Norepinephrine decreased significantly as
well as epinephrine, although to a lesser degree of
significance, during L-T4 treatment. In addition,
mean aldosterone and cortisol levels were signifi-
cantly higher then the corresponding values meas-
ured under L-T4 therapy. Overall, the data indicate
that sympathoadrenal stimulation is observed dur-
ing acute hypothyroidism, as a possible mechanism
counteracting the concomitant, hypothyroid-
induced  decrease in myocardial inotropism and car-
diac output. An important proof in favor of a direct
action of THs on the neuroendocrine system in HF
is derived from a recent placebo-controlled study
from our group that will be extensively discussed in
Chapter 20. Ten patients with cardiopathy who had
low T3 levels underwent 3-day synthetic L-T3 infu-
sion. After administration of T3, plasma norepineph-
rine, N-terminal pro B-type natriuretic peptide (NT-
proBNP), and aldosterone significantly decreased.
This preliminary result clearly indicates that, in car-
diomyopathic conditions, short-term L-T3 replace-
ment therapy also significantly improves the neu-
roendocrine profile.

16.2.7 Hemodynamic Effects of Thyroid
Hormone

When overall genomic and nongenomic cellular
effects of TH on the heart and vascular system are
considered, it is not surprising that these hormones
play a pivotal role in ardiovascular homeostasis and
whole, body performance. To use a forced simplifi-
cation, the cardiovascular system is comparable to a
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mechanical, central pump (heart) and a system of
ducts (vessels) that generate and maintain pressure
gradients among various circulatory districts in
order to guarantee a capillary flow that is propor-
tional to tissue needs. Cardiac output is the volume
of blood ejected by the heart per unit time and is
defined as the product of the stroke volume and the
heart rate. Cardiac output may increase dependent
on an increase in diastolic filling volume (the so-
called Sterling mechanism) and/or a reduction in
end-systolic volume secondary to increased inotro-
pism. Peripheral resistance can be defined as the
ratio between the pressure fall and the flow through-
out a vascular segment.

Both diastolic and systolic functions, which
depend closely on the relaxation and contractile
properties of the heart, respectively, are clearly
influenced by TH [19, 41, 42]. Furthermore ventric-
ular contractile function is significantly influenced
by changes in hemodynamic conditions secondary
to the TH-induced reduction in peripheral vascular
tone. The observed rapid changes in systolic pump
efficiency after TH administration strongly depend
on central and peripheral hormonal effects that act
synergetically to improve systolic performance. The
final hemodynamic result is that TH homeostasis
preserves a positive ventricle-arterial coupling, thus
leading to a more favorable balance for heart work
[19]. Replacement doses of TH in patients with HF
and low T3 syndrome appear to induce a decrease in
afterload without changing either systolic pressure
or heart rate, with a consequent increase in left ven-
tricular performance in the absence of a parallel
increase in external cardiac work and myocardial
oxygen consumption [43].

The importance of TH in maintaining cardiovas-
cular homeostasis is also deducible from data show-
ing that mild forms of TH abnormalities, e.g., sub-
clinical hypothyroidism, alter cardiovascular func-
tion significantly [44]. In 30 female patients with a
first diagnosis of subclinical hypothyroidism and
without other concomitant diseases, a reduced end-
diastolic left ventricular volume (decreased preload)
and increased systemic vascular resistance
(increased afterload), leading to impairment of car-
diac pump performance, were observed [44]. The
resulting worsening in cardiac pump efficiency was
due to the reduction of stroke volume, and cardiac
output, because heart rate was unaffected.
Importantly, all these altered parameters normalized
after TH replacement therapy. Even more interest-

ing is the good relationship found between TSH, as
the best biochemical marker of whole-body thyroid
hypofunction, and the parameters of systolic left
ventricular performance [44]. All the data, taken
together, indicate that changes in preload and after-
load are a reasonable explanation for the document-
ed decrease in systolic pump performance observed
in subclinical hypothyroidism, without the need to
invoke simultaneous impairment in myocardial
inotropic function.

In the intact organism, the cardiovascular system
is responsible for all O2 exchanges and total renew-
al of the body’s metabolic products. Energy expen-
diture may be another parameter under TH control,
potentially affecting hemodynamics. TH is known
to modulate tissue metabolic demands, oxygen con-
sumption, and heat production. On the basis of these
considerations, it is conceivable that some hemody-
namic adjustments (e.g., cardiac output and vascular
changes) also follow  primary modifications in
metabolic demand. In this context, the decrease in
cardiac output and increase in peripheral arterial
resistance and diastolic blood pressure of the
hypothyroid state may be interpreted as the final
result of an adaptive response to the reduction in tis-
sue metabolic activities.

16.3 Mild Thyroid Hypofunction and
Heart Failure Evolution: A “Total
Body” Pathophysiological
Interpretative Model

The negative effects on the cardiovascular system
observed during the evolution of HF and potential-
ly ascribed to a low T3 state cannot be explained
solely by the adverse effects of mild thyroid hypo-
function on cardiac inotropism and peripheral vas-
cular resistance. The loss of euthyroid status
affects virtually all physiological systems, includ-
ing the central nervous system and musculoskele-
tal apparatus. In particular, psychological depres-
sion and worsening of exercise capacity, both con-
tributing to a deterioration in quality of life that
parallels the reduction in cardiovascular perform-
ance, may be in part the direct negative conse-
quence of a reduction in biologically active T3 [45,
46]. A low T3 state may thus significantly partici-
pate via a variety of multiorgan mechanisms to the
progression of HF towards a systemic disorder
with a poor prognosis (Fig. 16.1).
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16.4 Thyroid Hormones in Heart
Failure: Clinical Evidence

A low T3 state is not a rare finding in patients with
HF [42] and has been noted in 20–30% of patients
with dilated cardiomyopathy [47–49]. The inci-
dence of low T3 syndrome correlates with clinical
status, with a significantly higher incidence in
patients in NYHA functional classes III–IV than in
those in NYHA I–II [48, 50]. A strong association
between the reduction in biologically active T3 and
mortality was clearly documented in a large unse-
lected population of hospitalized cardiac patients
[51]. At present, the concept that altered thyroid
metabolism contributes to progression of HF is
mainly supported by five clinical observational
studies [47–49, 52, 53] all showing the important

role of a low T3 state in the prognostic stratification
of patients with HF (Table 16.1).

In the above-cited studies, the altered thyroid
metabolism was assessed by means of various
parameters indicating disturbed T4 peripheral con-
version, such as a reduction in circulating levels of
T3 [49, 48, 53], a low free T3 index/reverse T3 ratio
[47], and a low free T3/free T4 ratio in serum [52].
Irrespective of the parameter used, all these studies
showed that an altered peripheral TH pathway was
in every case associated with a high incidence of
fatal events (cardiac or cumulative death). The study
of Hamilton et al. [47] is particularly important
because it was the first clinical study that tried to
correlate the progression of HF with thyroid status;
in that study it was shown that a low free T3

index/reverse T3 ratio was associated with a poor
outcome in 84 inpatients with advanced congestive
HF. Similar results were documented in the study of
Opasich et al. [48], in which 199 cardiomyopathic
patients with moderate to severe HF hospitalized for
assessment of cardiac transplantation were enrolled.
The incidence of cardiac death was significantly
higher in patients with low T3 syndrome than in
those without (48% vs. 21%, respectively). The
results of more recent study by Kozdag et al. [52],
which enrolled 111 in patients with ischemic and
nonischemic dilated cardiomyopathy, confirmed the
relatively higher probability of cardiac death in
patients with a low free T3/free T4 ratio (cut-off
value ≤ 1.7). This altered thyroid pattern also corre-
lated with a worse diastolic function, identified as a
restrictive type of diastolic filling. In a study from
our group that enrolled 281 inpatients with nonis-
chemic and ischemic HF, total T3 and left ventricu-
lar ejection fraction were found to be the only inde-
pendent predictive variables of both cardiac and
cumulative death (Tables 16.2 and 16.3) [53].
Moreover, mortality rate was significantly affected
by the presence of a low T3 state as documented by
the time course of the Kaplan–Meier curves 
(Fig. 16.2). Using the best cut-off value of 0.20 for
left ventricular ejection fraction, as assessed by
ROC curve (sensitivity = 31%, specificity =
84%), in combination with the lower limit of the
normal range of total T3 (80 ng/dl), four subgroups
of patients were identified. The survival of patients
with reduced left ventricular ejection fraction and
total T3 was lower than that of patients with a simi-
lar ejection fraction but normal total T3, thus show-
ing the power of total T3 concentration in discrimi-
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Fig. 16.1 Possible multiorgan negative effects of a low-T3 state,
favoring progression of heart failure and worsening of patient
quality of life. Yellow arrows indicate a not yet well-document-
ed but probable negative effect. Red arrows indicate an already
documented or very likely negative effect



nating patients at very high risk of death. These
findings well fit the common clinical observation of
different outcomes in patients with similar but
severely impaired left ventricular ejection fraction.

All the above mentioned results, taken as whole,
clearly indicate that a low T3 state is not a mere sur-
rogate of other, more powerful indicators of poor
outcome, such as left ventricular ejection fraction.
In addition, in this era of cost-effectiveness and of
highly technological and expensive clinical proce-

dures, it is well worth also looking for accessible,
low-cost instruments that can facilitate diagnostic
and/or prognostic decision-making. Total (or free)
T3 measurement is an easily interpretable, simple,
and reliable blood test, technically undemanding,
very inexpensive, and accessible to all medical cen-
ters [54], unlike most of the known biohumoral
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Table 16.1 Main results from observational studies on the relationship between thyroid state and prognosis in patients with heart failure

Authors, year Patients Parameter Follow-up Main reported results Survival

Hamilton et al. 1990 [47] ACHF n = 84 FT3 index/rT3 ratio 7.3±6.6a months FT3I/rT3 ratio (>4) 100%
FT3I/rT3 ratio (≤ 4) 37%

Opasich et al. 1996 [48] DCMP n = 199 TT3 417 ± 259 days Normal T3, low T3 79% 
52%

Kozdag et al. 2005 [52] DCMP n = 111 FT3/FT4 ratio 12 ± 8 months FT3/FT4 (> 1.7) specificity 71%
FT3/FT4 (≤ 1.7) sensitivity 100%

Pingitore et al. 2005 [49] DCMP n = 281 TT3/FT3 LVEF 12 ± 7 months Normal T3 and LVEF(> 20%) 90%
Normal T3 and LVEF(< 20%) 83%
Low TT3 and LVEF(> 20%) 73%
Low T3 and LVEF(< 20%) 61%

Passino et al. 2008 [53] HF n = 442 FT3/BNP 36 months Low BNP, normal FT3 84%
(median) Low T3, low BNP 69%

High BNP, normal FT3 60%
High BNP, low FT3 28%

a Mean ± SD
ACHF advanced congestive heart failure, FT3 free T3, rT3 reverse T3, DCMP dilated cardiomyopathy, TT3 total T3, LVEF left ventricular
ejection fraction, HF heart failure, BNP brain natriuretic peptide

Table 16.2 Univariate and multivariate logistic regression
analysis for cardiac death in patients with heart failure.
(Experimental data from [49])

Variablesa Odds ratio 95% CI p value

Univariate regression
sex 3.3 1.2–8.7 0.02
ejection fraction 0.6 0.4–0.8 0.002
end-diastolic diameter 1.5 1.1–2.0 0.02
total T3 0.7 0.5–0.9 0.004

Multivariate regression
sex 3.0 1.0–8.4 0.04
total T3 0.6 0.5–0.8 0.003
ejection fraction 0.6 0.4–0.9 0.03

a Only variables found to be significant are listed

Table 16.3 Univariate and multivariate logistic regression
analysis for cumulative death in patients with heart failure.
(Experimental data from [49])

Variablesa Odds ratio 95% CI p value

Univariate regression
age 1.4 1.0–1.9 0.04
ejection fraction 0.6 0.4–0.8 < 0.001
end-diastolic diameter 1.5 1.1–1.9 0.01
total T3 0.5 0.4–0.67 < 0.001
free T3 0.7 0.5–0.9 0.005

β-Blockers 0.5 0.2–0.9 0.04
Obesity 0.4 0.2–0.8 0.01
NYHA 1.3 1.1–1.6 0.006

Multivariate regression
total T3 0.5 0.4–0.7 < 0.001
ejection fraction 0.5 0.4–0.8 < 0.001

a Only variables found to be significant are listed



markers of HF. Results from the previous study by
our group [49] have been significantly reinforced by
very recent additional findings [53] on 442 patients.
A low free T3 concentration independently predicts
a worse outcome, especially in those patients with
higher  brain natriuretic peptide (BNP) concentra-
tion. Both free T3 and BNP, together with NYHA
classification, were shown to be independent pre-
dictors of cardiac mortality among a wide range of
clinical variables. The additive prognostic power of
free T3 measurement was highlighted by the analy-
sis of the survival curve of those patients with com-
bined high BNP and low free T3, who showed the
highest mortality (28%), and the survival curve of
those with combined low BNP and normal free T3,
who showed the lowest mortality (84%), and by the
observation that a low free T3 value was able to
identify higher risk of death in patients with rela-
tively low BNP.

From an interpretative point of view, the occur-
rence of low T3 syndrome may be considered the
final result of a progressive impairment of TH
peripheral metabolism, which begins in the early
stages of cardiac dysfunction. In a human model of
disease, as represented by asymptomatic or mildly
symptomatic patients with idiopathic dilated car-
diomyopathy, signals of altered TH metabolism
were particularly found in patients with more
depressed left ventricular function and early symp-
toms of HF [55]. In that study, circulating T3 was
broadly but significantly correlated with left ven-
tricular ejection fraction; also, it was the only inde-

pendent biohumoral predictor of clinical symptoms,
whereas BNP was the most important predictor of
left ventricular dysfunction. By considering the val-
ues for left ventricular ejection fraction and NYHA
functional class, natriuretic peptides (i.e., BNP and
artrial natriuretic peptide) were found to be more
related to worsened left ventricular dysfunction
only, whereas T3/T4 ratio – as a rough but valid clin-
ical index of T4 peripheral conversion – was found
to be more related to the combination of left ventric-
ular dysfunction and early appearance of clinical
symptoms of HF. These results, when analyzed
together with the previous findings of other authors
showing a higher incidence of low T3 syndrome in
patients with overt HF [47–49], would suggest a
continuous relationship between progression of left
ventricular impairment, presence of symptoms of
HF of whatever origin, and progression of an altered
peripheral TH metabolism. Progressive T3 reduction
and the occurrence of a “true” low T3 syndrome
may represent two consecutive steps of the same
process. In an early phase, when left ventricular
dysfunction is still not associated with overt symp-
toms and full activation of the neuroendocrine
vasoactive sodium-retaining systems, T3 is predom-
inantly related to cardiac function and can thus be
considered a marker of cardiac impairment.
Conversely, when cardiac disease progresses toward
overt HF, and the occurrence of true low T3 syn-
drome increases over time, T3 concentrations are
not yet related to cardiac dysfunction [49] but
instead represent a marker of multisystem involve-
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a b

Fig. 16.2 Kaplan-Meier survival curves of patients with a low-T3 state (n = 103) versus those with normal T3 levels (n = 178):
cumulative death (a) and cardiac death (b). (Experimental data from [49])



ment and thus an important prognostic predictor of
death [47–49, 52, 53]. Subclinical mild primary
hypothyroidism, characterized by increased thy-
rotropin levels in the presence of normal values of
free THs, has also been linked to increased mortali-
ty in patients with diagnosed ischemic or nonis-
chemic cardiac disease. Unlike low T3 syndrome,
which can be considered a disorder of  peripheral
thyroid metabolism developing progressively dur-
ing the evolution of several systemic diseases, sub-
clinical primary hypothyroidism is a disorder of the
thyroid gland. In the large prospective observation-
al study cited above [56], survival time was signifi-
cantly lower in subclinical hypothyroidism than in
euthyroid patients when cardiac and cumulative
deaths were considered. The observed negative
prognostic impact of any form of mild thyroid hypo-
function in cardiac patients suggests that a normal
thyroid status is essential for maintaining systemic
and cardiovascular homeostasis [19, 41]; when a
normal thyroid status is persistently lost, increased
whole-body and cardiovascular vulnerability is
observed. 

16.5 Conclusions

Emerging experimental and clinical observations
seem to indicate the close link between a low T3

state and the evolution and prognosis of HF.

However, demonstrating causality is much more dif-
ficult than demonstrating an association, and addi-
tional findings are necessary to investigate this
important issue and to yield more conclusive infor-
mation.

Pathophysiological studies in animals and
humans are needed to better define the potential role
of altered thyroid metabolism, as observed through-
out the evolution of HF. Large, multicenter, place-
bo-controlled prospective studies could provide
information on the safety and prognostic effects of
long-term treatment with synthetic TH or TH ana-
logues. Important issues should be a clear definition
of primary and secondary end points (mortality,
hospitalization, quality of life, side effects, etc.) as
well as type, dosage, and schedule of treatment.

Moreover, the finding of D2 (and D3) gene
expression in the cardiovascular system implies a
sophisticated mechanism of local bioavailability of
TH and opens the way to potentially interesting
therapeutic perspectives involving novel molecular
and pharmacological strategies in the treatment of
HF.
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Key Points

• Signaling of biologically active thyroid hormone T3 is critical for proper heart and vascular func-
tion.

• In heart failure, the main and earliest alteration of thyroid function is referred to as “low T3 syn-
drome” and is characterized by a reduction in serum T3 but with normal levels of T4 and TSH.

• Low T3 syndrome is found in 20–30% of patients with dilated cardiomyopathy. The incidence of
correlates with clinical status.

• A low T3 state may play a significant role, through a variety of multiorgan mechanisms, in the pro-
gression of heart failure towards a systemic and prognostically unfavorable disorder.

• The concept that altered thyroid metabolism contributes to progression of heart failure in humans
is supported by observational studies showing the association of a low T3 state with a high incidence
of fatal events.
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17.1 Introduction

In general terms the control of thyroid hormone
synthesis is ensured by two major mechanisms. The
first is centered on the thyroid-stimulating hormone
(TSH) versus thyroxine (T4) and triiodothyronine
(T3) feedback loop, whereby TSH stimulates T4 and
T3 synthesis in the thyroid gland and is in turn
inhibited by these hormones; thyrotropin-releasing
hormone (TRH) is an integral part of this mecha-
nism. This feedback loop provides a very sensitive

defense against alterations in thyroid secretion. The
second mechanism consists of the extrathyroidal
conversion of T4 to T3 by various hormonal, nutri-
tional, and disease-dependent factors, a mechanism
aimed at guaranteeing rapid changes in tissue thy-
roid hormone availability in response to nonthy-
roidal illness. Extrathyroidal conversion of T4 is a
mechanism of major relevance because about 80%
of the T3 produced results from 5’-deiodination of
T4 in peripheral tissues by two T4-5’-deiodinases
(type I and type II) localized in cell membranes and
in endoplasmic reticulum microsomes [1]. As dis-
cussed below, the kidney has an important role in
the metabolism of thyroid hormones. For this rea-
son, impaired renal function and the resulting accu-
mulation of uremic waste products (“uremic tox-
ins”) may disturb thyroid physiology at various lev-
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els that include thyroid hormone production, distri-
bution and elimination and the hypothalamo-pitu-
itary control of the thyroid gland. Inflammation is a
new aspect of the thyroid–kidney connection and a
most likely trigger of low-T3 in patients with chron-
ic kidney disease (CKD) [2, 3]. Even though there is
no study to date documenting a causal role of thy-
roid dysfunction in the high cardiovascular risk
associated with renal insufficiency, in the last few
years circumstantial evidence has been gathered
that low-T3 is strongly associated with inflamma-
tion in CKD and that it may be a relevant player in
cardiomyopathy and the high risk of death of these
patients.

17.2 Thyroid Hormone Metabolism and
the Kidney

The kidney is the organ that, together with the liver,
expresses the most abundant deiodinase activity and
ensures iodide clearance by glomerular filtration of
this halogen. Iodide excretion is reduced in severe
CKD, which leads to iodide accumulation and
increased thyroidal iodide uptake, a phenomenon
that expands intrathyroidal iodide pooling and
blocks thyroid hormone synthesis. Iodide accumula-
tion probably explains the higher prevalence of goi-
ter and hypothyroidism in patients with CKD [4, 5].

Conversion of T4 to T3 in the periphery is
impaired in end-stage renal disease (ESRD) [4], but
this disturbance apparently does not divert thyroid
hormone metabolism toward the reverse T3 (rT3)
pathway, because plasma rT3 levels are unaltered in
CKD. This finding differentiates patients with CKD
from those with other chronic illnesses which
instead are characterized by enhanced generation of
rT3 from T4 [4]. Importantly, low-T3 levels may be
triggered by metabolic acidosis in ESRD [6].
Disturbances in synthesis and/or affinity to the lig-
and of thyroid hormone protein carriers [thyroid-
hormone-binding globulin (TBG), prealbumin, and
albumin] may contribute to hypothyroidism in renal
insufficiency. Low serum albumin is very frequent
in uremia and uremic toxins may inhibit binding to
TBG and other carriers. Urea, creatinine, indoles,
and phenols inhibit protein binding of T4 [7] as well
as binding of the same hormone to solid phase
matrices used in clinical assays developed for meas-
uring plasma T4 [8]. Studies performed in the 1980s
and 1990s showed that plasma TSH is unaltered in

patients with CKD [4, 9]. However, the pituitary
response (defined in terms of changes in plasma
TSH concentration) to TRH in patients with renal
insufficiency, particularly in ESRD, occurs at a later
stage, has a shallower course, and lasts longer than
that seen in healthy subjects [10, 11]. This alteration
is currently attributed to a hypothalamic–pituitary
disturbance due to accumulation of uremic toxins.
The circadian TSH profile in CKD patients is char-
acterized by an attenuated rise in TSH in the
evening hours [12] and by reduced amplitude in the
pulsatile component of this pituitary hormone [13].
Notwithstanding these central alterations of the
TSH control system, the TSH response to T3 and T4

is well-maintained in these patients [9, 10].
Importantly, plasma TSH undergoes the expected
rise after thyroidectomy in patients with renal insuf-
ficiency [14], which indicates that measurements of
this hormone are a valid indicator of hypothy-
roidism in these patients [4, 15].

From a clinical point of view, a number of sim-
ilarities exist between hypothyroidism and
advanced renal failure: hypothermia, bowel motility
disturbances and infrequent evacuation, dehydration
of the skin, tiredness, and drowsiness are symptoms
considered typical of both conditions. Furthermore,
as previously mentioned, perhaps due to the accu-
mulation of unknown toxin(s), goiter is more preva-
lent in patients in ESRD than in the general popula-
tion [4, 16, 17]. Notwithstanding these similarities,
the majority of patients with CKD and ESRD main-
tain adequate thyroid gland function, as document-
ed by normal TSH, T4, T3 and rT4 plasma profiles
[4, 15].

17.3 Inflammation and Low-T3 in End-
Stage Renal Disease

CKD – ESRD in particular – is now considered as a
prototypical chronic inflammatory state [18], while
C-reactive protein (CRP) [18–21], a nonspecific
marker of inflammation, and interleukin 6 (IL-6)
[22, 23] are regarded as fundamental biomarkers for
cardiovascular risk stratification in these patients.
Cardiomyopathy is perhaps the most pervasive com-
plication of ESRD [24, 25]. About one-third of
patients starting renal replacement treatment dis-
play clinical evidence of heart failure [26, 27].
Chronic dialysis [28, 29] does not halt the evolution
of cardiomyopathy. In the asymptomatic ESRD
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population, the proportion of patients with systolic
dysfunction is at least seven times higher than in
coeval cohorts in the community [27]. Capillary rar-
efaction and cardiomyocyte–capillary mismatch is
the anatomical hallmark of this condition [30], and
pressure and volume overload, severe anemia [31],
sympathetic overactivity [32, 33], and hyper-
parathyroidism [34] are well-established risk factors
of cardiac disease in ESRD. In recent years atten-
tion has been focused on the inflammatory pathway
and a large series of biomarkers including CRP [35,
36], IL-6 [37], TNF-α [38], hypoalbuminemia [31],
and fibrinogen [39] have been shown to be associat-
ed with left ventricular hypertrophy (LVH) and LV
dysfunction in ESRD patients. Low albumin, in par-
ticular, appears to be a strong marker of the severi-
ty of cardiomyopathy in these patients [40, 41].

Uremia is an established cause of nonthyroidal
illness [42]. About 20% of patients with ESRD have
low free T3 (fT3) levels, while TSH is frankly sub-
normal in approximately 8% [3]. Thus, low-T3 is the
most common functional alteration of thyroid hor-
mones in advanced renal failure. Low-T3 is classi-
cally interpreted as an adaptation aimed at maintain-
ing energy balance and at minimizing protein wast-
ing in this condition [9]. More recently, it was
hypothesized that nonthyroidal illness in ESRD
patients is in part explained by chronic systemic
inflammation [2]. Cytokines are of paramount
importance in nonthyroidal illness. IL-6 is increased
[43] and inversely related to T3 levels in this condi-
tion [44]. Observations in patients with cancer doc-
umented that both IL-6 and TNF-α lower serum T3

[45, 46]. Low-T3 in ESRD is mainly attributed to
impaired extrathyroidal T4-to-T3 conversion (21)
[4]. As previously emphasized, inflammation in
ESRD is strongly implicated in both the high mor-
tality and the cardiovascular complications of this
population. Nonthyroidal illness commonly occurs
in various stressful conditions such as sepsis,
myocardial infarction, and virtually all severe dis-
eases [47]. Plasma T3 is the earliest alteration of the
thyroid hormone profile in nonthyroidal illness.
This phenomenon represents an acute-phase
response generated by activation of cytokines, IL-6
in particular [44, 48]. IL-6 administered on a long-
term basis suppresses T3 [45]. A causal role of IL-6
in thyroid dysfunction is suggested by experiments
in the IL-6 knockout mouse. Bacterial endotoxin
administration in this transgenic model triggers a
much less pronounced reduction in plasma T3 than

in wild-type mice [48]. Several studies have shown
an association between thyroid dysfunction and
inflammation in humans. CRP levels are increased
in both subclinical and clinical hypothyroidism
[49], and free T4 is inversely related to plasma fib-
rinogen [50]. As many as 30% of patients hospital-
ized because of heart failure display subnormal T3

[51], and it is well-known that this disease is asso-
ciated with high IL-6 plasma levels [52].
Interestingly, CRP and IL-6 are inversely associated
with T3 in patients with ESRD [2]. This phenome-
non is of clinical relevance because a parallel asso-
ciation exists between this thyroid hormone and
ICAM and VCAM-1 (two biomarkers of endothelial
activation/dysfunction) (Fig. 17.1). Circulating T3

in ESRD patients is inversely associated with the
number of cardiovascular complications including
stroke, myocardial infarction, and peripheral vascu-
lar disease indicating structural damage of the car-
diovascular system (Fig. 17.2). Furthermore, it was
documented that in patients with CKD T3, is very
sensitive to intercurrent inflammatory–infectious
processes (Fig. 17.3), confirming that inflammation
acutely interferes with thyroid function in this con-
dition also. The links between inflammation and
thyroid function may be complex and perhaps bidi-
rectional. Indeed, lipoprotein (a), a pro-atherogenic
protein and an acute-phase reactant strongly associ-
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Fig. 17.1 Relationship between plasma levels of free triiodothy-
ronine (fT3) and IL-6 and ICAM and VCAM-1 in patients with
end-stage renal disease. (Drawn from numerical data derived
from [2])



ated with CRP in ESRD [53], is significantly
reduced by D-thyroxine treatment in clinically
euthyroid ESRD patients [54]. 

Given the high risk portended by low-T3 in
patients with cardiac diseases (see below), the
inverse association between this thyroid hormone
and biomarkers of inflammation and structural car-
diovascular damage may be of major importance to
explain the exceedingly high overall and cardiovas-
cular mortality of patients with advanced renal fail-
ure.

17.4 Epidemiology of Clinical and
Subclinical Hypothyroidism in
CKD

The notion that hypothyroidism is more frequent in
patients with ESRD on dialysis has a firm basis [4].
However, until recently the influence of mild and
moderate degrees of renal insufficiency on thyroid
gland function was unknown. In an analysis of
about 15,000 Americans participating into the
NHANES III survey [55], hypothyroidism, defined
on the basis of serum T4 and TSH, was very fre-
quent (23%) in patients with an estimated glomeru-
lar filtration rate (GFR) below 30 ml/min per 1.73
m2 body surface (Fig. 17.4). In the majority of
patients (56%), the disease was subclinical. This
high frequency could not be attributed to confound-
ing factors such as age, gender, or ethnicity, and the
coherently inverse link between prevalence of
hypothyroidism and GFR clearly indicated that
renal function loss was the most relevant factor
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Fig. 17.2 Relationship between plasma
levels of free T3 and background cardio-
vascular complications in end-stage re-
nal disease patients. (Drawn from numer-
ical data derived from [2])

Fig.17.3 Plasma levels of IL-6 and CRP and fT3 at the zenith and
the nadir of an intercurrent inflammatory–infectious process in
a series of patients with CKD. (Drawn from numerical data de-
rived from [2])



explaining this association. Recent cross-sectional
data from 3089 adult outpatients referred by gener-
al practitioners for routine biochemistry testing to a
hospital laboratory in Italy [56] showed a preva-
lence of subclinical primary hypothyroidism of 7%
at an estimated GFR above 90 ml/min per 1.73 m2

and of 17.9% at an estimated GFR below 60
ml/min per 1.73 m2. Again this association was
independent of age, gender, fasting plasma glucose,
cholesterol, and triglyceride concentrations. Thus,
subclinical hypothyroidism is a relatively common
condition in patients with moderate to severe CKD.
In another recent survey in patients with advanced
renal failure before dialysis the prevalence of sub-
clinical hypothyroidism was 8% [3].

17.5 Cardiovascular Disease and Low-T3
in ESRD

Low-T3 in nonthyroidal illnesses is considered as a
response aimed at preventing protein and energy
wastage [47]. However, persistently low-T3 levels
may eventually become a maladaptive response
[42]. In fact, low-T3 entails a negative prognosis in
a variety of severe diseases (see below). 

T3 regulates fundamental genes in myocardial
cells. It up-regulates voltage-gated K channels and
Na/K-ATPase and down-regulates the Na/Ca
exchanger [57]. High circulating T3 levels increase
systolic function and cardiac output, and vice versa.
Probably due to the increase in afterload and to the
atherogenic effect of low levels of T3 on the arterial

system [58], LV mass is either unchanged [59] or
increased [60] in subclinical hypothyroidism. A
causal role of T3 deficiency in cardiomyopathy is
supported by a recent trial in patients with nondilat-
ed cardiomyopathy, in whom synthetic L-T3

replacement therapy elicited a clear-cut improve-
ment in the neurohumoral profile (norepinephrine
and N-terminal pro-B-natriuretic peptide) and in LV
performance [61].

As emphasized before, LV dysfunction and LVH
are pervasive complications in ESRD and are con-
sidered as a maladaptive response to various risk
factors [62]. As discussed, inflammation plays a
central role in the high risk of dialysis patients and
inflammation markers have been consistently asso-
ciated with atherosclerosis [63, 64] LV dysfunction
[39] and LVH [35, 39]. Given the role of inflamma-
tion in cardiovascular diseases in these patients, the
coherent association between low-T3 and reduced
LV function and increased LV mass appears to be of
paramount importance [65] (Fig. 17.5). Intriguingly,
detailed multivariate analyses revealed that these
associations were highly influenced by biomarkers
of inflammation. The regression coefficients of the
relationships between T3 and LV mass and midwall
fractional shortening were indeed critically affected
by the inclusion of inflammation markers in the
multivariate models, particularly serum albumin
(Fig. 17.6), a phenomenon in keeping with the
hypothesis that low-T3 is an intermediate mecha-
nism implicated in the adverse effect of inflamma-
tion on the heart. Thus, T3 and inflammation appear
to be in the same causal pathway leading to car-
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Fig.17.4 Prevalence of hypothyroidism in re-
lation to estimated glomerular filtration rate
(eGFR) levels in the NHANES III cohort (see
text). (Drawn from numerical data derived
from [55])



diomyopathy. Of note in this study, a strong
T3–serum albumin link (Fig. 17.7) was in part inde-
pendent of IL-6 and CRP. This phenomenon sug-
gests that low-T3 also contributes to reducing serum
albumin by a mechanism or mechanisms independ-
ent of inflammation – a possibility in line with stud-
ies showing that thyroid hormone deficiency
reduces protein synthesis [66] and favors transcapil-
lary escape of albumin [67]. Thus, it can be sur-
mised that inflammation engenders a low-T3 state in
ESRD (20) and that this condition in turn amplifies
the effect of inflammation on serum albumin 

(Fig. 17.8). In addition to the established direct
effects of low-T3 on cardiac performance [57], low
albumin per se may be a mediator of the effects of T3

on LV function, and videodensitometric studies have
shown that myocardial texture is markedly reduced
in subclinical hypothyroidism. Reduced videoden-
sitometric characteristics of myocardial texture fully
reversible after long-term L-thyroxine treatment) is
indeed interpreted as an effect of enhanced transcap-
illary escape of albumin into the extracellular space
in the myocardium [60]. Importantly regression of
videodensitometric alterations after thyroid 
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Fig. 17.5 Relationship between plasma levels of fT3 and midwall fractional shorteninng (MWFS) and left ventricular mass index
(LVMI) in end-stage renal disease patients. (Drawn from numerical data derived from [65])

Fig. 17.6 Sequential adjustments  of the
fT3–midwall fractional shortening (MWFS)
relationship by multiple regression analysis.
Risk factors peculiar to end-stage renal disease
are hemoglobin and calcium per phosphate
product. (Drawn from data reported in [65]).
Multivariate analysis with LMVI as a depend-
ent variable produced similar results [65]



hormone replacement is also associated with
improved myocardial performance in these patients
[60]. Hypoalbuminemia is one of the strongest risk
factors for progressive cardiomyopathy and heart
failure in dialysis patients [40]. Therefore, low-T3

may also contribute to LV dysfunction by amplify-
ing the hypoalbuminemic effect of inflammation, a
hypothesis that could be specifically tested in exper-
imental studies and in studies employing videoden-
sitometry.

17.6 Low-T3 and Mortality in ESRD

Low-T3 as well as high IL-6 predict survival in var-
ious diseases, and these two biomarkers are inverse-
ly associated with each other in ESRD. This inverse
association and the relationship between LV mass
and function in these patients (discussed above)
suggest that depressed T3 may be a risk factor for
adverse outcomes in ESRD.

T3 is fundamental for the regulation of cell phys-
iology. It impinges upon cell replication and con-
trols ion channels, oxidative phosphorylation, mito-
chondrial gene transcription, and the generation of
numerous intracellular secondary messengers. T3 is
central in the adaptive response to starvation and
severe illness. As briefly alluded to before, this
adaptation is protective in the short term, but in the
long term it may turn out to be noxious [42]. Low-
T3 in intensive care patients predicts 5-day mortali-
ty [68], and it is an indicator of poor prognosis in
patients with liver cirrhosis [69], severe pulmonary
disease [70], and cardiac disease [71]. 

Nonthyroidal illness in patients with CKD and
ESRD has long been considered a harmless condi-
tion [72]. Since low-T3 is associated with depressed
myocardial performance in ESRD patients [65],
this alteration should not be necessarily viewed as
a favorable, compensatory adaptation to illness.
Fibrinogen is elevated and inversely related with T3

and portends a high risk of death in these patients
[73], suggesting that the atherothrombotic potential
of subclinical thyroid dysfunction in ESRD should
not be overlooked. Against this background it is of
major clinical relevance that T3 is a very consistent
predictor of death in ESRD, and that the strength of
this association is not modified much by statistical
adjustment for traditional and nontraditional risk
factors (Fig. 17.9). In keeping with parallel cross-
sectional observations on cardiomyopathy in the
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Fig. 17.7 Relationship between plasma levels of fT3 and serum
albumin in end-stage renal disease patients. (Drawn from numer-
ical data derived from [2])

Fig. 17.8 Hypothesized relationship between inflammation, hy-
poalbuminemia, and left ventricular dysfunction in patients with
renal insufficiency. Chronic kidney disease (CKD) engenders a
low-T3 syndrome by metabolic mechanisms (see text) and by in-
flammation. In turn, low-T3 potentiates transcapillary escape of
albumin and coagulation disturbances, and in directly and indi-
rectly (particularly via hypoalbuminemia, see text) contributes to
cardiomyopathy. Cardiomyopathy, inflammation, and hyperfib-
rinogenemia act in concert in engendering cardiovascular com-
plications and death in patients with CKD



same patients, inflammation and low-T3 appear to
be in the same causal pathway conducive to death.
Indeed, T3 emerged as a highly significant predic-
tor of death in an extensive Cox’s multivariate
analysis including IL-6, while IL-6 was largely
unassociated with death in the same model [74]. Yet
IL-6 became a significant death predictor, and a
quite strong one, when T3 was excluded from the
Cox model. This analysis confirms that T3 is a rel-
evant mediator of the adverse effects of inflamma-
tion in ESRD patients. Thyroid hormone is a major
determinant of thermogenesis and energy expendi-
ture, and resting energy expenditure (REE) is very
sensitive to small doses of T4. In this regard it is
worth noting that REE predicted mortality in a
cohort of patients on peritoneal dialysis but that the
predictive value of this measurement faded after
adjustment for inflammation markers and residual
renal function [75].

17.7 Can T3 Supplementation Provide a
New Therapeutic Approach in
Patients with Renal Insufficiency?

Extensive biological knowledge about the role of T3

in the control of cell and organ physiology, the
coherent series of observations in ESRD patients,
and pilot trials of T3 supplementation in other

chronic conditions associated with nonthyroidal ill-
ness suggest that supplementing T3 may have a
favorable influence on clinical outcomes in CKD
and dialysis patients with low-T3. A prospective
randomized trial reported beneficial effects of small
doses of T3 in children undergoing heart surgery
[76]. Likewise, favorable hemodynamic effects of
T3 administration were noted in an experimental
model of myocardial infarction [77] and in a very
recent trial in patients with dilated cardiomyopathy
[61]. However, we still lack long-term studies test-
ing the effect of T3 on mortality in patients with
heart disease and, more generally, in those with
nonthyroidal illness associated with chronic dis-
eases. Near-physiologic doses of T3 (50 μg/day)
produce a negative nitrogen balance in patients with
chronic renal failure [9], a finding considered as a
warning against thyroid hormone supplementation
in these patients. Yet this may only reflect correc-
tion of hypothyroidism, and any increase in protein
catabolism can be prevented by adequately aug-
menting protein intake. The important observation
that the low-T3 state of ESRD can be almost fully
corrected by treatment of metabolic acidosis [6]
opens an interesting perspective for intervention.
On the other hand, the safety of T3 administration in
patients with heart failure indicates that it is unlike-
ly that T3 will cause harm to CKD and ESRD
patients with T3 depletion.
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Fig. 17.9 Independent relationship be-
tween plasma levels of fT3 and all-cause
death in ESRD patients (multivariate
Cox’s regression analysis). (Drawn from
data reported in [74])



In summary, low-T3 is a marker of LVH and car-
diomyopathy and an independent predictor of death
in hemodialysis patients. These observations lend
support to the hypothesis that this alteration is impli-
cated in the high risk of this population. Mechanistic

studies and exploratory intervention trials in ESRD
patients with low-T3 are needed to further investigate
the nature of the association between T3 and clinical
outcomes unraveled by observational studies in this
very high-risk population.
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Key Points

• Impairment of renal function and the resulting accumulation of uremic waste products (“uremic tox-
ins”) may disturb thyroid physiology at various levels, including thyroid hormone production, dis-
tribution, and elimination and involve the hypothalamo-pituitary control of the thyroid gland.

• In patients with chronic kidney disease (CKD) T3 is very sensitive to intercurrent
inflammatory–infectious processes and appears to be inversely related to biomarkers of inflamma-
tion such as interleukin-6 and C-reactive protein.

• Subclinical hypothyroidism is a relatively common condition in patients with moderate to severe
CKD.

• Low-T3 is associated with left ventricular (LV) hypertrophy and LV systolic dysfunction in patients
with end-stage renal disease (ESRD).

• Low-T3 predicts death and cardiovascular outcomes in ESRD. T3 supplementation may be useful to
curb the exceedingly high rate of cardiovascular complications of CKD. Clinical trials in this area
are a research priority.
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18.1 Chronic Heart Failure

Chronic congestive heart failure (CHF) is a syn-
drome in which the heart is unable to pump enough
blood to meet the needs of the body’s tissues. CHF
is associated with important clinical and social con-

sequences. The risk of mortality is six to nine times
higher in patients with CHF than in the general pop-
ulation. The lifetime risk for CHF approaches 20%,
and mortality approaches 25% after 1 year and 50%
after 5 years [1]. For people over 65, it is the lead-
ing cause of death. Rehospitalization rates are about
50% within 12 months after discharge. Despite
therapeutic advances, CHF-associated morbidity
and mortality continue to increase [2].

The most frequent cause of CHF is coronary
artery disease (CAD), followed by hypertension,
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valvular heart disease, and cardiomyopathy. An
impaired pumping action of the heart triggers a
number of hormonal and neuroendocrine mecha-
nisms that tend to correct the diminished blood
flow. These corrective responses are helpful only
in the short term as they increase the work of the
failing heart and thus in the long term damage the
heart. Specific mechanisms include activation of
the sympathetic nervous system, the renin–
angiotensin–aldosterone system, and the immune
system, and myocyte remodeling [3, 4]. Certain
molecules, such as nitric oxide and hormones of
the heart, so-called natriuretic peptides, may play a
positive role in CHF. Other factors, such as gender,
race, arrhythmias, hypercoagulability, and inflam-
mation factors, are associated with severity and
outcomes of CHF [5]. 

Existing data clearly demonstrate that mental
depression is an independent risk factor for poor
prognosis in patients with cardiovascular diseases,
including CHF [6]. However, the mechanisms
underlying this relationship are not fully under-
stood. Low-triiodothyronine (T3) syndrome is
reported in CHF [7] as well as in depression [8],
providing a possible link between the two disorders.

18.2 Depression

Depression is a major public health problem and
research priority. It is a chronic, disabling mental
disorder with a high rate of recurrence and the
fourth leading cause of disease burden, accounting
for 4.4% of total disability. Depression causes the
largest amount of nonfatal disease burden, account-
ing for almost 12% of total years lived with disabil-
ity worldwide [9]. Every year it affects about 8% of
the population [10], making it the leading cause of
impairment in adults in North America and Western
Europe [9]. Impairment in daily functioning caused
by depression or anxiety exceeds that caused by
other chronic diseases, such as hypertension, dia-
betes, and back or neck problems [11].
Epidemiological studies have shown that when a
person is diagnosed with major depression, he or
she has a significantly greater risk of dying within 1
year than does someone who is not depressed. The
negative effect of depression on mortality is espe-
cially evident in patients with a serious somatic dis-
ease, such as cancer, stroke, or heart disease, includ-
ing CHF [12].

The prevailing biological hypothesis of depres-
sion suggests that mood disorders are associated
with dysregulation of amines in the brain.
Norepinephrine and serotonin are the neurotransmit-
ters most often implicated in the pathophysiology of
depression [13]. Dysfunction of these neurotransmit-
ters may cause dysregulation of various neuroen-
docrine axes, such as the adrenal axis, the growth
hormone axis, and the thyroid axis. Among the dys-
functions of the thyroid axis, low-T3 syndrome is
frequently reported in depressed patients [8]. 

18.3 Low-T3 Syndrome

A decrease in serum T3 concentration and a parallel
increase in reverse T3 concentration are common
findings in many illnesses, e.g., trauma, starvation,
and after surgical operations. These changes in
hypothalamus–pituitary–thyroid (HPT) axis func-
tion, taken together, are referred to as low-T3 syn-
drome. In the fasting state, this shift from  produc-
tion of the metabolically potent thyroid hormone T3

toward production of the metabolically inactive thy-
roid hormone reverse T3 suggests a compensatory
role. However, in chronic illnesses, such as CHF
and depression, a low-T3 concentration can produce
its own negative consequences. These HPT axis
changes have also been called “euthyroid sick syn-
drome” (ESS), a term tending to minimize their
clinical significance. An alternative designation,
which does not presume metabolic significance, is
“nonthyroidal illness syndrome” [14]. A marked
decrease in serum thyroid hormone concentration in
patients with severe nonthyroidal illness is associat-
ed with a high probability of death, while recovery
from an underlying illness is usually accompanied
by the reversal of thyroid abnormalities [14].

Secretion of thyroid hormones is controlled by
the pituitary thyroid-stimulating hormone (TSH),
which in turn is stimulated by hypothalamic thy-
rotropin-releasing hormone (TRH) and suppressed
by negative feedback from serum thyroid hormones.
The thyroid gland secretes several hormones,
including T4, T3, and reverse T3. The main secretion
of the thyroid gland is T4, and the thyroid gland is
the only source of this hormone. In contrast, no
more than 20% of the biologically more active hor-
mone T3 is secreted by the thyroid gland. The
remainder of T3 production is in other tissues, by
the enzymatic removal of iodine from the T4 mole-
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cule by deiodinases, which exist in several forms.
Type I deiodinase (D1) is located primarily in liver
and kidney and is responsible for producing as
much as 80% of T3. Type II deiodinase (D2) is
located primarily in the brain and in muscles,
including the heart in humans, and contributes to
tissue T3 concentration. Type III deiodinase (D3)
converts T4 into reverse T3, which is inactive, and
degrades T3 [15]. T3 penetrates cell membranes and
is responsible for the majority of the genomic and
nongenomic effects of thyroid hormones.

A principal mechanism underlying low serum
concentration of T3 in patients with nonthyroidal ill-
ness is the reduced activity of D1 in the liver.
Increased concentrations of cytokines, such as inter-
leukin-6 and tumor necrosis factor α, are responsi-
ble for impaired expression of hepatic D1. Other
mechanisms involved in the pathogenesis of low-T3

syndrome include a decrease in the concentration of
thyroid-hormone-binding proteins and the
decreased secretion of TRH and TSH. Dopamine
secretion and prolonged hypercortisolemia may
each play a role [14]. However, the role of neuro-
hormones in the pathogenesis of the low-T3 syn-
drome remains largely unknown.

18.4 Heart Failure and Depression

As mentioned above, depression is common in
patients with cardiovascular diseases. Increased
rates of depression are reported in CAD, after
myocardial infarction (MI), and in CHF [12, 16].
Depression is a risk factor for the development of
CAD [17], and the risk of being affected with CAD
is 60% higher in depressed patients. Depression
worsens the prognosis of heart disease, increasing
disability, reducing quality of life, and increasing
mortality in patients with CAD and following MI
[18]. In patients with CAD, depression doubles
mortality. In post-MI patients, depression more than
doubles mortality. Some studies have reported a
dose–response relationship between severity of
depression and the prognosis of the CAD [19]. The
impact of depression on treatment outcome, includ-
ing survival after coronary artery bypass surgery, is
also unfavorable. CAD is the most common cause
of CHF, and, among patients with CHF, rates of
depression are reportedly from 11% to 48% in out-
patients and exceed 70% in inpatients [20]. The
high variance in the reported prevalence of depres-

sion may be related to many factors. However, it is
clear that in patients with heart disease clinical
depression is much more prevalent than in the gen-
eral population, in which the rate is about 8%[10]. 

Depression is a clinically important co-morbid
condition in CHF. It increases the risk of CHF
development in the elderly, especially in women,
and in patients with other risk factors for CHF, such
as hypertension [21]. Depression in patients with
CHF is associated with a poor prognosis and is an
independent risk factor for death, re-hospitalization,
and functional decline [22]. Co-morbid depression
significantly increases health care costs in patients
with CHF, and its negative impact on the quality of
life is greater than that of heart malfunction, as evi-
denced by increased N-terminal-pro-B-type natri-
uretic peptide (NT-pro-BNP) concentrations or
decreased left ventricular ejection fraction [23].

It is important to understand the mechanisms by
which depression increases the morbidity, mortali-
ty, and costs associated with CHF. Current knowl-
edge implicates psychosocial factors, such as non-
compliance with treatment, and poor social and
emotional support. Psychobiological mechanisms
point to inflammation factors, which are found to
be increased in depressed CHF patients compared
to nondepressed CHF patients. Depression and
CHF share some mechanisms that may worsen out-
comes of heart disease, including increased adren-
ergic activation and dysregulation of autonomic
function and heart rhythm. In a seeming paradox,
hypocholesterolemia is also related to a marked
increase in mortality in advanced heart failure [24].
Despite increasing information about links between
depression and CHF, there is no accepted model
that accommodates potential mechanisms.
Moreover, some perhaps important mechanisms
have not yet been studied. Dysfunction in thyroid
hormone metabolism, frequently found in depres-
sion and CHF, is such a mechanism. 

18.5 Heart Failure and Low-T3
Syndrome

Effects of thyroid hormones on the functioning of
the cardiovascular system have been known for
many years and are observed in both hyperthy-
roidism and hypothyroidism. T3 increases cardiac
inotropy and chronotropy. It influences contractile
function by regulating the transcription of myocyte-
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specific genes [4]. T3 also directly affects vascular
smooth muscle cells, promoting relaxation of resist-
ant arterioles and decreasing peripheral vascular
resistance. Normal thyroid hormone concentrations
are required for normal cardiovascular functioning;
an excess or a deficiency of thyroid hormones disor-
ganizes it.

There are several heart diseases that are accom-
panied by low-T3 syndrome. After myocardial
infarction, cardiac surgery in adults and children,
and cardiac arrest, as well as in CHF, serum T3 con-
centrations decline. This decline is related to wors-
ened cardiovascular functioning and worsened out-
comes of the heart disease or of surgery [25–27].

Low-T3 syndrome represents the most preva-
lent alteration in thyroid hormone metabolism in
CHF, affecting about one-third of these patients
[26]. As T3 concentration decreases, functional
impairment increases, as assessed by the New York
Heart Association functional classification.
However, even patients with mild and compensat-
ed CHF display some early manifestations of low-
T3 syndrome [28]. In CHF patients, the low-T3

syndrome is associated with poor left ventricular
function, tachyarrhythmia, and increased mortality
[4]. The low-T3 concentration in CHF is a stronger
predictor of poor outcome than is dyslipidemia,
age, or left ventricular ejection fraction.

As the heart fails, a change occurs in the dynam-
ics of an important regulatory system. The heart
normally secretes cardiac B-type natriuretic pep-
tides (BNP), including NT-pro-BNP, and thyroid
hormones stimulate its secretion [29]. With heart
failure, BNP and NT-pro-BNP concentrations
markedly increase [30], despite the usual decline in
T3 concentration. 

The low-T3 syndrome shares several biochemi-
cal and clinical characteristics with hypothy-
roidism, and both syndromes are found in CHF.
Functionally and phenotypically, the failing heart
resembles the hypothyroid heart. Shared character-
istics include somatic symptoms such as weakness,
dyspnea, edema, cold intolerance, and psychologi-
cal symptoms such as sleep apnea and depression.
Decreased cardiac output and contractility togeth-
er with increased peripheral vascular resistance are
found in both hypothyroidism and CHF. These
conditions share autonomic features: increased
norepinephrine concentration, overexpression of
sympathetic tone, and underexpression of
parasympathetic (vagal) tone. Changes in cardiac

gene expression are also similar in CHF and
hypothyroidism. Positively regulated T3 genes
such as SERCA-2 and α-MHC are down-regulat-
ed, and negatively regulated genes such as β-MHC
are up-regulated [31].

The above data suggest that treatment with thy-
roid hormones improves cardiac function in patients
with CHF as it does in patients with hypothyroidism.
Experimental data indicated that T3 supplementation
normalizes cardiac function in the low-T3 syndrome
caused by starvation. In heart transplantation, T3 has
been used to resuscitate donor hearts with poor func-
tion, in recipients to improve myocardial aerobic
metabolism, and to increase heart function in poten-
tial donors after cerebral death. It was reported that
after heart surgery in both children and adults
administration of T3 improved cardiovascular func-
tioning [27]. T3 supplementation was shown to alter
gene transcription in the myocardium of infants
undergoing cardiopulmonary bypass surgery [32].
Evidence is accumulating that normalization of T3

concentration is beneficial to CHF patients as well.
Preliminary data indicate that treatment of the low-
T3 syndrome with T3 or with the thyroid hormone
analogue diiodothyropropionic acid improves car-
diovascular functioning in CHF patients [33].
Recent data showed that short-term treatment with
T3 in low-T3 syndrome patients with CHF due to
dilated cardiomyopathy significantly improved both
neuroendocrine profile and ventricular performance
[34]. These data strengthen the need for further con-
trolled trials with more patients and longer periods
of T3 administration.

It has been suggested that T3, but not T4, should
be used for interventions in low-T3 syndrome
because of impaired peripheral T4 conversion to T3

by D1 in liver. Intravenous administration of TRH
was shown to restore serum T3 concentrations in
patients with low-T3 syndrome [35]. Moreover,
treatment with antidepressant drugs stimulates T3

production in the brain and increases its concentra-
tion in serum [36]. However, there are no data on
the effects of treatment with TRH or with antide-
pressant drugs on cardiovascular function and HPT
axis function in patients with CHF.

18.6 Depression and Low-T3 Syndrome

Functional impairment of the thyroid gland may
cause significant alterations in the functioning of
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the adult brain, leading to serious mental deficits
such as dementia or depression. Although most
overtly hypothyroid or hyperthyroid patients show
mental deficits, predominantly depression, most
depressed patients are euthyroid. A small proportion
of patients with recognized major depression
demonstrate subclinical hypothyroidism, of which
an exaggerated TSH response to TRH injection is a
characteristic. At the same time, between one quar-
ter and one third of depressed patients demonstrate
a blunted TSH response to TRH [37], which is
believed to be a biological marker of depression.
Involvement of the HPT axis, as evidenced by the
TSH response to TRH stimulation in female patients
with major depression, is illustrated in Figure 18.1
[37]. Basal TSH levels in major depression are usu-
ally normal or low normal. The most common thy-
roid axis finding in depression is transient hyperthy-
roxinemia [38], which may be accompanied by
increased concentrations of reverse T3 and
decreased concentrations of T3 [8]. Such changes in
the peripheral thyroid hormone economy together
with a blunted TSH response to TRH stimulation
are typical features of the low-T3 syndrome, which
is reported in a significant proportion of depressed
patients [8]. Recovery from depression, like recov-
ery from other nonthyroid illnesses, results in nor-
malization of TSH secretion as well as normaliza-
tion of thyroid hormone concentrations in serum
and in cerebrospinal fluid [39]. Thyroid hormone

metabolism in the brain undergoes a specific change
in depressed patients during recovery. Increasing T3

concentrations could be a precondition for the
recovery of depressed patients [36].

The evidence of a relationship between thyroid
dysfunction and mental state has evoked interest in
using thyroid hormones in the treatment of mental
disorders. Several clinical trials have confirmed the
clinical value of thyroid hormones in the treatment
of depression. Specifically, there is good evidence
that a small dose of T3 can accelerate the effects of
tricyclic antidepressants, including treatment-resist-
ant cases of depression. The role of T3 in augment-
ing the antidepressive effects of selective serotonin
reuptake inhibitors (SSRIs) in the majority of stud-
ies also showed positive results [40]. In one large
study, augmentation with T3 was a useful treatment
in depressed patients who experienced unsatisfacto-
ry results with two previous antidepressant medica-
tions [41]. Another strategy using thyroid hormones
in some mood disorders, such as rapid-cycling bipo-
lar disorder or treatment-resistant depression,
employs supraphysiological doses of T4 [36]. It was
reported recently that the antidepressant effect of T3

augmentation of SSRIs was correlated with signifi-
cant changes in the brain’s bioenergetic metabolism
[42]. This suggests that T3 is an important factor
regulating bioenergetic processes in the brain and
that these processes are related to the manifestation
and treatment of depressive disorders.
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Even mild fluctuations in thyroid hormone con-
centration within the normal range may affect men-
tal functioning. It was reported that subclinical
hypothyroidism is related to depression, and euthy-
roid patients with treated Graves’ disease exhibit a
high prevalence of affective disorders [43]. Subtle
relationships between thyroid function, even within
the normal range, and response to antidepressant
treatment were demonstrated in patients with major
depression. Serum T3 concentrations in the low nor-
mal range and serum T4 concentrations in the high
normal range are found in replacement therapy of
hypothyroidism with T4. This pattern of thyroid hor-
mones corresponds to the low-T3 syndrome and is
related to increased psychiatric morbidity [44].
Thyroid hormone replacement with a combination of
T4 and T3 restores a normal T3/T4 ratio and improves
mental functioning in some but not all patients [45].
It was summarized that the majority of patients sub-
jectively prefer combined treatment with T4 and T3

[46].
Evidence that thyroid hormones interact with

neural tissues affecting mood and cognition in
adults may have several explanations. Thyroid hor-
mones in the adult brain regulate the expression of
several genes that may affect mood and cognition,
including the gene for corticotropin-releasing hor-
mone, and the genes for neurotrophins, such as
nerve growth factor and brain-derived neurotrophic
factor. In addition, by genomic and possibly nonge-
nomic mechanisms, T3 interacts with several impor-
tant neurotransmitters, such as serotonin and norep-
inephrine, which are crucial for mood regulation,
and with acetylcholine, which is crucial for cogni-
tion [40]. Decreased T3 concentration in the low-T3

syndrome may affect these mechanisms, causing
depression, as happens in hypothyroidism.
Treatment with T3, which restores T3 concentrations
to normal, may improve mental status as well as
cardiac function.

18.7 Depression and Low-T3
syndrome in CHF

As mentioned above, depression is a common find-
ing in CHF. However, this co-morbidity has not
been investigated with regard to the low-T3 syn-
drome, which is frequently reported in both condi-
tions. A schematic hypothetical model of
thyroid–heart–brain interactions is presented in

Figure 18.2. In this model, depression, through its
effects on the HPT axis and on T3 production in the
brain, may contribute to additional decreases in
serum T3 concentration in patients with CHF, which
in turn, may worsen hemodynamics (e.g., reduced
cardiac output and peripheral resistance), cardiac
function, and outcomes of CHF. However, other
models of interaction between the thyroid axis and
depression in CHF should be considered.

For example, in an alternative model, low-T3

syndrome caused by CHF may affect thyroid hor-
mone homeostasis in the brain and result in depres-
sion in patients vulnerable to mood disorders. In
this model, depression is a function of low-T3 syn-
drome, and an association between the two does not
result in a decline in cardiac function. Vulnerability
to depression is associated with the short allele of a
functional polymorphism in the promoter region of
the serotonin transporter gene (5-HTTLPR) in con-
junction with stressful life events [47]. Chronic
heart disease such as CHF may be considered as a
stressful life event. It was demonstrated recently in
patients with chronic CAD that carriers of the short
allele of 5-HTTLPR were more vulnerable to
depression, perceived stress, and high norepineph-
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inase, D3 type III deiodinase, CO cardiac output, TPR total
peripheral resistance, NT-pro-BNP pro-B-type natriuretic pep-
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rine secretion, suggesting that these factors may
contribute to worse cardiovascular outcomes [48].
These findings may be extrapolated to CHF with
low-T3 syndrome. In this model, low-T3 syndrome
may interact with the short allele of 5-HTTLPR and
predispose to depression in patients with CHF. On
the other hand, low-T3 syndrome may have more
specific effects on the brain. D2 polymorphism,
which is responsible for T3 production in the brain,
and D1 polymorphism, which is responsible for cir-
culating T3 concentrations, interacting with low-T3

syndrome may result in brain hypothyroidism, at
least in those parts of the brain responsible for cog-
nition [49] and for mood.

Other factors, such as thyroid disease, treat-
ment with thyroid medication or amiodarone,
inflammation, age, and sex, as well as personality
traits may also affect thyroid function or mood,
contributing to an association between depressive
disorder and low-T3 syndrome in patients with
CHF. For example, activation of inflammatory
processes may be a primary mechanism responsi-
ble for worsened outcomes in CHF; this activation,
as discussed earlier, may contribute to depressive
disorder as well as to low-T3 syndrome. In this
model, however, depression and/or low-T3 syn-
drome are markers of a primary mechanism and
are without significant pathophysiological impact
on cardiac function. Finally, a model that considers
low-T3 syndrome and depression as adaptations to
chronic illnesses that minimize catabolism and
physical activity of patients with chronic disease

must be acknowledged. However, in this model,
low-T3 syndrome and depression have positive
effects on cardiac function and outcome in patients
with CHF, and such benefits have not been found
in the majority of the studies.

While the evidence summarized above suggests
a strong link between depression, low-T3 syndrome,
and CHF, to date no direct systematic investigations
exist documenting the relationship between depres-
sion and low-T3 syndrome in patients with CHF.
One preliminary study [50] found that depressed
patients with CAD participating in a rehabilitation
program had lower T3 concentrations and higher
NT-pro-BNP concentrations than nondepressed
patients. Significant correlations between NT-pro-
BNP concentrations and thyroid hormone concen-
trations in the total sample of patients were found in
that study. Higher NT-pro-BNP concentrations were
related to lower total T3 concentrations, with higher
reverse T3 concentrations and higher free T4 con-
centrations. There were no significant correlations
between depression and hormonal variables in the
total sample of patients. However, in men, higher
scores of depression were related to lower total T3

concentrations and to higher NT-pro-BNP concen-
trations. Correlations between scores of depression,
NT-pro-BNP concentrations, and total T3 concentra-
tions remained significant in the subgroup of male
patients with CHF (Fig. 18.3), suggesting that an
association between depression and low-T3 syn-
drome is of clinical importance in patients with
CHF, especially in men.
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Fig. 18.3 Correlations between concentrations of the cardiac B-type natriuretic peptide NT-pro-BNP, and total T3, and depression
scores on the Hospital Anxiety and Depression (HAD) scale in male patients with heart failure. (Bunevicius et al., unpublished
data)



Further research is needed to assess the associ-
ation between depression and low-T3 syndrome as
well as to reveal an impact of such an association
on mechanisms affecting cardiac morbidity and
mortality in patients with CHF. It should include
interventions designed to compensate for the T3

deficiency in CHF patients with low-T3 syndrome.
What effects do such compensations have on heart
function and on mental function? These interven-
tions may include treatment with T3 or with its

analogues, treatment with human recombinant
TSH, treatment with TRH or with its analogues,
and treatment with antidepressant drugs. CHF
patients with depression and low-T3 syndrome may
be a target population for such studies.
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Key Points

• Depression is an independent risk factor for a poor prognosis in patients with chronic congestive
heart failure (CHF).

• Low-triiodothyronine (T3) syndrome is another independent risk factor for a poor prognosis in
patients with CHF.

• Low-T3 syndrome is reported in patients with depression.

• Preliminary data suggest that low-T3 syndrome mediates the link between depression and poor car-
diac functioning in patients with coronary artery disease and in CHF.

• Treatment with T3 in depressed patients augments the effects of antidepressants. 

• Compensation of low-T3 syndrome in CHF patients improves cardiovascular function.

• Compensation of low-T3 syndrome in patients with CHF and depression may lead to improvement
in cardiovascular function and improvement in mood.
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19.1 Hyperthyroidism

“The pulse was 156 in a minute, very full and hard,
alike in both wrists, irregular as to strength, and inter-
mitting at least once in six beats… (she) had twice or
thrice been seized in the night with a sense of con-
striction and difficulty of breathing, which was
attended with a spitting of a small quantity of
blood… (the thyroid) occupied both sides of her
neck, so as to have reached an enormous size, … the
eyes were protruded from their sockets, and the coun-
tenance exhibited an appearance of agitation and dis-
tress, especially on any muscular exertion… (she)
had oedematous swelling of her legs and thighs…”.

This description by Parry [1] of a patient he
attended in 1786 was the first to associate atrial fib-
rillation and heart failure with hyperthyroidism due
to what is now known as Graves’ disease. The
changes to the cardiovascular system in hyperthy-
roidism include increased resting heart rate, con-

tractility, ejection fraction, and blood volume and
decreased systemic vascular resistance. As a result,
cardiac output may increase as much as threefold
[2]. It is surprising how well most patients tolerate
these changes, complaining only of palpitations and
breathlessness on exertion. There is evidence for a
reversible cardiomyopathy with left ventricular
ejection fraction decreasing on exercise [3], but
overt cardiac failure is rare in patients under the age
of 60 unless there has been long-standing severe
thyrotoxicosis. Even in older patients there are often
other contributing factors, such as hypertension and
ischaemic or valvular heart disease. Although bilat-
eral ankle edema is an early feature of cardiac fail-
ure, in patients with hyperthyroidism it is more like-
ly to result from vasodilatation, reversal of the
day:night ratio of urinary sodium and water excre-
tion [4], and pulmonary hypertension [5].

19.1.1 Establishing the Diagnosis in
Patients with Cardiac Failure

In Parry’s patient, the clinical diagnosis of
Graves’ disease would now be obvious. There
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would almost certainly have been a bruit audible
over the enlarged vascular goitre and, for cardiac
failure to have been present in such a relatively
young patient, concentrations of serum free thy-
roxine (fT4) and free triiodothyronine (fT3) would
have been markedly elevated and probably greater
than 60 pmol/l (normal 9–21) and 20 pmol/l
(normal 3–7), respectively. Isotope imaging
would have shown a diffuse and increased uptake
by the goitre and the concentration of the thy-
roid-stimulating hormone (TSH) receptor anti-
body (TRAb) in excess of 40 IU/l (normal less
than 1.5). It is in the elderly with hyperthy-
roidism, however, that cardiac failure and atrial
fibrillation are most likely to occur. The clinical
diagnosis of hyperthyroidism in this group may
not be so obvious. Weight loss may be obscured
by fluid retention and oedema, reduced appetite
and weakness due to proximal myopathy attrib-
uted to the debility of cardiac failure. There may
be neither goitre nor ophthalmopathy. Even
nodular thyroid disease, increasingly common
with age, may not be palpable and only evident
on isotope imaging. The hyperthyroidism of
nodular thyroid disease is milder than in patients
with Graves’ disease and its duration longer. In
up to 50% of patients, fT4 is in the upper part of
the reference range and fT3 is elevated – so-
called T3 hyperthyroidism. Although less than
1% of patients with new-onset atrial fibrillation
have evidence of overt hyperthyroidism [6], a
diagnosis of hyperthyroidism should be consid-
ered in patients with atrial fibrillation or cardiac
failure for which there is no obvious cause or in
whom the complications are unexpected in the
context of established heart disease. That such a
policy is by no means universal is highlighted by
the finding that 13% of patients with idiopathic
atrial fibrillation attending a large teaching hos-
pital cardiology clinic were found to have bio-
chemical evidence of hyperthyroidism [7].

19.1.2 Subclinical Hyperthyroidism

The increasing availability of accurate tests of
thyroid function has led to earlier diagnosis and
treatment of hyperthyroidism than was possible
even 25 years ago, when assays for TSH were
less sensitive. It has been established that even
the mildest form of overproduction of thyroid

hormones, subclinical hyperthyroidism, in
which a suppressed serum TSH concentration is
associated with serum T3 and T4 concentrations
within their respective reference ranges, is a risk
factor for atrial fibrillation [8, 9]. The risk of
developing atrial fibrillation is five times that of
the control population and is no less than is the
case for overt thyrotoxicosis [10]. One explana-
tion for this unexpected finding is that subclini-
cal hyperthyroidism is most commonly associat-
ed with nodular thyroid disease, which is typi-
cally found in those over 70 years of age. Such
patients are likely to have other established heart
diseases, themselves independent risk factors for
atrial fibrillation. Even increases in thyroid hor-
mone concentrations within their reference
ranges are sufficient to trigger the dysrhythmia
and precipitate or worsen cardiac failure in sus-
ceptible patients.

19.1.3 Hyperthyroidism or 
Non-thyroidal Illness?

Thyroid function tests may be altered in non-
thyroidal illness and mimic biochemical hyper-
thyroidism. Several mechanisms are involved;
these include suppression of TSH release due to
increased concentrations of dopamine,
cytokines, cortisol, and somatostatin; reduction
in the extrathyroidal conversion of T4 to T3, also
a feature of treatment with amiodarone; dis-
placement of thyroid hormones from plasma
proteins by drugs, such as furosemide in the
management of cardiac failure; changes in the
affinity characteristics and in the serum concen-
trations of thyroid hormone binding proteins;
and methodological problems associated with
free T3 and T4 measurements [11]. The finding
of a suppressed serum TSH concentration with a
raised free T4 concentration of 25–40 pmol/l is
not an uncommon finding in patients with signif-
icant non-thyroidal illness, such as atrial fibril-
lation and cardiac failure. Indeed, in a large
series of hospitalised patients, a low serum TSH
concentration was three times as likely to be due
to non-thyroidal illness than to hyperthyroidism
[12]. In most patients with significant non-thy-
roidal illness serum total T3 will be low-normal,
but if it is in the upper part of the reference
range this may be due to a fall from a previous-
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ly elevated concentration in a patient with
hyperthyroidism due to impaired T4 to T3 con-
version. In the absence of ophthalmopathy or
goitre, measurement of the TSH receptor anti-
body and isotope imaging may be helpful in
detecting Graves’ disease or impalpable nodular
thyroid disease. If there still remains doubt, a
trial of antithyroid drugs for a period of 3–6
months may be indicated.

19.1.4 Treatment of Cardiac Failure and
Atrial Fibrillation

19.1.4.1 Reducing the Tachycardia

As in any patient with cardiac failure, treatment
with diuretics such as furosemide is essential. In
the presence of atrial fibrillation, digoxin is
unlikely to be effective. There is not only a
reduced sensitivity of the heart to digoxin in
hyperthyroidism, but also increased renal clear-
ance [13]. Indeed, failure to slow the ventricular
rate in patients with atrial fibrillation, despite
normally adequate doses of digoxin, should raise
the clinical suspicion of hyperthyroidism, par-
ticularly if there is a response to the addition of
a small dose of a β-adrenoceptor antagonist such
as propranolol. There have been isolated reports
of cardiovascular collapse in Chinese people
with thyrotoxic cardiomyopathy within hours of
the administration of propranolol [14, 15].
However, the consensus is that this class of
drugs is an essential primary treatment of hyper-
thyroid heart failure, whether atrial fibrillation
is present or not, by improving the tachycardia-
mediated aspect of ventricular dysfunction with-
out altering systolic or diastolic performance
[2]. Propranolol in an oral dose of 160 mg daily,
preferably as a slow-release preparation, will
reduce heart rate significantly to less than
100 beats per minute within 24 h in the majority
of patients [16]. Although a β1-selective agent
such as atenolol will be equally effective in
reducing heart rate, it is less useful in ameliorat-
ing the tremor and anxiety. It should be empha-
sised that β-adrenoceptor blockade does not
abolish the tachycardia of hyperthyroidism but
is a useful interim adjunct therapy until antithy-
roid drugs restore thyroid hormone concentra-
tions to normal.

19.1.4.2 Reducing Thyroid Hormone
Concentrations

Antithyroid Drugs

Although propranolol, but not other β-adrenocep-
tor antagonists, inhibits the peripheral conversion
of T4 to T3, with a rise in the serum concentration
of the metabolically inactive reverse T3, the
changes are minor and confer no clinical benefit
[17].

Carbimazole, its active metabolite, methima-
zole, and propylthiouracil act by inhibiting thy-
roid hormone synthesis. Patients begin to notice
an improvement in their symptoms after some
2–3 weeks of treatment with carbimazole in a
dose of 40 mg daily. The equivalent dose for
methimazole is 30 mg and for propylthiouracil
400 mg, taken as 200 mg twice daily. In most
patients, serum T3 and T4 concentrations will
have returned to their reference ranges by 6–8
weeks [18]. The normal maintenance dose for
carbimazole is 5–15 mg daily. Adjustment to the
dose in the early weeks of treatment is guided by
clinical response and concentrations of thyroid
hormones, as there is a delay in pituitary thy-
rotrophs recovering from suppression by previ-
ously elevated serum T3 and T4 concentrations. At
this stage, it is possible to record a misleadingly
low serum TSH of < 0.01 mU/l in the presence
of normal or low serum T3 and T4 concentrations
[19]. After 6–8 weeks of antithyroid drug thera-
py, the best guide to the appropriate dose of car-
bimazole is the serum TSH concentration. Once
thyroid function is stable, ablative treatment with
iodine-131 is an option. The alternative is to con-
tinue with carbimazole long-term rather than run
the risk of recurrent hyperthyroidism and its car-
diovascular consequences if antithyroid drugs are
stopped after a conventional period of 12–18
months. In this respect, it has been shown that
antithyroid drugs are safe and cost-effective if
given continuously for 10 years or more [20].

Iodine-131

Within a few days of treatment with iodine-131
there may be a radiation-induced leak of stored thy-
roid hormones into the circulation and a significant
increase in the serum concentrations of both T3 and
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T4 [21]. In most patients with hyperthyroidism due
to Graves’ disease or nodular thyroid disease, this
transient increase in serum thyroid hormone con-
centrations is of no significance, but in those with
thyrocardiac disease the worsening of thyrotoxico-
sis may have serious clinical consequences and may
even precipitate thyroid crisis.

Pre-treatment with antithyroid drugs does not
prevent an increase in serum T3 and T4 concentra-
tions after iodine-131 therapy, but any increase is
from a lower baseline [22] and not harmful. This
pattern is consistent with the observation that
antithyroid drug therapy can reduce the content of
both T3 and T4 in the thyroid gland of patients with
Graves’ disease by over 95% [23]. Almost 20 years
ago, a survey of members of the American Thyroid
Association found that 31% of correspondents pre-
scribed antithyroid drugs before and 40% after
iodine-131 treatment [24]. It would be surprising,
however, if patients with thyrocardiac disease or
hyperthyroid patients with unrelated cardiac condi-
tions, such as ischaemic or valvular heart disease,
were not rendered euthyroid prior to iodine-131
therapy and during the 6–8 weeks before radioio-
dine is effective. 

Treatment with antithyroid drugs before, and
probably after, iodine-131 therapy renders the thy-
roid relatively radioresistant and increases the risk
of treatment failure [25, 26]. The effectiveness of
carbimazole is not diminished if it is withdrawn
for as little as 24–48 h before and after iodine-131
administration [27]. There is some evidence that
propylthiouracil confers even greater radioresis-
tance [28], but suggestions that this antithyroid
drug should be withdrawn for at least 2 weeks
either side of iodine-131 treatment are impractical,
exposing a vulnerable patient to uncontrolled
hyperthyroidism. It is likely that any radioresis-
tance resulting from antithyroid drug therapy will
be overcome by the use of the high doses of
iodine-131 of 400–600 MBq (11–16 mCi) admin-
istered by most endocrinologists to patients with
thyrocardiac disease in order to achieve euthy-
roidism as quickly as possible and in the knowl-
edge that hypothyroidism within 2–4 months is
likely. In the authors’ clinic, patients with severe
hyperthyroidism or with thyrocardiac disease are
first rendered euthyroid with carbimazole. The
antithyroid drug is stopped 72 h before treatment
with 400 MBq iodine-131 and re-started in the
same dose 72 h after therapy and continued for a

period of 6 weeks. Review of the patient at 8
weeks allows a meaningful assessment of thyroid
status.

The presence of significant active thyroid eye
disease would be an indication for long-term treat-
ment with carbimazole rather than with iodine-131.
The high doses of glucocorticoids recommended to
ameliorate any radiation-induced deterioration in
orbitopathy would be unwise in patients with car-
diac failure [29].

19.1.4.3 Reducing the Risk of
Thromboembolism

The risk of thromboembolism in patients with thy-
rotoxic atrial fibrillation has not been quantified
adequately. Opinions range from advocating war-
farin for most patients [30] to the view that in
younger patients with no evidence of structural
heart disease or hypertension the risk of anticoagu-
lation may outweigh the benefits [2]. There is some
evidence that the risk of systemic embolisation is
significantly less in atrial fibrillation due to hyper-
thyroidism than in mitral stenosis or ischaemic heart
disease [31]. However, it is likely that the presence
of cardiac failure enhances any risk of thromboem-
bolism in patients with thyrotoxic atrial fibrillation,
and anticoagulants would seem sensible in this con-
text, particularly if elective cardioversion is antici-
pated. Clearly, any decision about anticoagulants
should be tailored to individual patients, and the
elderly in whom compliance may be in doubt or
with a history of falls would be candidates for treat-
ment with aspirin rather than warfarin. Anti-coagu-
lant control may be difficult because hyperthy-
roidism is associated with an increased sensitivity to
warfarin [32].

19.1.4.4 Timing of Cardioversion

It is unlikely that a patient with thyrotoxic atrial
fibrillation complicated by cardiac failure and,
therefore, likely to be associated with other forms
of heart disease will revert to stable sinus rhythm
spontaneously. The chances of successful elective
electrical cardioversion are probably under 20%
but are less dependent on the duration of atrial fib-
rillation than on the absence or presence of struc-
tural heart disease [33]. Despite the low success
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rate, one attempt at cardioversion is worthwhile,
but it should be delayed until serum TSH concen-
trations have been detectable for at least 6 weeks,
given that the effects of hyperthyroidism on car-
diac function persist for that length of time after
restoration of thyroid hormone concentrations to
normal [3].

19.1.5 Problems Posed by Amiodarone

“A 70 year old man presented with weight loss of
7 kg over a period of two months, associated with
a reduced appetite, worsening breathlessness and
bilateral leg oedema, despite treatment with
furosemide, spironolactone, and ramipril, pre-
scribed after he had sustained an anterior myocar-
dial infarction complicated by the development of
atrial fibrillation and congestive cardiac failure
nine months earlier. He had also been taking amio-
darone 200 mg daily but, because of the develop-
ment of exfoliative dermatitis, this had been
replaced by digoxin some two months before.
Examination revealed him to be in atrial fibrilla-
tion with a ventricular rate of 160 beats per
minute and in biventricular failure. He was noted
for the first time to have a small nodular goitre.
Serum fT4 was markedly elevated at 80 pmol/l
(normal 9–21) and total T3 marginally raised at 2.8
nmol/l (normal 1.1–2.6). Serum TSH concentra-
tion was less than 0.05 mU/l. Uptake of iodine-
131 by the thyroid at 4 h was negligible and ultra-
sound examination confirmed the presence of a
multinodular goitre.”

This case illustrates many of the features of
amiodarone-induced thyrotoxicosis, which carries
a high mortality in the presence of left ventricular
dysfunction [34]. Amiodarone in a dose of 200 mg
daily provides more than fifty times the recom-
mended intake of iodine. As iodine is one of the
building blocks for thyroid hormone synthesis,
excess iodine will precipitate hyperthyroidism in
patients in whom there is underlying autonomous
thyroid dysfunction, as in Graves’ disease or nodu-
lar goitre. This is known as type I amiodarone-
induced thyrotoxicosis and it tends to be more
severe in areas of iodine deficiency. The dispropor-
tionately high ratio of T4 to T3 in this form of
hyperthyroidism is a reflection of decreased
peripheral monodeiodination of thyroxine to tri-
iodothyronine. Amiodarone has a half-life of some

50 days as it is stored in fat, which becomes a
slow-release depot of iodine. As a result, amio-
darone-induced thyrotoxicosis may present many
months after the anti-dysrhythmic drug has been
withdrawn.

As iodine uptake is negligible in patients with
amiodarone-induced thyrotoxicosis, the initial
treatment is with carbimazole, which may have to
continue indefinitely if amiodarone is deemed the
best treatment for chronic atrial fibrillation. If
amiodarone can be withdrawn, it may be possible
to administer an ablative dose of iodine-131 once
there has been recovery of iodine uptake. This
therapy would allow the future use of amiodarone
without fear of precipitating hyperthyroidism. In
patients with severe amiodarone-induced thyrotox-
icosis, treatment with carbimazole alone may not
reduce serum thyroid hormone concentrations ade-
quately within weeks as would normally be
expected. In that situation the addition of potassi-
um perchlorate, which inhibits the uptake of iodine
by the thyroid, is indicated.

In type II amiodarone-induced thyrotoxicosis,
there is a chemical thyroiditis in patients with an
inherently normal thyroid gland, with release of
preformed thyroid hormones. Hyperthyroidism is
transient, lasting for several weeks, and often fol-
lowed by an equally short-lived phase of hypothy-
roidism. There are no investigations that reliably
distinguish between the type I and type II forms,
but the presence of goitre, ophthalmopathy, pretib-
ial myxedema, and TSH-receptor antibodies in the
serum favours a diagnosis of type I amiodarone-
induced thyrotoxicosis.

A “wait and see” policy may be appropriate in
patients thought to have type II amiodarone-
induced thyrotoxicosis and was favoured by both
European and American thyroidologists in a recent
survey [35]. However, given the frequent uncer-
tainty in distinguishing between the two forms, a
pragmatic approach is to treat all patients with car-
bimazole [36], and to withdraw the antithyroid
drug if the serum TSH concentration becomes ele-
vated – an indication of the hypothyroid phase of
amiodarone-induced thyroiditis.

It is obviously important that thyroid function
is assessed prior to starting treatment with amio-
darone, but such a sensible policy is honoured
more in the breach than in the observance, perhaps
understandably in the charged atmosphere of deal-
ing with an ill patient in the emergency room.
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19.2 Hypothyroidism

Overt hypothyroidism, in which the serum fT4

concentration is low and serum TSH concentration
elevated, usually in excess of 20 mU/l (normal <
4.5), is characterised by decreased heart rate,
myocardial contractility, and cardiac output and
by increased systemic vascular resistance and
mild diastolic hypertension. In addition, there
may be raised total and low-density lipoprotein
(LDL) cholesterol, endothelial dysfunction, and
increased arterial stiffness. These changes predis-
pose patients to cardiovascular disease and, ulti-
mately, cardiac failure.

However, in both primary care and hospital prac-
tice, there is now a low threshold for measuring thy-
roid function, and most patients identified with thy-
roid failure have the mildest form, or subclinical
hypothyroidism, in which serum fT4 is in the lower
part of the reference range and serum TSH elevated,
but usually less than 10 mU/l. The patient with
long-standing profound hypothyroidism with car-
diac failure, pleural and pericardial effusions, and
ascites is vanishingly rare in clinical practice. The
usual challenges are the initiation of thyroid hor-
mone replacement in patients with overt hypothy-
roidism, symptomatic ischaemic heart disease, and
cardiac failure, when subclinical hypothyroidism
should be treated, and determining the appropriate
dose of thyroxine.

19.2.1 Initiation of Thyroxine Therapy

Although it is reasonable to prescribe a full replace-
ment dose of thyroxine of 100–150 μg daily to a
patient immediately following total thyroidectomy
for differentiated thyroid carcinoma, the received
medical wisdom, no doubt based on accumulated
anecdotal evidence, is that in the elderly and in
those with symptomatic ischaemic heart disease or
cardiac failure, thyroxine should be prescribed in a
low dose of 25 μg daily and increased incremental-
ly by 25 μg every 6–8 weeks until serum TSH is
normal. The only significant study of the effects of
thyroxine therapy in patients with co-existent
hypothyroidism and angina pectoris was conducted
almost 50 years ago [37]. Angina improved in 38%
of patients, was unchanged in 46%, and deteriorat-
ed in 16%. There can be no hard or fast rule about
how to treat patients with cardiovascular disease

and overt hypothyroidism, which is now more like-
ly to be an associated condition rather than
causative. Each patient should be considered on his
or her merits.

“A 65-year-old woman with a history of myocar-
dial infarction complicated by the development of
cardiac failure two years previously presented with
several episodes of central chest pain radiating to
the jaw and left arm, each lasting up to 30 min dur-
ing the preceding 24 h. Thyroid function tests per-
formed two weeks earlier because of a strong fami-
ly history of thyroid disease revealed a serum fT4

concentration of 7 pmol/l (normal 9–21) and TSH
of 23.0 mU/l (normal less than 4.5). She had been
started on treatment with thyroxine in a dose of 25
μg daily and had taken this medication for three
days. ECG revealed a sinus bradycardia of 50 beats
per min and 1.5 mm horizontal ST-segment depres-
sion in leads II, III, and aVF. Serum troponin was
less than 0.2 μg/l.”

It is unlikely that thyroxine prescribed in the low
dose of 25 μg daily for a period of 3 days was relat-
ed to the development of the acute coronary syn-
drome, and it is equally unlikely that delaying car-
diovascular intervention for several weeks until thy-
roid function tests were restored to normal with thy-
roxine would have been in the patient’s best interest.
The advice should be to proceed to angiography and,
probable, re-vascularisation of the affected right
coronary artery as soon as possible. However, in a
patient with established ischaemic heart disease who
experiences angina every 2–3 weeks after strenuous
exercise, which is quickly relieved by glyceryl trini-
trate, it would be appropriate to start thyroxine treat-
ment in the anticipation that there would be no
change in the severity of symptoms.

As there are no slow-release forms of triiodothy-
ronine available, it is inappropriate to use combina-
tions of synthetic triiodothyronine and thyroxine or
thyroid extract in the treatment of patients with sig-
nificant cardiac disease, as there is a peak serum T3

concentration 1–2 h after ingestion that may be suf-
ficient to induce symptomatic tachycardia.

19.2.2 Bioavailability of Thyroxine

An increasing number of drugs have been shown to
reduce the absorption of thyroxine. Those relevant
to patients with cardiovascular disease include: fer-
rous sulphate prescribed, to reverse the iron defi-
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ciency anaemia induced by long-term use of aspirin;
calcium salts, given prophylactically to an ageing
population to prevent reduction in bone mineral
density; and proton-pump inhibitors, such as
omeprazole, widely used in the treatment of gastro-
oesophageal reflux disease. A rise in serum TSH
concentration in a patient previously well-con-
trolled on a stable dose of thyroxine should prompt
a review of other medication rather than an immedi-
ate assumption of poor compliance. There are sever-
al generic preparations of thyroxine and there are
issues about their bioequivalence [38]. It is wise to
insist that the same preparation of thyroxine is dis-
pensed after each prescription refill. 

19.2.3 Subclinical Hypothyroidism – 
To Treat or Not?

Rather surprisingly, a large cross-sectional popula-
tion study concluded that subclinical hypothy-
roidism was an independent risk factor for athero-
sclerosis and myocardial infarction in elderly
women, comparable to smoking, diabetes mellitus,
and hypercholesterolaemia [39]. However, this find-
ing was neither confirmed in the longitudinal com-
ponent of the study nor in a 10-year cohort study
[40]. Randomised controlled trials of the effect of
thyroxine replacement in patients with subclinical
hypothyroidism failed to show a reduction in either
total or LDL-cholesterol [41], or an improvement in
well-being in patients with a serum TSH concentra-
tion of less than 10 mU/l who were considered to
be symptomatic [42]. 

Minor decreases in myocardial contractility can
be detected by echocardiography in patients with
subclinical hypothyroidism [43], but the clinical
significance of such observations is far from clear
for most patients. However, any subtle decrease in
myocardial contractility may be important in the
context of cardiac failure and it would be reasonable
to treat with thyroxine in such circumstances.

There is a consensus that patients with subclin-
ical hypothyroidism and a serum TSH concentra-
tion greater than 10 mU/l should be treated, as
some 5% of such patients per year develop overt
thyroid failure. It makes sense to “nip things in the
bud” rather than wait for symptoms to develop or
run the risk of lost follow-up.

A raised serum TSH concentration but a normal
serum free T4 in the presence of cardiac failure may
be temporary and a manifestation of the changes in
thyroid function with time in relation to recovery
from non-thyroidal illness [12] or the transient
hypothyroid phase of an amiodarone-induced thy-
roiditis. 

19.2.4 How Much Thyroxine?

The majority of patients with primary hypothy-
roidism feel well while taking thyroxine in a dose
that restores both serum TSH and fT4 to their
respective reference ranges, as recommended by
the American Thyroid Association [44]. For most
clinicians, this means an fT4 in the upper part of
the reference range and a TSH in the lower part of
its reference range, e.g., serum fT4 19 pmol/l,
serum TSH 0.5 mU/l. Some patients only achieve
a sense of well-being if serum TSH is suppressed
and fT4 is high normal or even elevated, albeit less
than 30 pmol/l. Although a suppressed serum TSH
is not recommended in patients taking thyroxine
replacement therapy [45], this guidance is based
on misinterpretation of important studies [8, 40,
46]. There is no evidence that a suppressed serum
TSH is harmful if the serum T3 concentration is
unequivocally normal. However, in view of the
lack of agreement about what constitutes the cor-
rect dose of thyroxine, and adhering to the practice
of wishing to do no harm, it would be judicious to
adjust the dose of thyroxine replacement in
patients with cardiac disease so that serum TSH is
normal.
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Key Points

• β-Adrenoceptor antagonists are an integral part of the treatment of thyrotoxic atrial fibrillation and
cardiac failure.

• Subclinical hyperthyroidism is a risk factor for atrial fibrillation.

• Pre-treatment with antithyroid drugs before and after iodine-131 therapy should be standard prac-
tice in patients with hyperthyroid atrial fibrillation and/or cardiac failure.

• Thyroid function should be assessed prior to treatment with amiodarone.

• There is no evidence that treatment of subclinical hypothyroidism in patients with a serum TSH
concentration of < 10 mU/l is of benefit.
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20.1 Heart Failure and Systemic 
Dyshomeostasis: The Role of the
Thyroid Hormone System

Cardiac insufficiency is the prime mover of heart
failure (HF) syndrome. The left ventricle moves less
and too weakly to pump a sufficient amount of
blood throughout the body. An increase in atrial

pressure and capillary wedge pressure is the local
consequence of left ventricular dysfunction; an
inadequate circulating blood supply is the systemic
one. Neuroendocrine activation is the direct and
immediate response to reduced cardiac output and
provides a suitable explanation of the systemic
involvement in HF. This response is characterized
by the activation of different systems that can be
divided into two main, counterbalancing arms: the
vasoconstrictive sodium water-retaining systems
and the vasodilative natriuretic systems. Atrial natri-
uretic peptide (ANP) is primarily synthesized by the
atria in response to atrial distention, whereas brain

225

Synthetic Thyroid Hormone and
Thyroid Hormone Analogues 
for Treatment of Heart Failure 

Alessandro Pingitore, Vincenzo Lionetti and Francesca Forini

20

Abstract  Heart failure (HF) should be seen in a unique scenario of altered sys-
temic homeostasis, in which heart dysfunction, peripheral organ dysfunction, and
derangement of the neuroendocrine and immune systems represent chronic cross-
talking between stress stimuli, with continuous activation of the stress response.
The thyroid hormone (TH) system is profoundly involved in cardiovascular and
systemic homeostasis. In HF, the most frequent alteration of TH metabolism is a
low-triiodothyronine state, which may participate directly in progression of HF.
Initial results have shown that TH replacement therapy in patients with HF
improves cardiac performance, hemodynamic and exercise performance. It also
induces deactivation of the neuroendocrine profile, as a result of the significant
reductions in vasoconstrictor/sodium-retaining norepinephrine and aldosterone. 
It in the plasma levels of their counterpart, N-terminal pro B-type natriuretic pep-
tide (NT-proBNP). Depending on the pathophysiology of the HF, two strategies of
TH replacement therapy have been suggested: (1) the cardiosystemic strategy,
which involves administration of synthetic T4 or T3, and (2) the cardioselective
one, using TH analogues, in particular 3,5-diiodothyropropionic acid (DITPA).
The rationale of these two approaches is based on the pathophysiology of HF pro-
gression, which is linked to progressive impairment of systolic–diastolic cardiac
function, but also to systemic disturbance, which frequently progresses independ-
ently of deteriorating cardiac function.

Keywords Heart failure • Thyroid hormone • Homeostasis • Triiodothyronine •
Thyroxine • Thyroid analogues

A. Pingitore (�)
C.N.R. Clinical Physiology Institute, S. Cataldo Research
Campus, Pisa, Italy

G. Iervasi, A. Pingitore (eds.), Thyroid and Heart Failure. 
© Springer-Verlag Italia 2009



natriuretic peptide (BNP) is synthesized by the ven-
tricles in response to increased filling pressure and
ventricular dilation. Both have vasodilator and
natriuretic effects in response to fluid overload
induced by cardiac insufficiency, thus antagonizing
the vasoconstriction and fluid retention mechanisms
of the sympathetic and the renin–angiotensin–
aldosterone systems. 

More recently, besides those of the neurohor-
mone family, other biologically active molecules
have been implicated in the pathophysiology and
evolution of HF. In addition to neuroendocrine acti-
vation, the so-called cytokine hypothesis implies
that overexpression of these molecules – in particu-
lar, tumor necrosis factor α (TNF-α ) and inter-
leukin-6 (IL-6) – is a maladaptive response favoring
progressive cardiac decompensation in HF [1–3]. In
experimental studies, cytokines inhibit contractility
directly [4], increase apoptosis, and alter interstitial
matrix [5]. Clinical studies showed that TNF-α and
IL-6 increase in patients as their functional HF clas-
sification deteriorates [6] and the levels these fac-
tors were independent predictors of mortality [7, 8]. 

Neuroendocrine activation and increased plasma
levels of cytokines represent only a part of the large
spectrum of systemic derangement in HF. Kidney
involvement was the basis of the hemodynamic
model proposed in the past in an attempt to describe
the pathophysiology of HF. More recently, the so-
called cardiorenal syndrome underscored the high
incidence (almost 25% of patients with HF) of renal
insufficiency and its negative prognostic impact in
patients with HF [9]. In particular, moderate renal
insufficiency (glomerular filtration rate ≅ 60
ml/min) was shown to increase overall and cardiac
death, with every 1 ml/min decrease in estimated
glomerular filtration rate, corresponding to a 1%
increase in mortality in patients with HF [10, 11]. In
addition, anemia is associated with cardiorenal
insufficiency in the so-called cardiorenal–anemia
syndrome [12]. Renal insufficiency contributes to
anemia by reduced production of erythropoietin, in
association with diabetes, elevated plasma cytokine
levels, malabsorption, and the use of angiotensin-
converting enzyme (ACE) inhibitors and
angiotensin receptor antagonists [12]. The preva-
lence of anemia among patients with HF is almost
20% [13], and when it is persistent, it provides inde-
pendent prognostic information, with higher overall
mortality and re-hospitalization rates in patients
with HF [14,15].

Depressive disorders are the other relevant clinical
aspect of the systemic disturbance in HF. The inci-
dence of depression in chronic HF varies between 11
and 58%; the prognostic relevance of this disorder is
still debated [16]. Recently, depression was shown to
be independently associated with poor clinical out-
comes including all-cause mortality and vascular
events (stroke, transitory ischemic attacks, and acute
myocardial infarction) in elderly patients with HF
[17]. 

For these reasons, in the pathophysiology of
chronic stress stimuli [18], HF should be seen in a
unique scenario of altered systemic homeostasis
(Fig. 20.1), in which heart dysfunction, peripheral
organ dysfunction, and derangement of the neuroen-
docrine and immune systems represent chronic
stress stimuli, with continuous activation of the
stress response. This, in turn, predisposes to allosta-
tic load, defined by McEwan as “the cumulative
strain on the body produced by repeated ups and
downs of physiologic response, as well as by the
elevated activity of physiologic systems under chal-
lenge and the changes in metabolism and the impact
of wear and tear on a number of organs and tissue,”
which “can predispose the organism to disease”
[18]. In other words, “allostatic load” is the price
the body pays for being continuously forced to
adapt to adverse physical and pathophysiological
situations [19]. In the case of HF, this refers to the
continuous up-regulation that occurs when neuroen-
docrine and immunoreactive systems shift their
effects from compensatory to unfavorable and,
finally, to toxic, as documented by the induction of
calcium overload and apoptosis and stimulation of
myocardial fibrosis – all promoting left ventricular
remodeling  [20] and systemic impairment.

In this scenario, left ventricular dysfunction is
the most important clinical and prognostic variable
in the early phases of HF, when this is still an organ
disease, and that in the continuing evolution of HF
can progress in two very different arms, cardiac and
systemic, in which clinical status and patient out-
come are mainly dominated by the progressive left
ventricular dysfunction and the systemic derange-
ment, respectively. 

The thyroid hormone (TH) system is profoundly
involved in cardiovascular and systemic homeosta-
sis. The effects of TH on the heart are mediated
either through extranuclear nongenomic or genomic
actions [21, 22]. Genomic TH actions regulate the
transcription of genes encoding different enzymes
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and functional and structural proteins, such as Na+-
K+ ATPase, sarcoplasmic reticulum Ca++ adenosine
triphosphatase (SERCA II), phospholamban, volt-
age-gated K channels, Na+/Ca++ exchanger, and
myosin heavy chains (MHC) [21, 22]. Nongenomic
actions include the cellular transport of amino acids
and sugars and ion fluxes at the level of the plasma
membrane [23]. At the vascular level, TH promotes
arterial vasodilation through nongenomic and
endothelium-independent mechanisms, but also
through a direct and acute endothelial-mediated
vasodilating effect on resistance vessels, as shown
experimentally and in thyroidectomized patients
[24, 25]. The role of the TH system in maintaining
systemic homeostasis is determined by its effects on
the functions of different organs and systems, that
is, the same organs and systems found to be altered
in HF, and its interactions with several hormonal
pathways. Altered thyroid metabolism leads to renal
insufficiency and mood alterations, with symptoms
of depression and anxiety. In hypothyroid patients,
serum creatinine is higher than in controls, and the
severity of thyroid dysfunction correlates with renal
function [26]. More interestingly, as discussed in
Chapter 17 of this volume, low-T3 syndrome fre-
quently characterizes end-stage renal failure; in
these patients it correlates with the severity of left
ventricular dysfunction and is an independent pre-
dictor of death [27, 28].

The main psychological symptoms in hypothy-

roidism are working memory decrement, somatic
complaints, anxiety, and depressive features [29, 30].
Moreover, patients with coronary artery disease and
depressive symptoms have a higher incidence of HF
and lower T3 circulating levels, suggesting an asso-
ciation between altered thyroid profile, depression,
and cardiac dysfunction [31]. The relationship
between thyroid system and other hormone path-
ways is particularly crucial in the HF context, in
which neuroendocrine activation plays a pivotal
pathophysiological role. Cellular, subcellular, and
biohumoral findings reinforce this hypothesis.
Thyroid–adrenergic synergy is bidirectional [32],
with TH potentiating β1-adrenergic receptor signals,
increasing both the number of receptors and cAMP
production through the stimulation of adenylyl
cyclase activity [32, 33], whereas the adrenergic
system promotes peripheral conversion of T4 to T3

by increasing type II iodothyronine 5β-deiodinating
activity [34]. The expression of genes encoding
angiotensin type I and II receptors, which mediate
TH-induced myocardial hypertrophy through trans-
forming growth factor β1 [35], significantly
increased in rats with thyroidectomy-induced
hypothyroidism [36]. This result may be interpreted
as being part of the fetal gene program induced by
low T3 circulating levels, characterized by changes
in MHC proteins, with decreased expression of 
α-MHC and increased β-MHC expression, and a
reduced SERCAII/phospholamban ratio [37, 38].
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Fig.20.1 Hypothesized pathophysiolog-
ical scenario of heart failure (HF) in which
heart dysfunction, peripheral organ dys-
function, and neuroendocrine and im-
mune systems act synergetically to impair
systemic homeostasis and promote HF
progression. This may be delayed by TH
therapy, which has positive effects on
heart function, neuroendocrine activation,
and probably also on peripheral organ
function



Cytokines, in particular TNF and ILs 1 and 6,
have been implicated in the pathogenesis of low-T3

syndrome in several groups of patients, especially
those with HF [39, 40]. Cytokine induction in low-
T3 syndrome is similar to that documented in HF,
i.e., the reduction in peripheral T4 to T3 conversion
by the inhibition of deiodination activity [41].

TH increases serum levels of BNP, probably
through a direct stimulatory effect on its secretion at
the level of both atrial and ventricular myocytes
[42]. BNP secretion, BNP mRNA levels, and BNP
promoter activity increased three- to sixfold follow-
ing T3 treatment [43]. In patients with subclinical or
overt hyperthyroidism, BNP levels were significant-
ly higher than those of controls [44].

In addition to these close links between TH and
other endocrine patterns, which justify the supposi-
tion of a central role of TH in preserving systemic
homeostasis, other aspect strengthening the role of
TH is the finding showing subclinical and reversible
alterations of cardiovascular and other organ system
functions in mild TH dysfunction, i.e., subclinical
hypothyroidism and subclinical hyperthyroidism
[26, 45, 46]. A negative prognostic impact of any
form of mild TH dysfunction has been observed in
cardiac patients [47]. Thus, it is plausible that a nor-
mal thyroid status is essential for maintaining sys-
temic and cardiovascular homeostasis; when it is
persistently lost, increased whole-body and cardio-
vascular vulnerability is observed.

20.2 The Low-T3 Syndrome in Heart
Failure: The Two Sides of a Coin

The most frequent alteration of TH metabolism in
HF is the low-T3 syndrome, previously interpreted
as a merely adaptive mechanism that resulted in the
reduction of catabolic processes of illness, thus hav-
ing beneficial effects through the reduction in meta-
bolic demand [48, 49]. However, as previously
described by Danzi and Klein (see Chap. 10), low-
T3 syndrome mimics hypothyroid syndrome, shar-
ing similar cardiovascular and systemic alterations.
Accordingly, the new hypothesis is that low-T3 syn-
drome participates directly in HF progression. This
hypothesis is supported by the observed direct detri-
mental effect induced by hypothyroidism on cardiac
morphology and on the structure, histology, and
systolic and diastolic function of the left ventricle,
as shown in the experimental setting, and the

reversibility of these alterations after normalization
of the TH profile [50]. Further clinical findings
showed the negative prognostic impact of low-T3

syndrome in patients with HF, who had a signifi-
cantly higher incidence of cardiac and cumulative
death than did patient without low-T3 syndrome
[50–54]. Thus, restoration of normal TH metabo-
lism appears to interrupt the vicious cycle of HF,
which involves heart dysfunction, systemic impair-
ment, and activation of the neuroendocrine and
immune–inflammatory systems, together resulting
in impairment of systemic and cardiovascular
homeostasis.

In this context, TH replacement therapy may be
considered a new therapeutic frontier in patients with
HF, in addition to the current neuroendocrine treat-
ment portfolio. The potential therapeutic strategies
that can be employed to optimize TH signaling in the
presence of HF and nonthyroidal illness syndrome
can be summarized by the following points:
• Administration of synthetic L-T4. By this

approach, the main physiological pathway of
secretion and peripheral metabolism of TH sys-
tem is guaranteed.

• Administration of L-T3, that is, the biologically
active form of TH.

• Administration of a TH analogue having a pre-
dominantly cardiotropic action, with positive
properties similar to those of natural TH, but
with lower adverse effects.

• Genetic manipulation of the expression of cardio-
vascular deiodinases; in this case, the goal is to
increase the local production and bioavailability
of T3.

• Genetic manipulation of the cardiovascular TH
receptor pattern. Here, the goal is to increase
hormonal signaling in the presence of normal or
even low levels of bioavailable T3.
The last two points are discussed in Chapter 22

of this volume. In the present chapter, TH treatment
with synthetic L-T4 and with L-T3 and TH ana-
logues is discussed.

20.3 Thyroid Hormone Administration
in Experimental Settings

During HF progression, a vicious cycle is activated,
consisting of cell loss, altered glycemic and lipid
metabolism, and abnormal coronary microcircula-
tion [55–59], which reciprocally interact to further
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left ventricular dilation and dysfunction.
Abnormality of TH metabolism – specifically,
reduced availability of biologically active T3 –
favors this vicious cycle through a direct detrimen-
tal effect on genomic complement, histology, and
cardiac morphology and structure [60], and thus on
the systolic and diastolic function of the left ventri-
cle. Normalization of the TH profile through the
administration of TH may reverse the negative
effects of altered thyroid metabolism, potentially
interrupting the vicious cycle of HF progression
[61]. In experimental settings, the beneficial effects
of TH administration have been observed at differ-
ent levels of the heart system: cellular, metabolic,
and vascular [62, 63] (Fig. 20.2).

20.3.1 Myocytes

Alteration of the cardiomyocyte cytoskeleton, a
reduced number of myocytes, and increased
myocardial fibronecrosis have been documented
under various experimental conditions of hypothy-
roidism (Bio T0-2 hamster model of primitive dilat-
ed cardiomyopathy in which subclinical hypothy-
roidism develops spontaneously and in the rat

model of hypothyroidism induced by 6 weeks of
treatment with propylthiouracil [64], and also in a
human model of prolonged (10 days) T3-deprived
atrial myocardial cultured tissue [60]). In this latter
study, cellular remodeling, consisting of enlarge-
ment of myocyte surface area and transverse diam-
eter, led to the disorganization of cultured
myocardium and phenotypical remodeling of
myocardium [60], which resembled the gross and
cellular structural impairment observed during HF
progression [50, 65, 66]. These morphological and
structural alterations were associated with a signifi-
cantly reduced expression of α-sarcomeric actin, an
essential protein for preserving the cytoskeleton,
which has been related to left ventricular remodel-
ing in human HF [67]. Experimental studies showed
that T3 administration reverses cellular degenerative
processes, very likely through activation and regula-
tion of the different intracellular signaling pathways
involved in cell protection, growth, and prolifera-
tion. Among these, P13K-Akt signaling, which
exerts a potent antiapoptotic action [68], was shown
to be rapidly activated in isolated rat myocytes
treated with continuous T3 administration for 24 h
[69, 70]. The evidence that the T3-induced Akt sig-
naling pathway is mediated through α1 thyroid
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Fig.20.2 Cardiac effects of synthetic TH administration in the experimental setting of dilated cardiomyopathy and/or hypothyroidism.
SERCA sarcoplasmic reticulum Ca adenosine triphosphatase, PLB phospholamban, MHC myosin heavy chains, ROS reactive oxy-
gen species, PKC protein kinase C, LV left ventricle



receptors located in the cytosol [69] supports the
hypothesis of cytosolic nongenomic actions of TH
that are rapid in onset and able to maintain the hor-
mone’s long-term effects. 

Protein kinase C (PKC), one of a family of ser-
ine–threonine kinases, is involved in several cardiac
processes, including left ventricular hypertrophy,
regulation of cardiac gene expression, and the mod-
ulation of different steps in excitation–contraction
coupling [71, 72]. PKC isozymes are differentially
expressed in neonatal and adult cardiac rats, with
the α, δ, and ε forms equally expressed in neonatal
heart and ε isozymes predominant in the adult heart.
TH specifically down-regulates PKC-α and PKC-ε
in the neonatal heart and PKC-ε in the adult heart
[73]. TH regulatory activation of PKC signaling
may have relevant clinical and therapeutic implica-
tions in light of evidence that stable activation of
PKC can promote disturbances in the growth and
hormone responsiveness of noncardiac cells, and, in
particular, that sustained treatment with the selec-
tive PKC-ε inhibitor attenuates cardiac fibrosis and
dysfunction in hypertension-induced HF [74].
Moreover, T3 administration promotes myocyte pro-
liferation, mediated by the activation of cyclins and
cyclin-dependent kinases. Cyclin D1 mRNA
cytosolic levels were enhanced in the heart of T3-
treated rats, and, most importantly, also in the
nuclear fraction, indicating that T3 has the ability to
induce translocation of the cyclin from the cyto-
plasm to the nucleus. Moreover, the nuclear translo-
cation of cyclin D1 was associated with increased
synthesis of cardiomyocyte DNA, as demonstrated
by increased levels of cyclin A, a specific marker of
the S phase of the cell cycle [75].

The importance of oxidative stress is increasing-
ly emerging with respect to a pathophysiological
mechanism of left ventricular remodeling responsi-
ble for progression of HF. Mitochondria are the pre-
dominant source of reactive oxygen species in fail-
ing hearts, indicating a pathophysiological link
between mitochondrial dysfunction and oxidative
stress [76]. Mitochondrial injury is reflected by
mtDNA damage as well as by a decline in mtRNA
transcripts, protein synthesis, and mitochondrial
function [77]. The mitochondrial transcription fac-
tor A (TFAM) is a nucleus-encoded protein that
binds mtDNA and promotes the transcription of
mtDNA. Cardiac-specific disruption of the TFAM
gene in mice resulted in dilated cardiomyopathy in
association with a reduced amount of mtDNA and

mitochondrial transcripts [78]. In addition, a reduc-
tion in TFAM expression has been demonstrated in
several forms of cardiac failure [79]. However, the
forced overexpression of TFAM was able to pro-
duce the opposite effect [80], even ameliorating the
decline in mtDNA copy number and mitochondrial
electron transport function, which may contribute to
a decrease in myocardial oxidative stress [81].
Recent investigations conduced by Iervasi’s group
confirmed that TFAM expression is significantly
reduced in the myocardium of the border zone of
infarcted rodent hearts, which is related to a severe
regional and global impairment of cardiac function.
Long-term administration of T3, starting at 72 h
after coronary ligation, maintained myocardial
expression of TFAM at normal levels, which was
regionally related to ameliorated mitochondrial
activity and improved cardiac function [82].

20.3.2 Coronaries, Microcirculation, and
Neoangiogenesis

In an ex vivo animal model of ischemia-reperfusion,
a reduction of coronary resistance and an increase in
coronary flow was documented after T3 administra-
tion [83]. This finding fits well with evidence of a
relaxant effect of TH in different vascular districts,
including the coronary arteries, which is independ-
ent of cAMP and nitric oxide formation [84]. The T3

vasodilatory effect has both an endothelium-inde-
pendent component, which is more evident at phys-
iological concentrations of T3, and an endothelium-
dependent component, more evident at supraphysi-
ological concentrations of T3 [85]. Also, in the ham-
ster cheek pouch microcirculation, T3 treatment
consistently induced a dose-dependent dilation of
arterioles more rapid than that induced by T4 admin-
istration [86]. Further, a neoangiogenic response,
consisting of capillary proliferation, has been docu-
mented after TH treatment. This response is rapid in
onset and occurs after a single injection of synthet-
ic T4 (L-T4), primarily in the venous capillaries, and
is linked to overexpression of β-FGF as well as to
mechanical factors, i.e., wall tension, shear stress,
and increased capillary flow [87]. Similarly, long-
term administration of a TH analogue, 3,5-
diiodothyrotropionic acid (DITPA), stimulates coro-
nary arteriolar growth by up-regulating key angio-
genic growth factors in normal rats [88] and in post-
infarcted rats, in which DITPA-induced angiogene-
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sis was associated with a less pronounced postin-
farction remodeling process, a reduction in infarct
expansion, and a high left ventricular ejection frac-
tion [89].

20.3.3 Cardiac Functional Proteins and
Metabolism

The effects of TH and of TH abnormalities on car-
diac metabolism and proteins are extensively dis-
cussed in Chap. 11. This section briefly describes the
effects of TH treatment on cardiac metabolism and
proteins in experimental settings. The improvement
in cardiac efficiency and function after
ischemia–reperfusion is partially explained by the
T3-induced modulation of glucose metabolism. T3

administration during reperfusion improves the cou-
pling of glycolysis to glucose oxidation by increas-
ing the activity of pyruvate dehydrogenase. This
metabolic effect is associated with a reduced cellular
concentration of protons (H+) produced from glycol-
ysis, which negatively influences cardiac efficiency.
Protons are exchanged with extracellular Na+ via the
Na+/H+ exchanger, thus reducing Ca2+ efflux and
resulting in Ca2+ overload and cell death [90].

Modulation of calcium handling through the sar-
coplasmic reticulum is strongly influenced by TH,
which up-regulates protein levels of sarcoplasmic
reticulum calcium-ATPase (SERCA2) and down-
regulates its inhibitor, phospholamban [22]. This
effect has been shown in hypothyroid rat hearts
treated with T3 [91] and after acute myocardial
infarction in rats treated with thyroid powder, in
which the increased SERCA2/phospholamban ratio,
associated with a shift in cardiac MHC isoform
expression (with increased expression of α-MHC
and decreased expression of β-MHC), attenuated
cardiac remodeling, and significantly improved
myocardial performance [92]. Also, in the unloaded
heart, characterized by reduced cardiac perform-
ance and impaired left ventricular relaxation, and at
the cellular level, by increased phospholamban
activity with a reduced SERCA2/phospholamban
protein ratio, treatment with physiological doses of
T3 induced normalization of the SERCA2/phospho-
lamban ratio, improving ventricular relaxation and
contractility [93]. Interestingly, neither the MHC
isoform shift (from the β to the α isoform) nor
induction of left ventricular hypertrophy was
observed, suggesting that the observed beneficial

effects of T3 were partly due to the restoration of
calcium handling [94]. Another potential T3-activat-
ed pathway is the overexpression of ryanodine
receptors, which are an important protein in the
junctional sarcoplasmic reticulum, mediating the
release of calcium to trigger muscle contraction
[95].

20.3.3 Concluding Remarks for
Experimental Settings

All the experimental findings described above offer
a mechanistic basis for a TH-system-based therapy
in patients with left ventricular dysfunction and low
or borderline levels of T3 [61]. Restoration of a nor-
mal TH profile might counteract the progression of
HF by (1) positive remodeling through the modula-
tion of myocardial gene expression and cell protec-
tion and proliferation, (2) improving cardiac sys-
tolic and diastolic function and reducing vascular
resistance, with a consequent improvement in
hemodynamics, and (3) improving myocardial per-
fusion, which is known to be impaired in the early
stage of dilated cardiomyopathy and leads to pro-
gression towards HF and death. 

20.4 Thyroid Hormone Treatment in
Cardiac Patients Without Heart
Failure

Several studies have shown potential benefits of TH
replacement therapy in patients with acute cardiac
diseases frequently characterized by the presence of
a low-T3 syndrome. In patients undergoing cardiac
surgery, both adult and pediatric, with or without
left ventricular dysfunction [83], T3 administration
reduces the incidence of postoperative atrial fibrilla-
tion [96], improves hemodynamic performance,
thus reducing the need for inotropic agents, and
reduces troponin I release [97, 98]. T3 treatment
also reduces surgical death in patients at high risk of
death during open heart surgery [99]. Treatment of
children with T3 before and after cardiopulmonary
bypass operations improves myocardial function,
especially in patients with low postoperative cardiac
output without adverse events, and reduces the need
for postoperative intensive care [100, 101]. In the
setting of cardiac transplantation, T3 treatment
induces rapid achievement of hemodynamic stabili-
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ty, allowing significant reduction of inotropic sup-
port in human brain-dead organ donors, and also
provides excellent hemodynamic function of the
cardiac allograft in the recipients [102]. In a case of
acute myocarditis complicated by hemodynamic
instability, acute renal failure, and low-T3 syn-
drome, T3 treatment, given at a rate of 2 μg/h and in
addition to dobutamine and intra-aortic balloon
pump, was beneficial in stabilizing hemodynamics
without the appearance of arrhythmias or other side
effects [103].

20.5 Thyroxine Treatment in Patients
with Heart Failure

Synthetic T4 (L-T4) was given orally at the “physio-
logical” dose of 100 μg/day in the short term
(1 week) and as continuous 3-month treatment [104,
105] to patients with nonischemic dilated cardiomy-
opathy (Table 20.1). In both studies, L-T4 was well-
tolerated and induced a significant improvement in
cardiac pump function, consisting of enhanced rest-
ing cardiac output and exercise capacity and
reduced systemic vascular resistance. Interestingly,
low-dose dobutamine (10 μg/kg per min) induced a
higher increase in cardiac output and heart rate in 
L-T4-treated than in placebo-treated patients, very
likely indicating enhanced cardiac adrenergic sensi-
tivity in agreement with experimental data showing
a β1-adrenergic up-regulating effect of TH [106].
The beneficial hemodynamic effects of intravenous
T4 administration (20 μg/h) were documented in 10
patients with cardiogenic shock who were unre-
sponsive to conventional pharmacological inotropic
therapy and intra-aortic balloon counterpulsation. In
that study, T3 was sampled at baseline in three
patients only and all of them had low-T3 syndrome,
but T3 or T4 levels after T4 infusion were not report-
ed. The cardiovascular effects of continuous infu-
sion of L-T4 were maintained for a long enough
time to complete definitive surgical treatment, con-
sisting of heart transplantation or left ventricular
assist device [107].

20.6 Triiodothyronine Treatment in
Patients with Heart Failure

A few studies, with a limited number of patients,
assessed the effects of synthetic T3 replacement

therapy in patients with HF and low-T3 syndrome
(Table 20.1) [61, 108, 109]. In one study, T3 was
administered intravenously in a bolus dose followed
or not by an infusion of L-T3 for a few hours,
whereas in two other studies L-T3 was administered
continuously for 3 days at an initial dose of
20 μg/m2 body surface per day, diluited in 100 ml
saline; the dose was adjusted, when necessary, in
order to maintain circ circulatingevels within the
physiological range [61, 109]. Irrespective of the
L-T3 regimen adopted, T3 was well, tolerated and
untoward effects (arrhythmias, myocardial ischemia
episodes, hemodynamic instability) were not docu-
mented. In the study by Hamilton et al., patients
with advanced HF (NYHA functional class III–IV)
and low T3 levels and/or elevated plasma rT3 values,
who received the high dose of T3 (T3 bolus of 0.7
μg/kg followed by 6–12 h T3 infusion to a total
dose of 1 or 2 μg/kg) had a significant increase in
cardiac output and a reduction in systemic vascular
resistance [108]. Although circulating T3 levels
obtained after L-T3 administration varied widely
(but always above the upper limit of the normal
range), no side effects were documented.

These results were confirmed in an invasive
hemodynamic study, and in a noninvasive study that
assessed left ventricular performance using cardiac
magnetic resonance. These two studies enrolled
patients with ischemic and nonischemic dilated car-
diomyopathy and low-T3 syndrome, with optimized
conventional HF therapy, and in stable clinical condi-
tion. In the invasive study, constant infusion of L-T3

induced a progressive reduction in systemic vascu-
lar resistance and an increase in ejection fraction
and cardiac output, the latter invasively monitored
by Swan-Ganz catheter. Urinary output also
improved, whereas no changes in heart rate and sys-
temic arterial blood pressure were observed [109].
In the noninvasive study, in which the protocol
design was randomized allocation to T3 treatment
versus placebo and controlled, a 3-day continuous
T3 infusion (Fig. 20.3) increased stroke volume in
association with increased end-diastolic volume, as
documented with cardiac magnetic resonance (Fig.
20.4) [61]. The increased end-diastolic volume can
be considered to reflect the recruitment of residual
ventricular filling reserve, which is a fundamental
compensatory mechanism for maintaining cardiac
output in patients with HF [110]. It may have been
the result of the positive effects of biologically
active T3 on diastolic relaxation secondary to the
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increase in calcium ATPase of the SERCA pump
[111] and to the inhibition of its counterregulator
phospholamban [91, 92]. Our study’s results fit well
with those observed after normalization of the thy-
roid state in patients with mild primitive hypothy-
roidism and normal left ventricular function [112].
In that study, left ventricular stroke volume, ejection
fraction, and cardiac index significantly increased
after synthetic TH replacement therapy, while blood
pressure and heart rate did not change. Importantly,
the improvement in cardiac performance induced by
T3 did not correspond to increased myocardial oxy-
gen consumption, as indirectly estimated by calcu-
lation of the rate pressure product as well as total
cardiac work. The ameliorated cardiac metabolism
efficiency fits well with the data of Hamilton et al.
showing unchanged systemic metabolic demand
after T3 infusion, as assessed by indirect calorime-
try [108]. Moreover, the benefit of T3 infusion on

A. Pingitore et al.234

Fig. 20.3 Example of L-T3 circulating levels during 3-day con-
tinuous infusion of L-T3. The initial infusion dose of L-T3 was
20 μg/m2 body surface; during the 3-day infusion, the T3 dose was
changed in order to maintain circulating T3 levels within the
normal range

Fig. 20.4 Example of cardiac magnetic resonance performed in a patient with dilated cardiomyopathy and low-T3 syndrome before
and after L-T3 treatment. The images show the traced endocardial (red line) and epicardial (green line) borders of the left ventricle
for calculating left ventricular volumes. Histograms show the values of the left ventricular end-diastolic volume (LVEDV) and stroke
volume (LVSV) before and after T3
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cardiac function parallels a deactivation of the neu-
roendocrine profile, as seen from the significant
reduction in the vasoconstrictor/sodium-retaining
norepinephrine and aldosterone, and in the plasma
levels of their counterpart NT-proBNP (Fig. 20.5).
It is uncertain whether the neuroendocrine
rearrangement is an indirect result of T3-mediated
action, due to improved cardiac performance, rather
than a direct result of it. As previously mentioned,
THs per se increase rather than decrease cate-
cholamines, BNP, and aldosterone release.
However, the potential clinical relevance of 

T3-induced neuroendocrine deactivation in patients
with left ventricular dysfunction is clearly
deducible from an analysis of data reported in the
literature that shows highly beneficial effects of
aldosterone and β-adrenergic antagonists in terms
of survival, rate of hospitalization, symptoms, and
cardiac performance [65]. Taken together, the 
T3-mediated improvement in cardiac function and
positive neuroendocrine reset strongly suggest that
normalization of the TH profile inverts the vicious
cycle of HF, characterized by progressive cardiac
dysfunction, neuroendocrine activation, and sys-
temic disturbance, and thus delays disease progres-
sion and restores cardiovascular and systemic
homeostasis (Fig. 20.1).

20.7 Which Synthetic Thyroid Hormone
and What Dose?

There are no randomized controlled studies docu-
menting which is the better TH treatment – T3 or T4

– and the dose for administration in patients with
HF. Although T4 administration may represent the
more physiological view of synthetic TH treatment,
since the larger part of circulating T3 derives from
the peripheral conversion of T4 to T3, several obser-
vations suggest that T3 may in fact be more benefi-
cial than T4. The physiological pattern of peripheral
conversion from T4 into T3 is impaired in the pres-
ence of a nonthyroidal illness syndrome, and thus
the administration of T3 bypasses this step through
direct provision of the biologically active TH. This
point becomes all the more critical if we consider
that the cardiovascular system predominantly uses
circulating T3. Moreover, experimental findings
showed that the restoration of serum-bioactive T3 by
constant infusion of T4 was unable to normalize tis-
sue levels of T3, including in the myocardium [112].
This may be even more evident in the presence of
impaired peripheral conversion of T4 into T3, as in
the presence of low-T3 syndrome. 

The dose at which T3 is given should be adjust-
ed to keep circulating blood levels of T3 within nor-
mal physiological ranges and at a constant blood
concentration, avoiding abrupt changes up and
down. A constant circulating level of T3 provides
more effective nuclear action and T3-mediated tran-
scription in the myocardium than do fluctuating T3

circulating levels [113]. Moreover, the administra-
tion of L-T3 at high doses, mimicking a hyperthy-
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Fig.20.5  Norepinephrine, aldosterone, and N-terminal pro B-type
natriuretic peptide (NT-proBNP) in patients with heart failure be-
fore and after L-T3 treatment
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roid status, may be detrimental when the hormone is
used long-term. Experimental data have clearly doc-
umented that myocardial hypertrophy induced by
high doses of T3 is associated with an improved car-
diac performance only initially, followed by a
decline after 1 month of treatment [114]. This find-
ing was also associated with the increased expres-
sion of uncoupling proteins (UCP2 and 3) that may
be responsible for the decrease in mitochondrial
efficiency during thyroid hyperfunction [115]. The
real question is the mode of administration of T3

that will maintain constant circulating blood levels
of T3. This is not guaranteed with pills or drops, but
probably will require long-acting transdermal patch
systems, which are still not commercially available. 

20.8 Treatment with TH Analogues in
Patients with Heart Failure 

The rationale of developing TH analogues is to
guarantee organ-selective effects without the poten-
tial untoward events of TH. Among the family of
TH analogues, diiodothyropropionic acid (DITPA),
a thyroxine analogue, has cardiac inotropic and
lusitropic selectivity, accompanied by minimal
effects on heart rate and oxygen consumption [116].
DITPA binds to T3 nuclear receptors and induces
transcription of genes regulated by T3 [117].
Although there are numerous experimental studies
on the effects of DITPA on systolic and diastolic
cardiac function and on coronary arterial growth
[118], few studies have assessed the potential bene-
ficial cardiac effects of this compound in patients
with HF. In a pilot randomized clinical study of
DITPA versus placebo, DITPA was well-tolerated
without side effects in patients with NYHA func-
tional class II–III HF. After 4 weeks of treatment,
cardiac output significantly increased in association
with decreased systemic vascular resistance and
improved diastolic function. Interestingly, total
serum cholesterol and triglyceride levels also
decreased significantly [117]. Because of this limit-
ed clinical experience, more data are needed to
establish the  DITPA dose regimen to be used in
patients with HF, and the prognostic and clinical
potential benefits of such treatment. However, very
recently reported data from a phase 2 randomized
controlled trial, presented at the Heart Failure
Society of America 2008 scientific meeting, indicat-
ed that DITPA is not well-tolerated and fails in the

treatment of human HF [119]. Possible explanations
are that: (1) a dose-ranging study was not performed
prior to the trial, or (2) the use of cardioselective TH
analogues may not be the optimal treatment strate-
gy owing to the systemic nature of HF. 

20.9 Systemic Effects of Thyroid
Hormone Therapy in Patients with
Heart Failure

To date, no evidence exists on the systemic effects
of TH in patients with HF, with the exception of the
positive neuroendocrine resetting mentioned above.
However, in patients with hypothyroidism without
HF, normalization of the TH profile significantly
improves renal function, expressed both as
glomerular filtration rate and as serum creatinine
concentration [26, 30, 46, 120]. These clinical find-
ings, shown in clinical settings different from HF,
are important in view of the systemic dyshomeosta-
sis in HF, which may be further reinforced by low-
T3 syndrome.

20.10 Conclusions

In accordance with the approaches discussed above,
two strategies of TH replacement therapy in patients
with HF are suggested:
1. Cardiosystemic, administering synthetic T4 or T3

2. Cardioselective, using TH analogues, in particu-
lar DITPA
The rationale of these two approaches is based

on the pathophysiology of HF progression, which is
linked to the progressive impairment of
systolic–diastolic cardiac function, but also to the
systemic disturbance that frequently progresses
independently of the worsening of cardiac function.
A proof of this is the frequent observation in daily
clinical practice of patients with similar cardiac
function but differing clinical status and prognosis.
These two strategies can be alternated in the context
of the patient’s clinical status. In the early stages of
HF, when it is still an organ disease (specifically
cardiac), the cardioselective strategy may be prefer-
able in order to avoid worsening of the cardiac func-
tion. When HF becomes a systemic disease, howev-
er, in which the cardiac dysfunction parallels the
systemic impairment, or when the latter dominates
the clinical status, the cardiosystemic strategy of
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TH treatment probably is preferable. 
Although the systemic effects of TH therapy in

HF have not yet been assessed, both the fact that
hypothyroidism mimics HF in terms of systemic
dyshomeostasis and the positive effects of TH
replacement therapy in other clinical settings sug-
gests that hypothyroidism generates a vicious cycle
potentially impairing cardiovascular and systemic
homeostasis in HF, and also that vicious cycle may

be interrupted if the TH profile is normalized. 
In conclusion, TH therapy in the setting of HF is

still a fully open chapter. Several questions remain
unanswered: the mode, dose, and schedule of TH
treatment, and the effects of TH therapy on systemic
homeostasis. Large, multicenter, prospective, place-
bo-controlled studies are therefore needed to pro-
vide safety and prognostic information about long-
term treatment with TH replacement therapy. 
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Key Points

• Heart failure (HF) should be seen in a unique scenario of altered systemic homeostasis in which
heart dysfunction, peripheral organ dysfunction, and derangement of the neuroendocrine and
immune systems represent chronic stress stimuli with continuous activation of the stress response.

• The thyroid hormone (TH) system is profoundly involved in cardiovascular and systemic homeosta-
sis. In HF, the most frequent alteration of TH metabolism is a low-triiodothyronine state, which may
participate directly in the progression of HF.

• Restoration of normal TH metabolism appears to be useful to interrupt the vicious cycle of HF,
which involves heart dysfunction, systemic (multiorgan) impairment, and activation of the neuroen-
docrine and immune–inflammatory systems.

• Initial results show that TH replacement therapy in patients with HF improves cardiac performance,
and hemodynamic and exercise performance, while inducing deactivation of the neuroendocrine
profile, as a result of the significant reduction in vasoconstrictor/sodium-retaining norepinephrine
and aldosterone, and in the plasma levels of their counterpart NT-proBNP.

• Two strategies of TH replacement therapy in patients with HF are suggested:
1. Cardiosystemic, administering synthetic T4 or T3

2. Cardioselective, using TH analogues, in particular 3,5-diiodothyropropionic acid (DITPA)
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21.1 Introduction

Thyroid hormones (THs) have important cardio-
vascular effects [1] including increasing cardiac
contractility [2] and lowering systemic vascular
resistance [3]. However, cardiac surgery involving
cardiopulmonary bypass (CPB) induces a signifi-
cant and persistent reduction in circulating TH
levels in the critical postoperative recovery period
in all age groups [4–7]. Depressed TH levels
increase post cardiac-surgery morbidity in adults
[5]. Controlled, randomized studies have demon-
strated that parenteral triiodothyronine (T3) reple-
tion after adult coronary artery bypass surgery

improves postoperative ventricular function,
reduces the need for inotropic support and
mechanical devices, and reduces myocardial
ischemia [5, 8, 9].

Postoperative cardiac dysfunction also con-
tributes to morbidity, mortality, and a require-
ment for mechanical circulatory support after
surgery to treat congenital heart defects in
infants and children. Postoperative TH depres-
sion may contribute to hemodynamic alterations
in this immature patient population [10, 11].
Studies of T3 repletion in infants and children
undergoing cardiac surgery and CPB are hin-
dered by low patient numbers, heterogeneity of
disease severity and operative repair, and large
variances in the physiological maturation of the
study subjects (neonates to postpubertal) [7,
12–15]. Nevertheless, the data indicate that TH
replenishment is beneficial if administered to
selected high-risk pediatric subjects.
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21.2 Thyroid Hormone Levels After CPB
for Cardiac Surgery in Pediatric
Patients

Studies in pediatric patients undergoing CPB for
cardiac surgery have consistently demonstrated a
severe and prolonged suppression of TH postopera-
tively [10, 16, 17]. TH levels drop immediately with
the initiation of CPB, compatible with a dilution
effect from the CPB priming solution. While adults
typically show a decline in only T3, infants and
neonates display suppression of T3, thyroxine (T4),
and thyroid-stimulating hormone (TSH). Based
upon multiple studies, total and free T3 levels reach
a nadir between 12 and 48 h after bypass and
remain depressed for 5–7 days postoperatively [6, 7,
12–14, 16, 18]. Levels of TSH, free T4, and total T4

show a similar pattern of reduction. However, free
T4 levels transiently rise above baseline after the
institution of bypass [16]. This phenomenon has
been attributed to the effect of heparin on TH-bind-
ing proteins, resulting in increased non-protein-
bound T4 [16]. Figure 21.1 shows the TH levels for
72 h postoperatively, measured during Portman et
al.’s randomized trial (discussed later) of T3 supple-
mentation in infants undergoing cardiac surgery [7].
The duration of TH suppression indicates a high
likelihood of additional causes beyond hemodilu-

tion from CPB. In neonates with hypoplastic left
heart syndrome, the Norwood surgical procedure
results in a decline of free T3 levels to around 40%
of baseline [19]. The reduction of T3 in infants and
neonates appears to be greater than that reported in
adults [16, 20].

Multiple mechanisms for TH suppression have
been proposed. While the initial fall is likely due to
dilution, the continued decline appears to be multi-
factorial. Commonly used peri- and postoperative
medications, such as steroids [21], dopamine [22],
and the iodine surgical wash [17], may depress TH
levels. CPB imposes a large physiological stress
that may disrupt the pituitary–thyroid axis postoper-
atively. These stressors include circulatory arrest
(required for some specific operations), hypother-
mia, and nonpulsatile blood flow [10].
Postoperative TH levels may also be suppressed by
the endogenous release of cellular mediators, such
as glucocorticoids [23], tumor necrosis factor [24],
and interleukin-6 (IL-6) [25]. Finally, surgery in
general creates several insults, including a pro-
longed fasting state and surgical stress [23]. The
precise importance of these various mechanisms has
yet to be elucidated and likely varies between
patients and over time. Regardless of the mecha-
nism, TH levels drop significantly in infants and
children after CBP for cardiac surgery. Whether this
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Fig. 21.1 Levels of free T3, total
T3, and total T4 prior to car-
diopulmonary bypass (CPB) and
up until 72 h postoperative. NT
patients did not receive thyroid
hormone supplementation. T3

patients received T3 treatment as
discussed in Section 21.3.
(Reproduced from [7] with per-
mission)
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fall is a clinically important treatment target has yet
to be determined.

Postoperative TH levels in children appear to
correlate with illness severity. Bettendorf and col-
leagues compared TH levels with the postoperative
course of a heterogeneous group of 132 children
(ages 10 days to 16.2 years) undergoing cardiac
surgery [10]. Patients were retrospectively divided
into two groups based upon lowest plasma T3 lev-
els, with a cutoff value of 0.6 nmol/l. The lowest
T3 group had a greater postoperative need for car-
diac medications, longer period of mechanical ven-
tilation and oxygen supplementation, and a longer
hospitalization. However, interpretation of these
results is hindered by a lack of analysis for demo-
graphic, diagnostic, and surgical data between the
two groups. Important differences in the severity of
the cardiac lesions, operative difficulty, and dura-
tion of CPB may have existed between these groups
that would affect the reported outcomes. Dagan and
colleagues determined postoperative T4 and TSH
levels in neonates undergoing open-heart surgery
requiring CPB [11]. Levels of T3, the active form of
the hormone, were not determined. The patients
were divided into two groups based upon the level
of postoperative inotropic support (high versus
mild). Both groups had a significant reduction in T4

and TSH in the early postoperative period.
However, the high-inotropic-support group had a
longer suppression of T4 that lasted at least 7 days.
The high-support group also had a longer duration
of mechanical ventilation and higher severity of ill-
ness postoperatively. These studies provide addi-
tional evidence that T3 may be beneficial in the
postoperative recovery of pediatric patients under-
going cardiac surgery. However, only clinical trials
can definitively answer this question.

21.3 Clinical Studies

Several studies have been published that examined
T3 supplementation in the pediatric population dur-
ing and/or after CPB. Initially, Mainwaring et al.
evaluated T3 supplementation in patients who had
undergone a modified Fontan operation [15]. The
Fontan operation is usually the final surgery for
patients with single-ventricle anatomy and consists
of connection of the inferior vena cava or right atri-
al blood flow directly into the pulmonary artery.
These patients usually undergo an earlier procedure

in which the superior vena cava is connected to the
pulmonary arteries. Therefore, the Fontan results in
all systemic venous blood flowing directly to the
pulmonary arteries. In these study patients, with
ages between 16 and 78 months, T3 supplementa-
tion reduced the length of hospitalization compared
to historical controls. However, flaws in the study
design limit the value of these results. The study
was nonrandomized and compared a small group of
patients (n = 10) who had received T3 supplementa-
tion (0.4 μg/kg) following surgery with historical
controls (n = 8). Substantial modifications in the
care of Fontan patients occurred both nationally and
at the study institution during the intervening time
period, which may have affected outcome parame-
ters. Nevertheless, this nonrandomized study pro-
vided justification for future studies.

Bettendorf and colleagues performed a random-
ized placebo-controlled study that examined T3 sup-
plementation in 40 pediatric patients after cardiac
surgery [6]. Treatment consisted of T3 2 μg/kg body
weight on the day of surgery and then 1 μg/kg daily
until discontinuation of dopamine or postoperative
day 12. The study population had large variations in
age (2 days to 10.4 years) and diagnosis. In treated
patients, T3 levels rose well above accepted normal
ranges. Nevertheless, no differences in adverse
events, including arrhythmias, were reported.
Patients receiving T3 exhibited greater increases in
cardiac index during the early postoperative period
and received fewer cumulative doses of the inotrop-
ic medications epinephrine and dobutamine. The
subject numbers were inadequate to allow assess-
ment of clinically important end points, including
length of stay in the intensive care unit and the dura-
tion of mechanical ventilation.

Chowdhury et al. evaluated postoperative total
T3 levels in 75 consecutive pediatric patients under-
going cardiac surgery [12]. Patients with serum T3

levels < 40 ng/dl (or < 60 ng/dl in infants) on post-
operative days 0, 1, or 2 were randomized to receive
either continuous T3 infusion at 0.05–0.15 μg/kg
body weight per hour to maintain serum levels with-
in normal levels (80–100 ng/dl) or placebo. Of the
75 patients evaluated, 28 met the criteria for ran-
domization. No differences were found between
groups for the degree of postoperative care, use of
inotropic medications, length of hospital stay, and
duration of mechanical ventilation. This study pop-
ulation also had large variations in patient age and,
presumably, diagnoses. Chowdhury et al. further
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analyzed patients less than 1 month old. Nine
patients fell within this group, with five receiving
treatment and four receiving placebo. T3-treated
neonates displayed significantly lower postopera-
tive management requirements and lower inotropic
support scores. Although the difference in length of
hospital stay and days of mechanical ventilation did
not reach statistical significance, the mean values
displayed a trend towards shorter stays in the T3-
treated group. The authors concluded that T3 treat-
ment in newborn patients undergoing cardiac sur-
gery may be beneficial.

Mackie and colleagues undertook a focused
evaluation of the effect of T3 supplementation on
the early postoperative course of neonates undergo-
ing aortic arch reconstruction during either the
Norwood procedure (for single-ventricle anatomy)
or a two-ventricle repair of interrupted aortic
arch/ventricular septal defect [13]. CPB is required
for both of these procedures. The study enrolled 42
patients in a randomized, double-blind, placebo-
controlled protocol, with patients receiving a con-
tinuous infusion of T3 (0.05 μg/kg per hour) or
placebo. Primary end points were a composite clin-
ical outcome score and cardiac index at 48 h. Even
though the median clinical outcome scores were the
same between groups, the T3-treated group had a
statistically significantly better outcome score due
to differences in the distribution of values. All the
patients with the worse scores came from the place-
bo groups. Cardiac index was not altered by T3 sup-
plementation. The T3 group had a slightly earlier
time to negative fluid balance (2.0 days in the T3

group vs. 2.5 days in the placebo group). The
authors concluded that T3 treatment in neonatal
heart surgery is safe and resultes in an improvement
of clinical outcome scores. However, a larger multi-
center study would be necessary before the routine
use of T3 supplementation for neonates after cardiac
surgery and CPB could be recommended.

Portman et al. also undertook a randomized
placebo-controlled trial in children less 1-year-old
undergoing surgery for repair of ventricular septal
defect or tetralogy of Fallot [7]. Fourteen patients (7
per group) were randomized to receive either a
bolus of T3 (0.4 μg/kg) prior to CPB and after
release of aortic cross-clamp or placebo. Heart rate
and peak systolic pressure rate (systolic blood pres-
sure × heart rate) were increased in T3-treated
patients at 6 h after termination of CPB. Elevation
of the peak systolic pressure rate implies that T3

repletion improves myocardial oxygen consump-
tion. Length of stay in the intensive care unit and
hospitalization were not determined during this
investigation. This study was the initial phase of a
much larger clinical trial discussed below.

The Triiodothyronine for Infants and Children
Undergoing Cardiopulmonary Bypass (TRICC)
study was designed to overcome many of the short-
comings noted in the previous studies, including
low patient numbers and large variations in age and
diagnosis [26]. The study is a multicenter random-
ized clinical trial designed to determine the safety
and efficacy of T3 supplementation in children
below 2 years of age undergoing surgical proce-
dures for congenital heart disease. The six-center
study has enrolled 195 patients with 99 randomized
to multiple T3 boluses given over 12 h during and
after surgery and 96 to placebo. Randomization was
stratified by nine diagnostic and surgical procedures
to achieve balance by treatment arm and to alleviate
confounding by condition complexity. The primary
end point was time to extubation. Enrollment for the
TRICC study was recently completed but a full
evaluation of the results has yet to be published.
Preliminary analyses show that T3 treatment
improved cardiac function, as assessed by ejection
fraction, cardiac index, and/or myocardial perform-
ance index at 24 h in the low- and high-risk
patients. The primary end point, time to extubation,
was not changed by T3 treatment. However, absolute
T3 levels were associated with changes in the
chance of extubation in placebo and experimental
groups.

21.4 Mechanisms

As noted earlier, THs have important effects on the
cardiovascular system, including increasing cardiac
contractility and decreasing systemic vascular
resistance. Yet, the molecular mechanisms account-
ing for the improved cardiovascular performance
are mostly unknown, especially in infants and chil-
dren. Danzi and colleagues studied the effect of T3

on gene transcription in infants undergoing cardiac
surgery and CPB [27]. Left ventricular biopsy sam-
ples were collected by those investigators before
and after CPB during Portman et al.’s study on T3

supplementation [7]. Adequate tissue was obtained
to evaluate one to three genes. Based upon the
results of prior studies, this work focused on genes
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for adenine nucleotide translocator isoform-1
(ANT-1), α-myosin heavy chain (α-MHC), and
sodium calcium exchanger-1 (NCX-1). NCX-1 and
α-MHC transcription rates were unaffected.
However, ANT-1 transcription rate was increased by
T3. ANT-1 is the nuclear gene coding for the mito-
chondrial protein controlling adenosine diphos-
phanate/adenosine triphosphate exchange.

21.5 Complications

An important consideration for the use of TH supple-
mentation in infants and children undergoing CPB is
the number and severity of adverse events.
Supplementation has a theoretical side-effect profile
similar to that of hyperthyroidism, which would
include tachycardia, arrhythmias, and hyperthermia.
Tachycardia and arrhythmias are commonly encoun-
tered after cardiac surgery in children and can cause
clinically detrimental outcomes such as low cardiac
output. Prior to the TRICC study, rare episodes of
dysrhythmias in patients who had received TH sup-
plementation were reported. The number of adverse
events did not appear significantly increased; howev-
er, those earlier studies were underpowered.

The large number of patients enrolled in the
TRICC study has provided the most thorough safe-

ty evaluation of TH supplementation in pediatrics.
The specific safety outcome, clinically important
tachyarrhythmias, was not different between
groups and occurred in 9.4% of placebo-treated
and 11.1% of T3-treated patients (p = 0.69). The
study did not identify an increase in adverse events
between TH-treated and placebo-treated patients
for other safety measures.

21.6 Conclusions

T3 supplementation after CPB for cardiac surgery is
an effective measure to return levels of the hormone
to the normal range. Based upon multiple studies, the
treatment appears to be safe for infants and children.
The efficacy in improving postoperative recovery is
less clear. TRICC, the largest study to date, evaluat-
ing this treatment in 195 randomized pediatric
patients, has recently been completed. A thorough
evaluation of the TRICC results has not yet been pub-
lished but should be available soon. Preliminary data
and previous studies indicate that T3 supplementation
improves postoperative cardiac function in this vul-
nerable population. However, these improvements
may lead to clinically important benefits only in the
highest-risk patients, such as neonates and those
undergoing complex surgical procedures.
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Key Points

• Thyroid hormones have important cardiovascular effects. 

• In infants and children undergoing cardiopulmonary bypass for cardiac surgery:

- Thyroid hormone levels drop immediately with bypass and reach a nadir between 24 and 48 h
postoperatively.

- Few studies have been published on triiodothyronine (T3) supplementation in infants and children
and all have been limited by low patient numbers. 

- T3 supplementation appears to be safe and improves some measures of postoperative recovery. 

- However, no published studies have clearly shown an improvement in clinical outcomes for this
treatment.

- The Triiodothyronine for Infants and Children Undergoing Cardiopulmonary Bypass (TRICC)
study, the largest pediatric study on T3 supplementation, recently completed enrollment but a full
evaluation of the results has yet to be published



References

1. Klein I, Ojamaa K (2001) Thyroid hormone and the car-
diovascular system. N Engl J Med 344: 501–509

2. Novitzky D, Human PA, Cooper DK (1988) Inotropic ef-
fect of triiodothyronine following myocardial ischemia
and cardiopulmonary bypass: an experimental study in
pigs. Ann Thorac Surg 45:50–55

3. Park KW, Dai HB, Ojamaa K et al (1997) The direct vaso-
motor effect of thyroid hormones on rat skeletal muscle re-
sistance arteries. Anesth Analg 85:734–738

4. Bennett-Guerrero E, Jimenez JL, White WD et al (1996)
Cardiovascular effects of intravenous triiodothyronine in pa-
tients undergoing coronary artery bypass graft surgery. A
randomized double-blind placebo- controlled trial. Duke T3
study group. JAMA 275:687–692

5. Klemperer JD, Klein I, Gomez M et al (1995) Thyroid
hormone treatment after coronary-artery bypass surgery. N
Engl J Med 333:1522–1527

6. Bettendorf M, Schmidt KG, Grulich-Henn J et al (2000) Tri-
iodothyronine treatment in children after cardiac surgery:
a double-blind randomised placebo-controlled study. Lancet
356:529–534

7. Portman MA, Fearneyhough C, Ning XH et al (2000) Tri-
iodothyronine repletion in infants during cardiopulmonary
bypass for congenital heart disease. J Thorac Cardiovasc
Surg 120:604–608

8. Dyke CM, Ding M, Abd-Elfattah AS et al (1993) Effects
of triiodothyronine supplementation after myocardial is-
chemia. Ann Thorac Surg 56:215–222

9. Mullis-Jansson SL, Argenziano M, Corwin S et al (1999)
A randomized double-blind study of the effect of triiodothy-
ronine on cardiac function and morbidity after coronary by-
pass surgery. J Thorac Cardiovasc Surg 117:1128–1134

10. Bettendorf M, Schmidt KG, Tiefenbacher U et al (1997)
Transient secondary hypothyroidism in children after car-
diac surgery. Pediatr Res 41:375–379

21. Dagan O, Vidne B, Josefsberg Z et al (2006) Relationship
between changes in thyroid hormone level and severity of
the postoperative course in neonates undergoing open-
heart surgery. Paediatr Anaesth 16:538–542

12. Chowdhury D, Ojamaa K, Parnell VA et al (2001) A
prospective, randomized clinical study of thyroid hormone
treatment after operations for complex congenital heart
disease. J Thorac Cardiovasc Surg 122:1023–1025

13. Mackie AS, Booth KL, Newburger JW et al (2005) A ran-
domized double-blind placebo-controlled pilot trial of tri-
iodothyronine in neonatal heart surgery. J Thorac Cardio-
vasc Surg 130:810–816

14. Mainwaring RD, Nelson JC (2002) Supplementation of

thyroid hormone in children undergoing cardiac surgery.
Cardiol Young 12:211–217

15. Mainwaring RD, Lamberti JJ, Nelson JC et al (1997) Ef-
fects of triiodothyronine supplementation following mod-
ified Fontan procedure. Cardiol Young 7:194–200

16. Mainwaring RD, Lamberti JJ, Carter TL Jr et al (1994) Re-
duction in triiodothyronine levels following modified Fontan
procedure. J Card Surg 9:322–331

17. Brogan TV, Bratton SL, Lynn AM (1997) Thyroid function
in infants following cardiac surgery: comparative effects of
iodinated and noniodinated topical antiseptics. Crit Care
Med 25:1583–1587

18. Mainwaring RD, Capparelli E, Schell K et al (2000) Phar-
macokinetic evaluation of triiodothyronine supplementation
in children after modified Fontan procedure. Circulation
101:1423–1429

19. Mainwaring RD, Healy RM, Meier FA et al (2001) Reduc-
tion in levels of triiodothyronine following the first stage
of the Norwood reconstruction for hypoplastic left heart syn-
drome. Cardiol Young 11:295–300

20. Mitchell IM, Pollock JC, Jamieson MP et al (1992) The ef-
fects of cardiopulmonary bypass on thyroid function in in-
fants weighing less than five kilograms. J Thorac Cardio-
vasc Surg 103:800–805

21. Brabant G, Brabant A, Ranft U et al (1987) Circadian and
pulsatile thyrotropin secretion in euthyroid man under the
influence of thyroid hormone and glucocorticoid adminis-
tration. J Clin Endocrinol Metab 65:83–88

22. Van den Berghe G, de Zegher F, Lauwers P (1994)
Dopamine suppresses pituitary function in infants and chil-
dren. Crit Care Med 22:1747–1753

23. Dimmick S, Badawi N, Randell T (2004) Thyroid hor-
mone supplementation for the prevention of morbidity and
mortality in infants undergoing cardiac surgery. Cochrane
Database Syst Rev: CD004220

24. van der Poll T, Romijn JA, Wiersinga WM et al (1990) Tu-
mor necrosis factor: a putative mediator of the sick euthy-
roid syndrome in man. J Clin Endocrinol Metab
71:1567–1572

25. Butler J, Chong GL, Baigrie RJ et al (1992) Cytokine re-
sponses to cardiopulmonary bypass with membrane and
bubble oxygenation. Ann Thorac Surg 53:833–838

26. Portman MA, Fearneyhough C, Karl TR et al (2004) The
Triiodothyronine for Infants and Children Undergoing Car-
diopulmonary Bypass (TRICC) study: design and ration-
ale. Am Heart J 148:393–398

27. Danzi S, Klein I, Portman MA (2005) Effect of triiodothy-
ronine on gene transcription during cardiopulmonary by-
pass in infants with ventricular septal defect. Am J Cardi-
ol 95:787–789

A.K. Olson and M.A. Portman248



22.1 Introduction

This chapter discusses new strategies for the car-
diac-specific modulation of thyroid hormone signal-
ing in the treatment of heart disease using gene ther-
apy. The following four areas are considered:
• Molecular links between thyroid hormone and

heart disease 
• Pitfalls of systemic thyroid hormone therapy for

treating heart disease

• Potential mechanisms underlying changes in
thyroid signaling in heart disease

• Strategies for heart failure treatment by using
gene therapy, thereby avoiding the systemic
actions of thyroid hormone

22.2 Thyroid Hormone Signaling 
in the Heart

Thyroid hormone (TH) and thyroid hormone recep-
tors (TRs) are critical for the development and
maintenance of normal energy metabolism in sever-
al thyroid-dependent tissues including the heart
[1–3]. Consequently, hypo- and hyperthyroidism
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may cause disturbances in cardiac function, ther-
moregulation, metabolism, hearing, and mental
capacity [2–5]. Under normal conditions, TH is
tightly regulated by feedback mechanisms involv-
ing the thyroid, pituitary, and hypothalamic glands.
Although thyroxine (T4) is the principal circulating
TH produced primarily by the thyroid gland, its
ability to activate TRs is weak. Nevertheless, T4 is
a prohormone precursor for other THs, and the syn-
thesis of the relatively inactive T4 occurs almost
exclusively within the thyroid gland [6, 7]. By con-
trast, the production of 85% of the biologically
active TH, 3,5,3’-triiodothyronine (T3), occurs
locally within target tissues [8–10]. Thus, TR acti-
vation in tissues requires T4 entry into cells, possi-
bly via a specific T4 membrane transporter, fol-
lowed by local metabolism of inactive T4 into
active T3 by three monodeiodinase isoenzymes
(type 1 or D1, type 2 or D2, type 3 or D3) [11–13],
each containing the uncommon amino acid seleno-
cysteine at the active site [10, 14].  Regulation of
the “local” conversion of T4 to T3 relies heavily in
most tissues on D2 [2, 9, 15–17]. Although the type
1 deiodinase (D1) can also convert T4 to T3, its pri-
mary action appears to be the conversion of T3 to an

inactive TH metabolite called reverse T3 or rT3 [9,
10]. By contrast, D3 exclusively converts T4 to rT3

as well as T3 to biologically inactive products 
(Fig. 22.1) [8, 18]. While the degradation of T3 and
T4 by deiodinases can obviously influence TH sig-
naling by altering active hormone levels, inactive
metabolites like rT3 may also have genomic and
nongenomic actions that modulate TH signaling
[19–24]. Importantly, the levels of the deiodinases
vary between tissues and are regulated during
development and in disease, by pre- and post-trans-
lational mechanisms [8, 9, 19–22]. For example,
D3 is relatively abundant in the developing heart
and in the placenta, presumably to protect the fetus
against excessive simulation by cardiac TRs 
[16, 25]. In heart disease, D3 levels rise [8, 16, 26]
(Fig. 22.1) and this may be responsible for the
reduced cardiac T3 levels in diseased hearts [8],
even when serum T4 levels are within the normal
range (euthyroid). Consistent with a possible role
of D3 in heart disease, rT3 levels are elevated [8,
26–28]. Deiodinases levels can also vary in condi-
tions such as hypothermia, hypothyroidism, and
hyperthyroidism as well with elevated intracellular
Ca2+ [8, 9, 19–22].
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Fig. 22.1 a Deiodinases types 1 and 2 remove the 5’ iodine residue on the outer ring of thyroxine, resulting in the activation to tri-
iodothyronine within the cell. The action of deiodinases types 1 and 3 results in the inactivation of thyroxine by removing the 5 io-
dine residue on its inner ring, forming reverse triiodothyronine. Deiodinase type 3 is highly expressed in the placenta, deactivating
thyroxine before it enters the fetus, so as to prevent thyroxine-mediated alterations in gene expression. b Deiodinase type 3 expres-
sion in the heart in sham and banded mice. Following aortic banding, D3 mRNA levels increase in the ventricle, resulting in the in-
activation of thyroid hormone within cardiomyocytes (unpublished data, Backx Lab). This presents a potential area of intervention.
By blocking the upregulation of deiodinase type 3 in the heart following banding, the amount of active thyroid hormone within the
heart can be increased
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Interest in TH signaling in the heart has been
fueled by the observation that many important func-
tional genes are regulated by TR [11]. For instance,
TR activation transcriptionally up-regulates the
expression levels of SERCA, α-MHC, β1-adrenergic
receptors/G-proteins, Na/K-ATPase, and L-type cal-
cium channels, hyperpolarization-activated cyclic
nucleotide-gated channels (i.e., HCN2 and HCN4),
and several potassium channels, including the inward
rectifying K+ channels, Kv1.5, Kv4.2, and Kv4.3 [11,
16, 17, 29], while suppressing expression of β-MHC,
phospholamban, the Na+/Ca2+ exchanger, transient
outward Kv1.4 channels, and cardiac KATP channels
[16, 30–34]. Consequently, acute TH treatment leads
to increased heart rates and cardiac contractility,
which is associated with enhanced Ca2+ cycling,
accelerated contraction kinetics, and altered electri-
cal properties of the working myocardium. Increased
TH signaling also enhances energy metabolism in
cardiomyocytes by altering the expression of cellular
and mitochondrial enzymes involved in glucose and
fatty acid utilization as well as in oxidative metabo-
lism such as malate dehydrogenase [35, 36].

Consistent with the regulation of many function-
al genes by TH, hypothyroidism causes impaired
cardiac contractility, reduced cardiac output, low
heart rates (i.e., bradycardia), diastolic dysfunction,
action potential (AP) prolongation, and increased
susceptibility to arrhythmias [37]. These functional
changes of hypothyroidism are associated with
increased β-MHC/α-MHC ratios and Na+/Ca++

exchanger levels, and decreased SERCA2a expres-
sion. Hypothyroid hearts also show poor substrate
utilization (glucose, lactate, and, especially, free
fatty acids) by the mitochondria, as a consequence
of decreased enzymes in the citric acid cycle and
increased pyruvate dehydrogenase kinase-2 activity,
leading to inhibition of the pyruvate dehydrogenase
complex [38]. Collectively, these changes lead to a
shift away from fatty acid utilization, which might
explain the free fatty acid accumulation in the
myocardium, particularly in diabetic patients.
Altered fat metabolism might also underlie the
hyperlipidemia seen in hypothyroid patients which
is believed to be responsible for their increased ath-
erosclerosis, coronary artery disease, and myocar-
dial infarction rates [5, 39–41]. Since hypothy-
roidism is characterized by low levels of circulating
T3 and T4, restoring the euthyroid state will likely
reduce the cardiovascular changes seen in these
patients [29, 42, 43].

22.3 Links Between TH and Heart
Disease

Remarkably, although most heart failure patients
often have normal serum levels of TH, the function-
al and genetic expression changes seen in heart dis-
ease patients closely mimic those of hypothy-
roidism [2, 11, 41, 43]. In fact, the genetic changes
seen in heart disease generally recapitulate those
associated with the fetal phenotype, consistent with
the known requirement of a TH surge, along with
possible changes in cardiac deiodinase expression
[16, 31, 44–46]. Collectively these observations
suggest that altered TH signaling occurs in disease
[33, 47, 48], which is not unexpected since many (if
not all) of the cardiac genes involved in heart dis-
ease and fetal development have thyroid hormone
response elements (TREs) in their promoters [49].
Moreover, an excellent predictor of poor outcomes
in heart disease patients is the ratio  of levels of T3

to levels of rT3 (T3/rT3 ratio) [7, 50–52], a reduction
of which may result from increased D3 expression
(Fig. 22.1), possibly combined with reduced D2
expression in some tissues. Interestingly, abnormal
TH signaling and impaired heart function are also
often observed following surgery (a condition
referred to as “euthyroid sick syndrome”) [53, 54].

Based on connections between TH and heart
disease, TH treatment has been advocated for car-
diovascular patients. Clinical studies have been
conducted to test whether patients with heart fail-
ure benefit from TH supplementation [42, 55]. Not
surprisingly, studies in human patients [35, 42, 43,
55] as well as in animal models [56–58] showed
that TH can improve heart function and shift car-
diac gene expression towards that seen in normal
euthyroid hearts. For example, TH treatment can
reverse cardiomyocyte remodeling associated with
the onset of heart failure [55] and restore α-MHC
to β-MHC ratios as well as the levels of SERCA
metabolic enzymes [35]. Some of the beneficial
effects of TH might, however, not involve changes
in gene expression and genomic effects, since
acute intravenous T3 treatment enhances the car-
diac performance and cardiac output of heart fail-
ure patients [7, 59, 60]. 

Although there is a strong rationale for treating
heart disease patients with TH, proven benefit of TH
administration in patients with heart disease has
been difficult to establish. Indeed, while short-term
thyroxine and T3 treatment appears helpful for these
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patients, prolonged (chronic) treatment with TH
causes cardiac hypertrophy, elevated heart rates,
increased cardiac protein synthesis, atrial arrhyth-
mias, reduced left ventricular ejection fractions
(LVEFs), and cardiomyopathy [61]. These detri-
mental effects of long-term treatment with TH could
result from inappropriate dosing levels, since simi-
lar changes are seen in hyperthyroidism, although
these changes can be partially prevented with pro-
pranolol [62, 63]. Alternatively, TH-induced car-
diomyopathy observed with prolonged TH treat-
ment of patients with heart disease could result from
reduced peripheral resistance [40, 64–66] and the
associated increased cardiac workload [67, 68] of
the already compromised heart. Indeed, hyperthy-
roidism does not induce cardiac hypertrophy in
unloaded heterotopically transplanted hearts [48,
69, 70].

Thus, reating patients with TH for heart disease
can be either beneficial or have harmful conse-
quences, possibly depending on drug dosing [2,
11, 71]. In essence the problem is that, although
the heart shows clear signs of impaired TH signal-
ing, patients with heart disease are generally
euthyroid (i.e., have normal circulating TH levels),
suggesting that the altered thyroid signaling origi-
nates from local changes within the myocardium
itself. The situation in patients with heart disease
is in some ways like the persistent clinical symp-
toms of the hypothyroidism seen in some patients
receiving thyroxine therapy, despite “normal”
serum levels of T3 and T4 [72].  On the other hand,
while treatment of heart disease patients with TH
administration may overcome the local impairment
of thyroid signaling in the myocardium, the result-
ing elevations in circulating TH can induce either
subclinical hyperthyroidism (low TSH levels for
the corresponding TH levels) or overt hyperthy-
roidism, either of which could have negative
effects on the cardiovascular system and other tis-
sues. These problems are exacerbated by the com-
mon problems of patients with heart disease such
as improper adherence to drug schedules [72]. 

22.4 Potential New TH-Dependent
Approaches for Treating Heart
Disease 

Successful treatment with TH might best be direct-
ed at the underlying “hypothyroidism” within the

myocardium itself, which could arise from five dif-
ferent mechanisms: (1) reductions in T4 uptake into
the heart, (2) shifts in TH metabolism leading to
reduced active TH (T3), (3) altered expression pro-
files of TRs, (4) impaired TR signaling, or (5)
altered actions of other hormones that may interfere
with or counteract normal hormone signaling.
Because several mechanisms may contribute to the
cardiac hypothyroidism seen in heart disease, a
number of novel strategies may prove effective in
correcting TH signaling in a heart-specific manner.
In the remainder of this chapter, several interrelated
mechanisms for “cardiac hypothyroidism” in heart
disease are discussed along with possible strategies
for exploiting these mechanisms in treating heart
disease.

22.4.1 Alterations in T4 Uptake 
by the Heart

A critical step in the cellular actions of TH
involves its transport into cells. Consequently,
reduced local TH signaling may occur in heart dis-
ease as a result of decreased T3 uptake or
decreased T3 production following reduced T4

uptake into the myocardium. Although earlier
work suggested that T4 readily crosses lipid bilay-
ers, recent studies have established that T4 and its
metabolites including T3 enter cells through vari-
ous organic anion transporters such as Na+-
dependent taurocholate transporters, fatty acid
translocases, multidrug-resistance-related pro-
teins, L-type amino acid transporters, organic-
anion-transporting polypeptides (OATP), and
monocarboxylate transporters (MCT) [11–13, 73].
However, only the OATPs (i.e., OATP1C1) and
MCTs (i.e., MCT8 and MCT10) have been shown
to selectively transport T4, T3, and other TH deriv-
atives with high affinity [12]. OATP1C1 preferen-
tially transports T4 and MCT8 primarily T3 [12].
Although the role for selective transport of TH, by
transporters like OATP1C1 and MCT8, in the tis-
sue regulation of THs has been primarily described
in the vessels and neurons of the brain [9, 13],
MCT8 is the only transporter known to be
expressed in rat and human hearts. The importance
of MCT8 in TH transport into the myocardium is,
however, unclear since patients with X-linked
MTC8 mutations show severe neurological disor-
ders without obvious cardiovascular symptoms
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[12, 13]. Moreover, mice lacking MCT8 were not
reported to have either obvious neurological signs
or cardiac impairment. Despite the paucity of
information on TH transport in the heart, it is con-
ceivable that the local “hypothyroidism” observed
in heart disease could originate from impaired T3

and T4 entry into the myocardium. If impaired TH
transporter activity does occur in heart disease,
then a potential strategy for correcting the local
hypothyroidism would be to increase TH transport
into the myocardium.

22.4.2 Shifts in TH Metabolism Leading 
to Reduced Active T3

Levels of active TH are determined locally in many
tissues such as the heart by a balance between pro-
duction and destruction of T3 [8, 9, 25]. The
human heart expresses the D2 and D3 monodeiod-
inase enzymes [8, 26, 74]. Recent studies have
shown that in heart disease the level of D3 rises
(Fig. 22.1) in conjunction with elevated cardiac
rT3 levels [8] and reduced T3 levels [8]. These
changes are predicted to alter the expression levels
of thyroid-dependent genes. Moreover, the levels
of D3 enzyme expression correlate with disease
progression [75], while the levels of rT3 and T3 and
their ratio are powerful predictors of morbidity and
mortality in patients with congestive heart failure.
Furthermore, overexpression of D2 in the
myocardium was able to prevent changes in the
expression of SERCA2a, sarcolipin, and selected

markers of pathological hypertrophy, while cor-
recting the impaired Ca2+ cycling and contractility
induced in hearts subjected to pressure overload
hypertrophy (Fig. 22.2) [74]. Based on these
observations, strategies for reducing D3 activity
with or without increasing D2 actions would be
desirable in treating heart disease patients.

Consistent with changes in TH metabolism in
the heart, it has recently been shown that other
components of TH production, including TSH
receptors, are also present within the myocardium
[76]. Indeed, the H9c2 “cardiac” cell-line contains
all the necessary proteins – thyroglobulin, sodium
iodide symporter, pendrin, thyroid peroxidase, and
TSH receptor – to produce TH [77]. Although the
physiological significance of these observations is
unclear, cardiomyoblasts and rat cardiomyocytes
increase their T4 and T3 production in response to
ischemia while thyroglobulin levels increase in the
failing myocardium [77]. Moreover, TRH is
induced in the left ventricles of rats with heart fail-
ure [78]. These findings suggest that, in diseased
hearts, cardiomyocytes either induce or locally
increase TH production, possibly to compensate
for local hypothyroidism or impaired TH-TR-TRE
signaling in heart disease. 

22.4.3 Disruption in the Thyroid
Receptor Profile

As already discussed, TH primarily signals in the
nucleus by binding to four major TRs originating
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Fig. 22.2 Comparison of SERCA2a
and contractile ability of control and
D2-overexpressing mice with and
without aortic banding. The changes
in SERCA2a expression are paral-
leled by similar changes in contractil-
ity. In both cases, D2 overexpression
prevents the decrease in SERCA2a
levels and decrease in contractility
associated with the onset of pressure
overload heart failure. (Adapted from
[74])SERCA2a
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from alternative splicing of two genes (TRα and
TRβ). Recently, it has been shown that T3 treatment
induces translocation of TRβ1 from the cytoplasm
into the nucleus as well as preferential retention of
TRα1 within the nucleus [79]. Shuttling between
the cytoplasm and the nucleus supports possible
nongenomic actions of TR [17, 23, 79–81]. Of the
four main TRs produced by the body, TRα1, TRα2,
and TRβ1 are expressed in the myocardium, while
TRβ2 is only found largely in the brain and the pitu-
itary [11, 82, 83]. TRs bind to canonical TREs with-
in gene promoters to regulate gene transcription. In
general, ligand binding transforms TRs from sup-
pressors to activators of gene transcription, although
the expression of many genes is reduced following
TH binding to TRs. In addition, occupancy of TREs
by unliganded TRs can suppress baseline expression
of many thyroid-dependent genes [2, 5, 38]. In this
respect, TRα2 uniquely blocks transcriptional acti-
vation because of its inability to bind T3 [11, 16]. In
addition, several other alternative splice variants of
TRα and TRβ have been identified, some lacking
DNA binding domains, but their role in thyroid sig-
naling is poorly defined [84], although some may
act as dominant-negative TRs [85]. The concept of
gene suppression by unliganded TRs is particularly
well-illustrated by the observations that TRα1 dele-
tion is able to largely rescue the postnatal develop-
ment in mice unable to produce TH (i.e., Pax8-/-
mice) [86], and that knockin TRα1 mutations which
eliminate ligand binding show a more profound
hypothyroidism than mice lacking TRα1 [87, 88].
By contrast, overexpression of dominant-negative
TRβ1 leads to changes in gene expression mimick-
ing those of hypothyroidism which cannot be
reversed by thyroxine treatment [11]. The majority
of T3 binding (i.e., approx. 70%) in the heart
appears to bind to TRα1 with the remainder pre-
dominantly binding to TRβ1, consistent with con-
clusions from mouse studies that T3 signaling via
TRα1 dominates in the heart [89]. This seems par-
ticularly relevant in regard to thyroid signaling in
heart disease and cardiac hypertrophy, since collec-
tively several studies have shown that TRα1 levels
are reduced along with increased TRα2 and TRβ1
[29, 44, 81, 83, 90], leading to decreases in T3 bind-
ing sites [44, 82, 91]. These alterations in TR levels
could lead to changes in nuclear as well as cytoplas-
mic signaling, suggesting that corrections in TR
expression will lead to normalization of function in
diseased myocardium.

22.4.4 Interference with Thyroid
Receptor Signaling 

TRs function primarily as homodimers with other TRs
or by forming heterodimer partners with retinoid X
receptors (RXRs) [11, 16, 17], which in turn dimerize
with other receptors such as peroxisome-proliferator-
activated receptors (PPARs), retinoic acid receptors
(RARs), and others [11, 16, 92]. Thus, changes in thy-
roid signaling could originate from changes in the
expression of RXR or its other binding partners.
Moreover, binding of TRs to canonical TREs of thy-
roid-responsive genes involves their association with
numerous co-activators and/or co-repressors in tran-
scriptional complexes [16], that regulate gene tran-
scription in the presence and absence of ligand.
Typically, unliganded TRs co-assemble with co-
repressors such as nuclear receptor co-repressor
(NCoR), silencing mediator for retinoic acid and TR
receptor (SMRT), Sin-3, and histone deacetylases to
inhibit transcription of thyroid-regulated gene expres-
sion [93]. By contrast, transcriptional activation
involves co-assembly of TRs with steroid receptor co-
activators (SRC) and the vitamin D receptor interact-
ing protein/TR-associated protein (DRIP/TRAP) com-
plexes [94], which can bind with many transcriptional
activators including histone acetyltransferases.
Involvement of SRC in thyroid signaling was estab-
lished in SRC-1 knock-out mice, which show altered
thyroid-dependent gene expression as well as heart
rate [95, 96]. Thus, it is conceivable that changes in
interactions between TRs and other transcriptional co-
repressors and co-activators lead to altered thyroid sig-
naling in heart disease. This possibility is particularly
intriguing since co-activators of TR signaling such as
SRC also interact with transcriptional factors such as
AP-1 and NF-κB, which are involved in the signaling
changes observed in cardiac hypertrophy and heart
disease [94, 97]. Clearly the activation of many path-
ways involved in cardiac hypertrophy and heart dis-
ease can lead to altered thyroid signaling as a conse-
quence of direct or indirect modulation of factors that
participate in forming the transcriptional complexes
containing TRs. In this respect it is interesting to note
that changes in thyroid state directly modulate both
adrenergic receptor and renin-angiotensin signaling.
Moreover, the nongenomic actions of TRα1 and TRβ1
lead to the activation of p38 MAPK, PI3 kinases, PKB,
and ERK1/2, all of which play critical roles in alter-
ations in gene transcription in cardiac hypertrophy and
heart disease [79, 82]. 
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22.5 Gene Delivery of Thyroid Genes 
for Treating Heart Disease

Since many observations suggest that the diseased
myocardium has reduced or impaired TH signaling,
there seems to be a strong rationale for treating
heart disease patients with TH [11, 17, 98].
However, as discussed above, one limitation of
treating heart disease with exogenous TH is the dan-
ger of creating a hyperthyroid state for extracardiac
tissues. Clearly, strategies for specifically altering
thyroid signaling in the heart are desirable, and pos-
sibly necessary. With recent advancements in gene
therapy, it seems likely that cardiac-specific alter-
ations in selective targets involved in thyroid signal-
ing are viable approaches for future therapies [29,
99]. Increased TH signaling could be accomplished
in multiple ways, and two strategies have already
been examined. First, increasing the conversion of
T4 to T3 by increasing D2 expression within the
heart has already been shown to prevent the expres-
sion of markers of pathological hypertrophy as well
as the reductions in Ca2+ transients and associated
impaired contractility (Fig. 22.2) induced by
mechanical stress, although this approach did not
prevent cardiac hypertrophy [74]. Second, TH sig-
naling could conceivably be augmented by normal-
izing the expression of TRs within the myocardium
[29], which appear to be decreased in heart disease.
Indeed, overexpression of TRα1 or TRβ1 using
adeno-associated viruses (AAVs) improved devel-
oped pressure and increased SERCA expression
compared to LacZ-treated mice following mechani-
cal stress [29]. As in the D2 overexpression mice,
TRα1 or TRβ1 overexpression did not prevent
hypertrophy.

A number of other strategies for altering TH sig-
naling might also be effective in treating heart dis-
ease, such as increasing the number of TH sar-
colemmal transporters or co-activators of TH tran-
scription in the myocardium. Alternatively, reduc-
tions in the co-repressors or D3 deiodinases using
gene silencing could also be viable approaches. As
more molecular information becomes available,
additional targets will no doubt emerge. For exam-
ple, it is conceivable that the heart can be repro-
grammed to respond differently to TH stimulation
or precursors. One such strategy might originate
from the recent recognition that microRNAs, which
act as negative regulators of gene expression by
inhibiting the translation or promoting the degrada-

tion of target mRNAs, transduce the regulation of
myosin heavy chain by TH. Moreover, cardiac
microRNAs can be genetically silenced via the sys-
temic delivery of anti-microRNAs [100, 101]. These
genetic manipulations are most logically delivered
using AAV vectors, lentivirus vectors, or aden-
oviruses. 

Adenoviruses remain the most commonly used
gene delivery system for experimental animal mod-
els, delivering gene products of up to 30 kb [102].
These viruses are trophic for cardiomyocytes, as
well as many other cell types [102, 103], and aden-
oviruses typically initiate strong immunological
reactions. Thus, either direct myocardial injection
or intracoronary delivery leads to intense inflamma-
tory reactions resulting in damage to endothelial
cells and vascular smooth muscle cells combined
with a relatively short half-life for delivered genes
in the body [102]. At least one death has been
directly attributed to the use of adenoviral vectors in
clinical trials [102]. Because adenoviruses can
infect many types of cells in the body, in addition to
cardiomyocytes, these gene delivery vectors are not
expected to be tissue- specific, unless the genes
being delivered are driven by cardiac-specific pro-
moters such as α-myosin heavy chain or ventricular
myosin light chain [102, 103].

Many of the complications observed with aden-
oviral use for gene delivery are overcome with the
use of AAV vectors. Specifically, AAVs evoke a
minimal immune response [102, 103], generate
minimal cellular damage, and produce stable long-
term expression [104, 105]. To date, no reports have
linked AAVs to disease or death in humans. The use
of these viruses has been limited in humans and ani-
mal models due to difficulties in generating high
viral titers as well as limitations in the size of the
genes that can be delivered using this system (i.e., <
4.8 kb) [102]. Furthermore, since AAV vectors use
single-stranded DNA, gene expression is slower
than with other vector systems, although methods
have been developed to accelerate expression rates
[103, 106]. In addition, the ability to target car-
diomyocytes has been improved by the identifica-
tion of cardiac-specific serotypes (i.e., AAV8 and
AAV9) [107, 108]. AAVs have been used to deliver
TRα and TRβ in a rodent model, while two clinical
trials are investigating the ability of increased
SERCA2a expression to benefit heart failure
patients (run from Imperial College London,
ClinicalTrials.gov identifier: NCT00534703, and
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the Celladon Corporation, ClinicalTrials.gov identi-
fier: NCT00454818). The results of these trials are
much anticipated, as proof of safety and therapeutic
efficacy will allow further AAV-mediated cardiac
gene therapy for heart failure. 

Retroviral vectors were used in clinical trials as
early as 20 years ago. A major shortcoming of the
earlier retroviruses was their preference/require-
ment for mitotically active cells, which effectively
excluded adult cardiomyocytes [102, 103]. More
recently, retroviruses derived from type 1 human
immunodeficiency virus (HIV-1), called lentivirus-
es, have become popular [102, 103], although their
use has been largely confined to animal models.
Lentiviral vectors can efficiently transfect postmi-
totic cells like cardiomyocytes and can readily
deliver inserts close to 10 kb in size [102].
Although many HIV-1 accessory proteins have been
removed to prevent replication of these viruses,
issues with biological safety have and undoubtedly
will continue to limit their use in humans.

22.6 Conclusions

TH has a plethora of actions on the cardiovascular
system, and recent results show that changes in TH
signaling are important components in the patho-
physiology of heart disease. Indeed, the changes in
gene expression that occur in heart disease (i.e.,
the “fetal switch”) mimic those in hypothyroidism.
Moreover, primary diseases involving thyroid
metabolism are associated with cardiovascular dis-
ease. Accordingly, TH and its analogs are already
being tested and used in the treatment of heart dis-
ease. However, treatment with exogenous thyroid
drugs increases the risk of inducing hyperthy-
roidism in other tissues of the body as well as the
heart. Recent advances in our understanding of the
molecular mechanisms of TH metabolism and sig-
naling combined with new approaches for tissue-
specific gene delivery provide unprecedented
opportunities for correcting the alterations in TH
signaling in heart disease.
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Key Points

• Impaired TH signaling is a key feature of heart disease.

• Impaired TH signaling in heart disease may be due to altered T3 and T4 metabolism in the myocardi-
um, possibly as a result of elevated levels of D3 and reductions of D2.

• The beneficial effects of TH in heart disease are complicated by differential organ responses to sys-
temic TH treatment.

• Targeted treatments to combat impaired TH signaling in heart disease include: (1) enhancing TH
uptake into the heart, (2) altering local TH metabolism to increase the levels of active T3, (3) dif-
ferential activation of TR subtypes, and (4) correcting TR profiles and downstream transcriptional
signaling.

• Adeno-associated virus vectors 8 and 9 are promising vectors for cardiac-specific gene delivery.
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