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ABSTRACT 
 

Thyroid hormone (TH) plays an important role in maintaining a homeostasis 

in all the cells of our body.  It also has significant cardiovascular effects, and 

abnormalities of its concentration can cause cardiovascular disease and even 

morbidity.  Especially development of heart failure has been connected to low levels 

of thyroid hormone.  A decrease in TH levels or TH-receptor binding adversely 

effects cardiac function.  Although, this occurs in part through alterations in 

excitation-contraction and transport proteins, recent data from our laboratory indicate 

that TH also mediates changes in myocardial energy metabolism.  Thyroid 

dysfunction may limit the heart’s ability to shift substrate pathways and provide 

adequate energy supply during stress responses. 
Our goals of these studies were to determine substrate oxidation pattern in 

systemic and cardiac specific hypothyroidism at rest and at higher rates of oxygen 

demand.  Additionally we investigated the TH mediated mechanisms in myocardial 

substrate selection and established the metabolic phenotype caused by a thyroid 

receptor dysfunction. 

We measured cardiac metabolism in an isolated heart model using 13Carbon 

isotopomer analyses with MR spectroscopy to determine function, oxygen 

consumption, fluxes and fractional contribution of acetyl-CoA to the citric acid cycle 

(CAC).  Molecular pathways for changes in cardiac function and substrate shifts 

occurring during stress through thyroid receptor abnormalities were determined by 

protein analyses.  

Our results show that TH modifies substrate selection through nuclear-

mediated and rapid posttranscriptional mechanisms.  It modifies substrate selection 

differentially at rest and at higher rates of oxygen demand.  Chronic TH deficiency 

depresses total CAC flux and selectively fatty acid flux, whereas acute TH 

supplementation decreases lactate oxidation.  Insertion of a dominant negative thyroid 

receptor (∆337T) alters metabolic phenotype and contractive efficiency in heart.  The 

capability of the ∆337T heart to increase carbohydrate oxidation in response to stress 

seems to be limited.

 

ii 



These studies provided a clearer understanding of the TH role in heart disease 

and shed light to identification of the molecular mechanisms that will facilitate in 

finding targets for heart failure prevention and treatment. 
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1 INTRODUCTION 
 

1.1 Thyroid hormone: An 
overview 

 
Thyroid hormone plays an important 
role in maintaining a homeostasis in all 
the cells of our body.  Its influence 
covers substrate metabolism, body 
temperature, heart rate and even 
production of proteins.  Tri-
iodothyronine (T3) and thyroxine (T4), 
the active and the inactive forms of 
thyroid hormones, respectively, are 
synthesized by the follicular cells in the 
thyroid gland.  This synthesis is 
stimulated by thyroid stimulating 
hormone (TSH) released from the 
pituitary.  TSH production is controlled 
by a negative feedback loop, where TSH 
release is suppressed with high levels of 
T4 and vice versa.  In addition it is 
controlled by thyrotropin-releasing 
hormone, produced by the hypothalamus 
and secreted at an increased rate in 
conditions such as cold.  When T3 and 
T4 are released to blood, some get 
inactivated by binding to certain proteins 
(thyroxine-binding globulin, 
transthyretin and albumin).  The free 
active hormones cross the cell 
membrane and classically bind to 
intracellular thyroid receptors (TRs) to 
regulate DNA transcription.  In addition 
to transcriptional pathways, thyroid 
hormone regulates cell function through 
nongenomic actions in sites such as 
membrane ion channels and pumps (21). 

 

1.2 Thyroid hormone and 
disease 

 
In addition to other functions thyroid 
hormone has significant cardiovascular 
effects, and abnormalities of its 
concentration or function can cause 

cardiovascular disease and even 
morbidity.  Hypertrophic or dilated 
cardiomyopathy, occurring secondary to 
primary thyroid abnormalities such as 
Graves Disease (hyperthyroidism) or 
Hashimoto’s Thyroiditis (most common 
cause of hypothyroidism) are well 
recognized. 

Hyperthyroidism:  High thyroid 
levels generally increase heart rate, 
myocardial contractility, cardiac output 
and left ventricular mass.  These changes 
predispose the heart to cardiovascular 
complications such as supraventricular 
and ventricular arrhythmias. 

Hypothyroidism:  The focus of 
this study is on low serum thyroid 
hormone levels that occur during chronic 
disease states, and are often termed “sick 
euthyroid syndrome or “subclinical 
hypothyroidism”.  In the past, these 
syndromes were regarded as an 
adaptation in order to reduce metabolic 
rate and were thought to have minimal 
clinical significance.  However, it is now 
recognized that hypothyroidism is an 
important clinical problem and can leed 
to severe cardiac problems.  Especially  
in people with underlying heart 
condition, hypothyroidism may 
exacerbate the tendency for premature 
beats and tachycardias such as atrial 
fibrillation and result in worsening of 
heart failure.  Hypothyroidism causes 
eventually stiffening of arteries, which 
leads to diastolic hypertension.  The 
higher levels of low-density lipoprotein 
cholesterol and C-reactive proteins 
accompanied often with hypothyroidism 
can worsen underlying coronary artery 
disease.  As worsening of heart failure 
can cause edema, hypothyroidism itself 
can also cause an accumulation of 
abnormal proteins and other molecules 
in the interstitial fluid resulting in 
myxema, a type of thyroid related 
edema. 
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Subclinical hypothyroidism is a 
common disorder, where the circulating 
serum free T3 and T4 levels are within 
the reference range with elevated serum 
TSH level.  Although the thyroid 
hormone levels are within the reference 
range, several cardiovascular effects 
have been documented.  Subclinical 
hypothyroidism has been shown to 
especially impair diastolic function 
including decreased end-diastolic 
volume, prolongation of the isovolumic 
relaxation time, increased A wave and 
reduced early diastolic mitral flow 
velocity/late diastolic mitral flow 
velocity ratio (7, 104).  In addition some 
degree of exercise intolerance has been 
shown to occur with impairment of 
several exercise-related cardiopulmonary 
responses in subclinical hypothyroidism 
(54).  Although the decision to institute 
therapy remains controversial (9, 119), 
replacement therapy has been shown to 
fully normalize the hemodynamic 
alterations caused by subclinical 
hypothyroidism (7, 104).  

Several investigators have 
indicated that abnormalities in thyroid 
homeostasis can result in progression of 
dilated cardiomyopathy and congestive 
heart failure caused by various etiologies 
(5, 60, 80, 107, 112, 114).  Human 
studies show that T3 supplementation 
during these states abrogates 
maladaptive cardiac remodeling, and/or 
improves cardiac function.  Ladenson et 
al reported a case with a dilated 
cardiomyopathy and profound 
hypothyroidism (65).  9-month thyroid 
hormone replacement therapy restored 
the molecular changes to normal levels 
and substantially improved myocardial 
performance.  This illustrates that 
conditions such as dilated myopathic 
heart can be reversible, when a treatable 
cause, in this case, severe 
hypothyroidism, is identified. 

 

1.3 Thyroid regulation in 
heart 

1.3.1 Hypothyroid phenotype 
 
Hypothyroidism caused either by low 
circulating hormone levels or impaired 
thyroid function has profound effects on 
the cardiovascular system.  It results in 
impaired cardiac contractility, decreased 
cardiac output, increased systemic 
vascular resistance, reduced 
chronotropy, cardiac atrophy and 
increased chamber diameter/wall 
thickness (8, 28, 59, 72, 105).  Studies 
have been performed to investigate the 
molecular mechanisms behind these 
physiological changes. 

Shifts in myosin isoform ratio in 
cardiac myocytes have been shown to be 
related to myocardial dysfunction and 
thyroid state.  In euthyroid animals α-
myosin heavy chain (MHC) is in general 
the predominant isoform and is even 
more abundant during thyrotoxicosis 
(93).  For instance hyperthyroid rabbit 
heart has a decreased contractile 
efficiency likely due to the increased 
portion of α-MHC species (34).  
However, during hypothyroidism the β-
MHC with a slower ATPase activity is 
the predominant species (49).  This shift 
occurs also in humans and can be 
reversible with thyroid treatment (65).  
This altered MHC expression may 
explain, in part, the decrease in the 
maximum velocity of contraction of 
cardiac muscle, in other words in cardiac 
contractility. 

Several other molecular changes 
occur due to hypothyroid state such as 
an increase in cardiac atrial natriuretic 
factor (ANF) mRNA (65).  ANF has a 
vast amount of functions involving e.g. 
diuretic, natriuretic, and vasorelaxant 
activities.  Long-term cardiovascular 
regulation of ANF has been studied in a 
transgenic mouse model showing 
chronic hypotension (63).  Alterations in 
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calcium handling proteins such as 
phospholamban and ryanodine receptor 
can result in abnormal rate of muscle 
relaxation and abnormal systolic 
function, respectively (123).  In a 
hypothyroid heart phospholamban 
expression is induced causing decrease 
of sarcoplasmic reticulum calcium pump 
(SERCA) activity and diastolic 
relaxation (102).  Furthermore, 
hypothyroidism decreases ryanodine 
receptor expression (36) and in long 
term increases myocyte lengthening 
from series addition of sarcomeres 
generating chamber dilation, as occurs in 
heart failure (120). 

Although the hypothyroid 
phenotype in heart is well described with 
respect to contractile protein expression, 
the metabolic characteristics have not 
previously been studied in detail. 

1.3.2 Direct thyroid modulated 
pathways 

 
Direct, nuclear thyroid regulation is 
initiated by ligand binding of thyroid 
hormone to its nuclear receptors, (TRs), 
α1, β1, β2 or β3.  TRα and β genes (106) 
also code four nonligand binding 
isoforms, TRα2, TR∆α1, TR∆β2, and 
TR∆β3, which can act as TR antagonists 
at least in transfected cells (13, 126).  
The hormone bound receptors then 
function alone, in pairs, bound to thyroid 
response elements (TREs) or together 
with retinoid X-receptors, peroxisome 
proliferator-activated receptors (PPARs) 
as transcription factors to regulate DNA 
transcription.  PPARs are key regulators 
in performing essential and diverse 
functions in modulating cell 
differentiation and proliferation in 
addition to controlling glucose and lipid 
metabolism (2, 26, 35, 38, 78, 92, 122).  
As we discussed in paper III, 
interactions between TRs and PPARs are 
complex and numerous mechanisms 
operate in vivo and vary according to 

target genes.  Studies have documented 
both abrogation and enhancement of 
PPARα response by TR (10, 14, 43, 81).  
Only a handful of studies have been 
performed to elucidate these 
mechanisms, even though their 
identification is extremely important for 
further understanding of several diseases 
and development of specific drugs.  

Other than ligand binding, 
dimerization and gene activation, these 
receptors are regulated 
posttranscriptionally by phosphorylation 
and by cofactor binding.  When T3 binds 
to the nuclear-localized TR, the liganded 
transcription factor recruits a coactivator 
complex consisting of a core coactivator 
protein [e.g. the PPAR-γ coactivator 
(PGC)-1α, (125)] and other proteins 
such as histone acetyl transferases (71).  
In the case of a non-liganded 
transcription factor a large corepressor 
complex is recruited.  This complex 
consists of a core corepressor protein 
and others such as histone deacetylases. 

1.3.3 In-direct thyroid 
modulated pathways 

 
In addition to direct, nuclear mediated 
thyroid hormone regulation, several 
indirect non-nuclear pathways exist, 
where TRE may not be involved.  These 
indirect thyroid hormone action sites 
have been localized to mitochondrion, 
plasma membrane, cytoplasm and other 
cellular organelles.  They include actions 
such as regulation of ion channels 
(sarcolemmal Na+ channel, inward-
rectifying K+ channel, voltage-activated 
potassium channels, and Ca2+-ATPase), 
oxidative phosphorylation, generation of 
intracellular secondary messengers and 
induction of cyclic AMP or protein 
kinase signaling cascades. 

Liganded TR’s located in the 
mitochondrion regulate directly the 
target genes contributing to 
mitochondrial biogenesis, though none 
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of the proteins encoded by the 
mitochondrion are specific to substrate 
metabolism.  Thyroid hormone can 
activate transforming growth factor beta 
-activated kinase 1 through cytoplasmic 
TRα1 isoform resulting in stimulation of 
p38-dependent processes that include 
myocyte protein synthesis and 
pathologic growth program inducing 
hypertrophy (57). 

A couple metabolically important 
genes regulated through indirect 
pathway are MHC fusion and 
sarco(endo)plasmic reticulum Ca2+-
ATPase (SERCA) (6, 108).  
Furthermore, a growing number of 
genes, cytochrome c (111), cytochrome 
c oxidase subunit IV (75), F1-ATPase β-
subunit (69, 75), to mention a few, are 
shown to be regulated endogenously by 
liganded transcription factor alone in the 
absence of TRE. 

1.3.4 Cross-talk between 
thyroid modulated 
pathways 

 
Thyroid hormone modulates myocardial 
metabolism through direct (genomic) 
and indirect (nongenomic) pathways as 
discussed above.  However, cross-talk 
between these pathways may occur e.g. 
via SERCA or mitogenactivated protein 
(MAP) kinases (124).  SERCA gene 
expression is regulated by the liganded 
TR and activity can be modulated 
nongenomically.  MAP kinases regulate 
the transcriptional activity of nuclear 
receptors, such as TRs (22) and 
coactivators (e.g. PGC-1α) (62, 100).  
Additionally, thyroid hormone is able to 
activate the MAP kinase pathway non-
genomically through induction of G 
protein-coupled receptors located on the 
cell surface (22, 70).  Hence, cross-talk 
between genomic and non-genomic 
pathways add up to the complexities of 
thyroid regulation and has to be 

considered in the study designs and 
results. 

1.3.5 Thyroid receptor 
abnormalities 

 
Abnormalities in expression of the TR 
isoforms may result in maladaptive 
myocardial growth, gene expression and 
in altered cardiac response to thyroid 
even in the presence of normal 
circulating levels of this hormone as in 
subclinical hypothyroidism.  An increase 
in TRα2 to TRα1 transcript ratio occurs 
in failing or myopathic human hearts 
(58).  Interestingly, Belke et al 
demonstrated that TRα1 or TRβ1 
delivered to myocardium by adeno-
associated virus prompts functional 
improvement in murine hearts with 
pressure overload-induced hypertrophy 
(6).  The TRα2 isoform formed by 
alternate splicing lacks the ligand 
binding domain and strongly inhibits 
DNA binding by other TRs including 
TRα1 and TRβ1. 

There are several lines of 
evidence suggesting that TR dysfunction 
is an independent risk factor for the 
progression of heart disease to heart 
failure (HF) (9, 37, 48).  Thyroid 
hormone binding to TR is hindered in 
systemic hypothyroidism, certain 
resistance to thyroid hormone 
syndromes, and in various transgenic or 
knockout mouse models.  This adversely 
affects cardiac function in part through 
alterations in excitation-contraction and 
transport proteins.  Recent data show 
that TR dysfunction alters both substrate 
flux and signaling by PPARs.  It can 
cause a limited ability to shift substrate 
utilization pattern to accommodate 
higher energy demand during stress.  
Though, the mechanisms of these actions 
are still unclear. 
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1.4 Thyroid regulation of 
substrate oxidation 

 
The cardiac energy stores are extremely 
limited and sufficient only for a few 
seconds of beating.  Thus it is necessary 
for the pathways for cellular substrate 
uptake and oxidation to be closely 
coupled.  This coupling is modified in 
natural processes such as development 
of the myocardium.  Although, there are 
several physiological and 
pathophysiological conditions, as adult 
myocardium acquired heart failure and 
uncontrolled diabetes, where this 
coupling is altered. 

Thyroid hormone regulates 
cardiac metabolism through a complex 
system of multiple mechanisms.  In 
addition to nuclear regulation discussed 
above, thyroid hormone promotes 
expression for metabolic genes, which 
do not possess the thyroid response 
elements (TREs) (124).  This regulation 
occurs through thyroid promotion of 
transcriptional factors and their 
coactivators, which then bind to 
alternative receptor binding sites on 
these metabolic genes.  T3 also modifies 
metabolism rapidly by 
posttranscriptional regulation (67).  
These mechanisms include T3 
participation in covalent or allosteric 
modification of enzymes, inhibition or 
enhancement of protein degradation, and 
promotion of receptor translocation to 
membranes (20, 21, 67, 113). 

Ordinarily the heart generates 
remarkable amounts of ATP for cardiac 
work primarily from glucose and fatty 
acid oxidation.  Glucose and lactate are 
the key sources of reducing equivalents 
utilized in the heart.  Together with free 
fatty acids (FFA) they represent the vast 
majority of oxidative fuel directed into 
the citric acid cycle (CAC). 

Studies of the mechanisms of 
thyroid hormone control over lipid 

metabolism in heart are limited, while 
numerous have been conducted in other 
tissues.  In general thyroid hormone 
increases lipid utilization towards 
oxidation pathways, while 
hypothyroidism inhibits it.  For instance 
isolated rat hepatocytes show a 
diminished utilization of exogenous 14C-
palmitate by T3 for synthesis of longer 
chain fatty acids (82).  Diminution is 
reversed by using a direct carnitine 
palmitoyl-transferase (CPT) I inhibitor 
(octanoylcarnitine), which blocks fatty 
acid oxidation (82).  Liver lipid 
accumulation and fatty acid beta-
oxidation activity has been shown to 
increase and decrease, respectively, with 
a systemic TRβ knock-in PV mutation, 
which renders the animal hypothyroid, 
contributing to the pathogenesis of lipid 
metabolism in hypothyroidism (4).  
Citrate carrier (CiC) is an essential 
component of the mitochondrial inner 
membrane shuttle system by which 
mitochondrial acetyl-CoA is transported 
into the cytosol for lipogenesis.  
Hypothyroid state caused a decline in the 
CiC activity in rat liver mitochondria 
due to the reduction of both protein level 
and mRNA accumulation (30, 115). 

In skeletal muscle, 
triiodothyronine derivative, diiodo-l-
thyronine stimulates mitochondrial fatty 
acid oxidation by activating several 
metabolic pathways, such as the fatty 
acid import, beta-oxidation cycle and 
FADH2-linked respiratory pathways 
(73).  In addition, injection of T3 in to 
gastrocnemius muscle in hypothyroid 
rats displayed rapid inductions of AMP-
activated protein kinase (AMPK) 
phosphorylation and acetyl-coenzyme A 
carboxylase phosphorylation, followed 
by increases in mitochondrial fatty acid 
oxidation and CPT activity (23). 

Existing data suggest a tight link 
between heart diseases such as 
myocardial hypertrophy and 
hypothyroidism.  Especially a trend of 
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reduced fatty acid oxidation in heart has 
been observed in both conditions 
although systematic investigations of 
this connection and the mechanisms are 
still lacking.  Decreased rate of fatty acid 
oxidation in hypertrophied myocardium 
occurs without increased glucose 
oxidation.  Therefore other 
compensatory pathways through 
anaplerosis exist to sustain sufficient 
carbon flux in the CAC in diseased 
myocardium (116). 

Goodwin and colleagues (32, 33) 
showed in rat heart that β-oxidation rates 
correlate inversely with levels of 
malonyl-CoA, which is synthesized by 
acetyl-CoA carboxylase (ACC).  
Furthermore a study in mutant mice 
lacking the acetyl-CoA carboxylase 2 
demonstrated a higher fatty acid 
oxidation rate and lower levels of 
malonyl-CoA compared to the wild type 
mice (1).  These studies strongly suggest 
that ACC functions as a direct candidate 
site for regulation of FFA oxidation.  
Another candidate site for the direct 
regulation of FFA oxidation is CPT-I, 
which facilitates mitochondrial import of 
FFAs.  Previous studies have confirmed 
transcriptional mechanisms by showing 
thyroid modulation of mRNA for genes 
encoding CPTs (16, 51, 84). 

Although progress has been 
made in the amount of studies performed 
on thyroid and carbohydrate metabolism 
in heart, the models used were almost 
exclusively chronically exposed to 
excess amounts of this hormone.  
Studies show that prolonged 
hyperthyroid state attenuates insulin 
initiated glucose uptake by freshly 
isolated cardiomyocytes (90).  
Furthermore, investigators have shown 
that hyperthyroidism modifies protein 
content, or specific activity for key 
enzymes regulating glycolysis and 
glucose oxidation (118).  In particular, 
chronic thyroid hormone 
supplementation decreases pyruvate 

dehydrogenase (PDH) complex activity 
through transcriptional upregulation of 
pyruvate dehydrogenase kinase (PDK) 
(98, 118).  Four PDKs, PDK-1, -2, -3 
and -4 are located in the matrix of the 
mitochondria.  PDK activity is regulated 
by thyroid hormone as well as short-term 
by covalent modification of isozymes 
and longer-term by transcriptional and 
translational mechanisms.  The 
activation is stimulated for instance by 
ATP, NADH and acetyl-CoA and 
inhibited by ADP, NAD+, CoA-SH and 
pyruvate.  Nevertheless existing data 
suggest that PDH flux is promoted by 
hypothyroid state over fatty acid flux as 
a pathway into the citric acid cycle (98, 
118). 

1.5 Animal models for 
studying TR regulation in 
cardiac energy 
metabolism 

 
Studies in hyperthyroid and hypothyroid 
animal models have shown thyroid 
hormone regulation in cardiac energy 
metabolism (44, 47, 97).  However, 
these studies are unable to effectively 
dissect out TR-mediated regulation of 
metabolism from posttranscriptional 
thyroid mechanisms. 

Esaki et al performed studies 
with a mutant mouse model with a 
dominantly negative PV mutation in 
either TRβ or TRα1 gene locuses (27).  
The systemic PV mutation renders 
complete loss of thyroid binding and 
cause elevation in blood thyroid 
hormone levels.  The mutated TR 
prevents thyroid hormone binding even 
in the pituitary, where thyroid hormone 
normally inhibits thyroid stimulating 
hormone (TSH) release.  Due to lack of 
this inhibitory effect of circulating levels 
of TSH, thyroid hormone is elevated in 
the blood.  Although, Esaki et al showed 
reduced glucose uptake in hearts 
containing the TRα1, and an increase in 
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glucose uptake in the TRβ, these PV 
mutant studies do not resolve issues 
caused by systemic hypothyroidism. 

Pazos-Moura et al created a 
mouse model by inserting a ∆337T 
TRβ1 human mutation into the mouse 
genome and targeting expression 
selectively to heart by linking to the α-
myosin promoter (93).  This naturally 
occurring mutation in human with 
resistance to thyroid hormone is a 
dominant negative non-ligand binding 

TR.  These ∆337T mice exhibit an 
abnormal myosin profile, decreased 
cardiac function, bradycardia at rest and 
develop left ventricular hypertrophy with 
aging.  By using the ∆337T TRβ1 mouse 
model in our fourth study we removed 
the complications caused by systemic 
adaptations to low levels of circulating 
thyroid hormone and were able to study 
the cardiac specific alterations caused by 
the lack of thyroid hormone function. 
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2 AIMS OF THE STUDY 
 
 
Thyroid hormone regulates energy 
metabolism through a complex network 
of multiple mechanisms.  Though 
thyroid’s importance is well recognized 
in overall metabolism, thyroid’s role in 
regulation of cardiac substrate oxidation 
is poorly understood. 

Complete evaluation of the role 
for the thyroid hormone receptors (TRs) 
in myocardial metabolism has been 
difficult to examine due to modification 
of tissue TR expression by circulating 
T3 and thyroxine.  To avoid this 
complexity in our paper IV, we used a 
cardioselective and dominant-negative 
thyroid receptor ∆337T mice with 
normal circulating thyroid hormone 
levels. 

Even though the role of thyroid 
hormone in various organs and 
metabolic mechanisms is not completely 
elucidated, T3 is considered as a 
therapeutic agent for myocardial 
dysfunction during several clinical 
conditions (61, 83, 95).  To develop 
more efficient and safer treatment 
protocols with T3, it is crucial to attain a 
comprehensive understanding of the 
function and the mechanisms involved.  
Our investigation was aimed to further 
understand the metabolic mechanisms of 
thyroid function in heart.  Accordingly 
our principal aims were: 

 

 

 

1) To determine interactions of 
thyroid hormone with 
epinephrine in myocardial 
function and substrate 
metabolism.  

 

2) To determine substrate oxidation 
pattern with thyroid hormone at 
rest and at higher rates of oxygen 
consumption induced by 
catecholamine stimulation. 

 

3) To determine substrate oxidation 
pattern with systemic 
hypothyroidism and acute 
thyroid hormone infusion.  

 

4) To establish the metabolic 
phenotype caused by a dominant 
negative thyroid receptor. 

 

5) To determine myocardial 
contractile efficiency in cardiac 
specific thyroid dysfunction and  
adaptation to stress induced by 
increased heart rate by pacing. 

 

6) To investigate the thyroid 
hormone mediated mechanisms 
in myocardial substrate selection.
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3 MATERIALS AND 
METHODS 

 

3.1 Animals 
 
Studies were performed using male rats 
and mice. Males were chosen to 
minimize the differences due to gender 
and hormonal cycles in females. 

Sprague-Dawley (SD) rats 
weighing 407 ± 13 g, were obtained 
from Charles River Laboratories 
(Wilmington, MA). They supplied 
control SDs, and age-matched (3–4 
months) thyroidectomized SDs, which 
were given calcium gluconate 
supplement in water until they were 
utilized in experiments. 
Thyroidectomies, which render the rats 
systematically hypothyroid, were 
performed between 15 and 20 days 
before the experiment. Effectiveness of 
thyroidectomy was confirmed by 
measuring total serum T3 to be less than 
30 ng/dl at the time the rats were 
euthanized. 

Mice expressing a 
cardioselective dominant negative 
thyroid receptor (TR)β1 mutation, 
∆337T (93)(age, 4 to 6 months) and age 
matched nontransgenic littermates 
serving as controls were used in this 
study.  ∆337T human mutation is 
inserted into the mouse genome and 
linked to the alpha-myosin promoter for 
cardiac selectivity.  TRβ1 mutation, 
∆337T does not bind T3 and inhibits 
DNA binding for all TRs in a dominant 
negative manner. 

All animal procedures were in 
accordance with guidelines of University 
of Washington Animal Care Committee 
and Children’s Hospital and Regional 
Medical Center, Seattle, WA.  The 
investigation also conforms with the 
Guide for the Care and Use of 

Laboratory Animals published by the US 
National Institutes of Health (NIH 
Publication No. 85-23, revised 1996). 

 

3.2 Isolated Heart 
Preparations 

 

Studies I and II were performed with a 
constant pressure Langendorff isolated 
heart preparation established previously 
in the laboratory.  In the Langendorff 
heart preparation, developed first by 
Oskar Langendorff in 1895, the 
perfusate flows through the aorta 
towards the heart.  The perfusate is 
diverted into the coronary arteries 
instead of the left atrium.  Langendorff 
heart preparation permits the study of 
heart contraction and heart rate with a 
fluid-filled balloon inserted in the left 
ventricle. 

To study the cardiac functional 
parameters in more detail in study IV, a 
more complex working heart preparation 
was established.  In the working heart 
preparation, the flow of perfusate 
mimics the flow of blood in situ, where 
the perfusate enters the left atrium, flows 
into the left ventricle, from where it is 
pumped into the aorta and further to 
coronary arteries.  This preparation 
enables a complete analysis of heart 
function including measurement of the 
physiological pumping action such as 
pressure/volume work. 

3.2.1 Langendorff Heart 
 
SD rats were anesthetized with 
intraperitoneal injection of pentobarbital 
sodium (45 mg/kg) and heparinized (700 
U/kg intraperitoneal).  The heart was 
rapidly excised and submerged in ice-
cold physiological salt solution (PSS), 
pH 7.4, containing (in mM) 118.0 NaCl, 
25.0 NaHCO3, 4.7 KCl, 1.23 MgSO4, 
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1.2 NaH2PO4, 5.5 D-glucose, and 1.2 
CaCl2. 

The aorta was cannulated in the 
standard Langendorff mode, and the 
spontaneously beating heart was 
perfused with PSS containing the 
following 13C-labeled substrates in 
addition to unlabeled glucose (5.5 mM): 
1,3-[13C]-acetoacetic acid (ACAC, 0.17 
mM), L-3-[13C]-lactic acid (LAC, 1.2 
mM), U-[13C]-long-chain mixed free 
fatty acids (FFA, 0.35 mM) bound to 
0.75% (wt/vol) delipidated bovine serum 
albumin reconstituted with deionized 
water. The FFA mixture contained 
predominantly saturated and unsaturated 
fatty acids ranging from 14 to 22 
carbons in length, with palmitic and 
linoleic as the most prominent.  Due to 
differences in substrate provisions and 
study models it has been difficult to 
work out a comprehensive understanding 
of the pathways involved with T3 in 
substrate utilization.  To perform 
experiments in as natural conditions as 
possible we used a substrate mixture, 
which conforms to physiological 
concentrations in rat artery, as reported 
by Remesy and Demigne (103).  
Though, acetoacetate supplied the entire 
ketone body composition enabling us to 
use an efficient 13C labeling pattern. 

Perfusate had been equilibrated 
with 95% O2-5% CO2 at 37°C and 
passed twice through filters with 3.0-µm 
pore size. Perfusion pressure was 
maintained at 70 mmHg. The entire 
perfusion system was jacketed and 
maintained at 37°C.   

An empty latex balloon 
connected to a pressure transducer was 
inserted into the left ventricle through 
the mitral orifice and an incision made in 
the left atrium.  The balloon was filled 
with saline to a volume that provided a 
left ventricular developed pressure 
(LVDP) between 100 and 140 mmHg.  
This volume was maintained throughout 
the protocol.  Hearts were excluded from 

statistical analyses, if this volume 
produced end diastolic pressures higher 
than 8 mmHg.  Left ventricular pressure, 
from which its first derivative with 
respect to time (dP/dt) was calculated, 
was continuously measured.  The caudal 
vena cava, cranial vena cava, and the 
azygous vein were ligated. 

The pulmonary artery was 
cannulated to enable collection of 
coronary flow, which was measured with 
a flowmeter (T106; Transonic Systems, 
Ithaca, NY).  The analog signals were 
continuously recorded on a chart 
recorder (Gould, Cleveland, OH) and an 
online computer (Macintosh, Biopac 
Analog Signal Acquisition System). 

To characterize cardiac function, 
LVDP was defined as peak systolic 
pressure minus end-diastolic pressure.  
Myocardial oxygen consumption 
(MVO2) was calculated as MVO2 = CF × 
[(PaO2 - PvO2) × (c/760)] × dw, where CF 
is coronary flow (ml/min/g wet tissue), 
(PaO2 - PvO2) is the difference in the 
partial pressure of oxygen (PO2, mmHg) 
between perfusate and coronary effluent, 
c is the Bunsen solubility coefficient of 
O2 in perfusate at 37°C (22.7 µl O2 atm-1 
ml-1) and dw is a previously determined 
conversion factor from heart’s wet 
weight to dry weight (1/0.18). PO2 was 
determined with an ABL5 blood gas 
analyzer (Radiometer, Copenhagen, 
Denmark). 

3.2.2 Working Heart 
 
Mice were anesthetized with sodium 
pentobarbital (75 mg/kg, intraperitoneal) 
and heparinized (700 U/kg, 
intraperitoneal).  The heart was rapidly 
excised and submerged in ice-cold PSS. 

The aorta of a spontaneously 
beating heart was first cannulated in a 
standard Langendorff mode and perfused 
with PSS.  After 15 minutes the heart 
function stabilized and the mode was 
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changed to working heart perfusion with 
the inflow tube inserted into the left 
atrium.  The perfusate was switched to 
PSS containing the substrates as in 
Langendorff preparation. 

Separate groups of hearts were 
perfused with PSS without unlabeled 
glucose and supplemented with:  1-
[13C]-glucose (5.5mM), 1,3-[13C]-
acetoacetic acid (0.17 mM), U-[13C]-
long chain mixed free fatty acids (FFA, 
0.35 mM), and unlabeled lactate (1.2 
mM). 

Perfusates were equilibrated with 
95% O2-5% CO2 at 37°C and passed 
twice through filters with 3.0-µm pore 
size.  Perfusion pressure was maintained 
at 70 mmHg with Langendorff mode.  
Preload was 10 mmHg and afterload 50 
mmHg with working mode.  The entire 
perfusion system was jacketed and 
maintained at 37°C. 

An SPR-PV-Catheter (SPR-869 
or 839, Millar pressure-volume Systems) 
was inserted into the left ventricle 
through apex for continuous 
measurement of left ventricular pressure 
(LVP).  Recordable parameters from left 
ventricle in addition to LVP (mmHg) 
were, heart rate (beats/min), ±dP/dt 
(mmHg/s), and left ventricular volume 
(µl).  Calculated parameters were stroke 
volume, cardiac output, work, power, 
cardiac efficiency (CE, power/oxygen 
consumption), pressure rate product, 
Vmax, and Pressure-Volume loop, etc., 
though only some of these are discussed 
in the results. 

The pulmonary artery was 
cannulated to enable collection of 
coronary flow, which as well as aortic 
flow were measured with a flow meter 
(T403; Transonic Systems Inc., Ithaca, 
NY).  The caudal vena cava, cranial 
vena cava, and the azygous vein were 
ligated.  Pacing leads were attached to 
the right atrial appendage. 

Cardiac function was 
characterized with LVDP and MVO2 as 
in Langendorff preparation.  PO2, PCO2, 
and pH were determined with an 
ABL800 blood gas analyzer (Radiometer 
Inc., Copenhagen, Denmark). 

 

3.3 Experimental Protocols  
 
All rat and mouse hearts were initially 
stabilized for 30 and 15 min, 
respectively, with the standard PSS 
buffer perfusion.  At baseline time point 
the perfusate was switched to PSS 
containing 13C labeled substrates. 

In study I the hearts were then 
perfused for 30 minutes solely with the 
perfusate (control group), supplied with 
T3 diluted at a perfusate concentration of 
10 nM (T3 group), epinephrine (Epi) at a 
final concentration of 1 mM (Epi group) 
or with both T3 and Epi in the perfusate 
(T3Epi group). 

In study II control and 
hypothyroid hearts were perfused for 60 
minutes after baseline.  Additionally 8 
hypothyroid hearts were infused with 
T3, supplied as liothyronine, with a final 
concentration of 10 nM in the perfusate 
for the entire 60 minutes. 

In study IV control and ∆337T 
mouse hearts were perfused first for a 
15-minute equilibration period in 
Langendorff mode, after which working 
heart mode was established and the 
perfusate switched to one containing the 
13C labeled substrates for 30 minutes.  6 
∆337T-P hearts were atrial paced at 330 
beats/min after baseline time point. 

After the experimental perfusion 
nonventricular tissue was removed, and 
all hearts were freeze-clamped with 
copper tongs that had been chilled in 
liquid nitrogen. 
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3.4 Tissue Extraction 
 
Freeze-clamped heart tissue was ground 
into fine powder under liquid nitrogen, 
extracted with 0.6 M cold perchloric 
acid (1:4, 4°C) and vortexed vigorously 
for one minute.  The acid extraction was 
centrifuged for 25 minutes at 20,800 g to 
remove insoluble tissue.  The 
supernatant was neutralized with cold 
KOH to pH 7.4.  The neutralized 
samples were spun for 15 minutes at 
20,800 g to remove KClO4 salts.  The 
final supernatant was lyophilized at -
50°C overnight and stored at -80°C for 
later NMR spectral acquisition. 

 

3.5 Analyses with  Nuclear 
Magnetic Resonance 
(NMR) Spectroscopy 

3.5.1 Basic Theory of NMR 
 
Nuclei with an odd number of protons 
and/or neutrons, such as carbon-13, 
resonate at a particular frequency as they 
are placed in a static magnetic field and 
exposed to another oscillating magnetic 
field.  Resonance frequencies of the 
same kind of nucleus vary due to 
differences in the electron distribution.  
These variations, called the chemical 
shift, of each studied nuclei are 
referenced to a standard such as 
tetramethylsilane or deuterium.  This 
chemical shift is used to assign a 
molecule in a Fourier transformed 
spectrum in frequency domain as is 
shown in figure 1.  

Additional information of the 
molecule can be obtained by an effect 
called spin-spin coupling.  Nuclei close 
together act as little magnets themselves 
and influence each other’s effective 
magnetic field.  This influence causes 
peaks in the NMR spectrum to split in a 
particular way depending on the atom 

studied.  The splitting pattern of 
frequencies can be complex including 
singlets, doublets, triplets and quartets as 
in our spectra (Figure 1.).  To reduce 
complexity we used proton decoupling, 
which eliminates the splitting of the 
peaks due to coupling between carbon 
and hydrogen.  However we took 
advantage of the carbon-carbon coupling 
to gain more information of the carbon 
atoms for our isotopomer analyses.  In 
case of carbon decoupling only a single 
peak would be in the place of the 
multiplets of each carbon.  

 

 
Figure 1.  A representative 13C-spectrum 
of a rat heart extract. 

 

3.5.2 Carbon-13 labeling 
 
A stable isotope, carbon-13 (13C) 
represents about 1.1 % of all carbon in 
the environment.  It is magnetically 
active and is thus detectable with NMR 
spectroscopy.  With the natural 
abundance 13C produces only a small 
NMR signal due to its low gyromagnetic 
ratio, thus we perfused the hearts with 
13C labeled substrates to enrich the 
carbon 13C labeling.  This enabled us to 
have a necessary signal to noise ratio for 
our spectral analysis of all the glutamate 
carbons illustrated in figure 1. 

As we perfused the heart with the 
13C labeled substrates 13C feeds into the 
citric acid cycle (CAC) as acetyl-CoA 
through the appropriate metabolic 
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pathways.  Since acetyl-CoA has 2 
carbons we are able to distinguish 4 
different acetyl-CoA molecules: 
unlabeled, labeled in both carbons, 
labeled in carbon-1 and labeled in 
carbon-2.  While the 13C travels in the 
CAC, it gets placed in a certain position 
of the glutamate molecule depending on 
the substrates original labeling pattern.  
Once a steady state is reached, 25 
differentially labeled glutamate 
molecules are formed.  In our NMR 
spectrum as shown in figure 1. the 
carbon peaks of these glutamate 
molecules will be split and the relative 
peak areas in each carbon will relate to 
the abundance of each differentially 
labeled glutamate.  These relative peak 
areas will then be used as starting 
parameters for the isotopomer analysis 
as described below.  

3.5.3 NMR spectral acquisition 
 
Lyophilized heart extracts were 
dissolved in 99.8 % D2O for NMR 
spectral acquisition.  Proton decoupled 

13C NMR spectra of the samples were 
acquired at 187.5 MHz on a Bruker 
DMX 750 spectrometer with a 45° pulse 
and a 4 s recycle delay.  Free-induction 
decays were baseline corrected, zero-
filled and Fourier transformed.  All of 
the labeled carbon resonances (C1 – C5) 
of glutamate were integrated using the 
Lorentzian peak fitting subroutine in the 
acquisition program (NUTS, Acorn 
NMR Inc., Livermore, CA).  The 
individual integral values were used as 
starting parameters for the citric acid 
cycle (CAC) analysis-fitting algorithm, 
tcaCALC, kindly provided by Dr. C.R. 
Malloy and Dr. F. M. Jeffrey (53).  This 
algorithm provides the Fractional 
contributions (Fc) for each substrate in 
the acetyl-CoA pool and anaplerosis 
entering CAC.  These techniques have 
been well described and are considered 
standard (52, 76, 77). 

The absolute flux for the CAC 
and oxidative flux for individual 
substrates were calculated from MVO2 
and the stochiometric relationships 
between oxygen consumption and citrate 
formation from the various substrates as 
described by Jeffrey et al (53).  
Although, calculated this value accounts 
for changes in oxidative rates of 
exogenous labeled and exogenous and 
endogenous unlabeled substrates, as well 
as the anaplerotic contribution to the 
CAC.  Briefly, MVO2/CAC flux = 
FcFFARFFA + FcLACRLAC + FcACACRACAC 
+ FcendRend + yRa, where Fcs are 
fractional contributions for each 
substrate determined by isotopomer 
analysis and R is an assumed respiratory 
quotient (RFFA = 2.8, RLAC = 3, RACAC = 
2, Rend = 2.9).  yRa represents the 
anaplerotic component (53).  The 
endogenous component (FcendRend) in 
these studies is most likely from 
unlabeled glucose, glycogen, and 
endogenous triglycerides.  The 
calculated CACflux was normalized for 
each substrate by dividing the total 
CACflux by the number of acetyl-CoA 
esters yielded per molecule of that 
substrate (FFA = 8.5, LAC = 1, ACAC = 
2), and multiplying with corresponding 
Fc. 

3.5.4 Model considerations 
 
By establishing a substrate utilization 
pattern through glutamate isotopomer 
analysis, following assumptions have to 
be accepted.   

1) The reactions are at metabolic 
steady-state and 13C present as a result of 
natural abundance, generally 1.1%, is 
insignificant. 

2) The pools of reacting 
intermediates turn-over completely with 
each turn of the CAC. 

3) Glutamate and CAC 
intermediate α-ketoglutarate are in rapid 
exchange with each other, relative to 
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CAC flux.  The concentration of α-
ketoglutarate is in general very low and 
thus multiplet pattern is difficult to be 
resolved by NMR spectroscopy.  
Therefore NMR isotopomer analysis of 
CAC is usually based on more abundant 
tissue glutamate, which is assumed to 
mirror the isotopomer distribution in α-
ketoglutarate at metabolic and isotopic 
steady-state.  This assumption is 
supported by the results from 
Lewandowski et al in isolated rabbit 
heart perfused with 13C enriched 
substrates (68).  They showed that a 
multiplet pattern of carbon-4 resonance 
of α-ketoglutarate was essentially the 
same as that of glutamate under steady-
state conditions (68). 

4) Intermediates may be present 
in different compartments or involved in 
more than one pathway, they are 
assumed not to be kinetically distinct.  
Though compartmentation can be a 
source of error in some experiments, we 
believe it does not cause a significant 
error to our conclusions in our 
experimental conditions.  Reducing 
equivalents using O2 are generated not 
only by the CAC in the mitochondria, 
but also by beta-oxidation, pyruvate 
dehydrogenase and glycolysis.  In 
addition some O2 wasting by 
peroxisomes and uncoupling can add up 
to the error for substrate flux 
calculations.  Our method minimizes this 
error by using a substrate specific 
respiratory quotient, which takes into 
account the number of NADH produced 
by each molecule independent of the 
location. 

Nevertheless 13C labeling has 
many advantages over radioisotope 
labeling; one being safety for users and 
subjects.  Use of radioisotopes would set 
limitations to the experimental design 
and add time consuming safety 
precautions and other procedures.  The 
use of 13C labeling does not require the 
isolation of the compound and carbon-

by-carbon degradation as the 
radioisotope studies do.  In addition 13C 
labeling represents a powerful tool to 
study intermediary metabolism, as it 
provides information on substrate 
utilization not detected by traditional 
radioisotope methods. 

 

3.6 Immunoblotting 
 
Fifty micrograms of total protein 
extracts from heart tissue were 
electrophoresed along with one lane of 
molecular weight size markers 
(Chemichrome Western control, Sigma) 
in a 4.5% stacking and 7.5%, 10% or 
12% running SDS-polyacrylamide gels 
depending on the molecular weight of 
the protein of interest, and electroblotted 
onto polyvinylidene fluoride plus 
membranes.  The blots were blocked for 
one hour at room temperature with 5% 
non-fat milk in Tris-buffered saline plus 
Tween-20 (TBST)[10 mM Tris-HCl, pH 
7.5, 150 mM NaCl, and 0.05% Tween-
20].  The blocked blots were then 
incubated overnight at 4°C with chosen 
antibodies diluted in blocking buffer.  
The primary antibodies used in this 
study were directed toward GAPDH (sc-
25778), hexokinase-2 (HK-2) (sc-6521), 
glucose translocator-4 (GLUT-4)(sc-
7938), and succinate dehydrogenase 
subunit-α (SDHα) (sc-27992) obtained 
from Santa Cruz Biotechnology, CA, 
and pyruvate dehydrogenase kinase 
(PDK) isoforms 2 and 4 (94, 127), liver-
carnitine palmitoyl-transferase I (L-
CPTI), and muscle-carnitine palmitoyl-
transferase I (M-CPTI) (24, 129).  After 
two 5-minute washes with TBST and 
one 5-minute wash with Tris-buffered 
saline (TBS), blots were incubated at 
room temperature for one hour with the 
appropriate secondary antibody 
conjugated to horseradish peroxidase 
(HRP).  The blots were washed twice for 
10 minutes with TBST and visualized 
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with enhanced chemiluminescence after 
exposure to Kodak biomax light ML-2 
film.  The blots were then stripped by 
treating them twice for 30 minutes with 
200 mM Glycine, 0.1% SDS and 1% 
Tween-20, (pH adjusted to 2.2) followed 
by two 5-minute washes with TBST and 
one 5-minute wash with TBS.  The blots 
were again blocked for one hour as 
above and incubated overnight at 4°C 
with β-Actin antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA) in 
blocking solution.  The blots were then 
washed (as above), the appropriate 
secondary-HRP antibody was applied, 
and the remaining procedures as 
described above were followed. 

β-Actin was used to quantify the 
multiple proteins signals by 
densitometry after standardization for 
loading.  The densitometric intensities 
were determined with ImageJ 1.32j 
program (NIH).  Western blots were 
repeated at least three times to confirm 
consistency of the findings. 

 

3.7 Glycogen 
 
Glycogen analysis was performed in 
hearts from ∆337T mice and littermate 
controls (n = 7 in each group).  Heart 
tissue was extracted before perfusion 
protocol in order to determine the 
endogenous glycogen pool in these 
hearts.  Perchloric acid extracts of 
muscle were assayed for glycogen by the 
amyloglucosidase method (91). 
 

3.8 Statistical Analyses 
 
Data were analyzed with repeated 
measures analysis of variance within 
groups and single factor analysis of 
variance across groups (StatView 4.5, 
Abacus Concepts, Berkley, CA), as well 
as Fisher’s test and unpaired t-tests when 
appropriate.  All values are presented as 
mean±standard error in text and figures.  
Criterion for significance were p<0.05 
for all comparisons. 
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4 RESULTS AND DISCUSSION 
 

4.1 Thyroid alterations in 
cardiac function 

 
Acute triiodothyronine (T3) infusion did 
not alter cardiac function or oxygen 
consumption (MVO2) in systemic 
normothyroid or hypothyroid rat hearts 
(Figs 1.-3. in I; Figs 1. and 2. in II).  
Solely prolonged hypothyroid state 
caused no differences in systolic 
function, although a significant decrease 
in spontaneous heart rate and myocardial 
oxygen consumption were observed 
(Figure 2.; Figs 1. and 2. in II).   

 

 
 
Figure 2. Heart rate and 
oxygen consumption 
(MVO2) are decreased in hypothyroid 
model. Modified from (45) with 
permission from The American 
Physiological Society. 

 

Spontaneous heart rate was also 
decreased in the cardiac specific 
hypothyroid ∆337T model accompanied 
with increased developed pressure and 
decreased MVO2 (Figure 3.; Figs 1. and 
2. in IV).  As a consequence ∆337T 
hearts at intrinsic heart rate had an 
increased cardiac efficiency (CE) 
calculated as the relationship of cardiac 

ork to oxygen consumed and discussed 
rther in section 4.4. (Figure 3.; Fig 2. 
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Figure 3. Myocardial oxygen 
ption was reduced in ∆

hearts independent of heart rate leading 
to increased cardiac efficiency. 
Modified from (46) with perm

 The American Physiological 
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In addition a depression in 
diastolic function (ventricular relaxation 
speed; -dP/dtmax), which is often 
measured in patients with subclinical 
hypothyroidism, was observed in both 
hypothyroid models (Figure 4.; Figs 1.

 

 

 (46) with 
erican 

tabolism 
 

arable 

ut, and oxygen 
onsumption are decreased during 
acing.  A similar response occurs in 
ypoth

e hypothesized 
that thyroid hormone and epinephrine 
work synergistically. 

intera  and 
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in II and IV).  Diastolic dysfunction in 
patients can go undiagnosed until it 
progresses to the point of diastolic heart 
failure, where major left ventricle 
stiffness and pulmonary edema occur.  
Even the prevalence of diastolic heart 
failure in patients is increasing, the 
prognosis is still poor 

h

despite of modern 
medicine.  The optimal therapeutic 
approach is still lacking and treatment is 
mainly focused on optimizing 
myocardial performance in diastole by 
control of blood pressure, restoration or 
maintenance of sinus rhythm, and relief 
of volume overload. 

Figure 4. Ventricular relaxation speed (-
dP/dtmax) was decreased in hypothyroid 
heart.  Modified from
permission from The Am
Physiological Society. 

 

In order to prevent any 
differences in energy me
induced by the lower heart rate alone, we
paced the ∆337T hearts to comp
control levels.  Although pacing 
decreased developed pressure and 
eliminated the CE advantage, it did not 

increase MVO2 (Figure 3.; Figs 1. and 
2. in IV).  A limited heart rate reserve 
has been shown in nontransgenic 
working mouse heart (66), where 
function, cardiac outp
c
p

yroid human subjects, whose 
cardiac function remains normal at rest, 
but are intolerant to exercise showing 
impaired cardiovascular and respiratory 
adaptation (55).  Yet, the baseline heart 
rate of the ∆337T mutant in our study 
was 60% of control and could be paced 
without any functional impairment.  
While the cardiac output was increased 
in the paced ∆337T hearts, the overall 
work was not increased. 

 

4.2 Thyroid hormone action 
with catecholamines 

 
Rapid thyroid hormone action under 
acute elevations of work state has not 
been well investigated.  Thyroid 
hormone induces increases in cardiac β-
adrenoreceptor density and sensitivity 
(39, 87) and is suggested to enhance the 
cardiac inotropic response to epinephrine 
(3, 17, 121).  Therefore w

To understand the metabolic 
ctions of thyroid hormone
hrine normothyroid hearts were e

studied at higher cardiac workload 
induced by epinephrine stimulation in 
addition to acute thyroid hormone 
infusion (Study I).  Epinephrine infusion 
with or without T3 increased left 
ventricular developed pressure (DP), 
contractility (+dP/dt) and MVO2 (Figs 
1.-3. in I).  These data indicate that T3 
does not directly modify functional 
responses to epinephrine or high work 
state. 
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The literature is unclear with 
respect to epinephrine influence on 
substrate metabolism.  Some studies 
indicate an increase in fatty acid 
oxidation solely by epinephrine (18, 85), 
while others show an increase in glucose 
oxidation and glycolysis (15).  These 
discrepancies most likely are an outcome 
of employment of different protocols 
used with a wide variety of substrate 
mixtures, perfusion conditions, and 
methodology.  To diminish these issues 
in our s

al contribution is 
reduced

h or without T3 
decreas

tly of changes in oxygen 
onsumption or cardiac functional 

iac 
specific hypothyroid states showed a 
reduc addition to 

duct C flux, as 

tudy we used a substrate mixture 
with relatively physiological 
concentrations of four principal 
substrates previously defined in rat 
experiments (103). 

Thyroid hormone has been 
shown to exaggerate epinephrine 
dependent lipolysis (25).  One might 
speculate that increased lipolysis leads to 
increased FFA oxidation.  Our results 
showed an increase in fractional 
contribution of FFA by thyroid hormone 
and a decrease by epinephrine (Table 1. 
in I).  When these hormones were 
infused simultaneously both effects were 
ameliorated (Table 1. in I).  Although 
the FFA fraction

 solely by epinephrine, the 
absolute oxidation rate is increased 
substantially due to increased MVO2.  
Both T3 and epinephrine increased FFA 
flux through the CAC (Table 2. in I), but 
had no additive effects.  These data 
indicate that no obvious synergism or 
cooperation was present between T3 and 
epinephrine with regards to studied fatty 
acid metabolism. 

Epinephrine caused a significant 
increase in unlabeled substrate 
utilization, which was ameliorated by T3 
infusion (Table 1. in I).  Additional 
experiments employing both labeled and 
unlabeled glucose schemes, revealed that 
endogenous stores, and not glucose, 
were responsible for the increase in 
unlabeled fractional contribution during 
higher workload with epinephrine 

infusion (Fig 6. in I).  In addition 
epinephrine wit

ed acetoacetate utilization (Table 
1. in I), where as epinephrine in 
combination with T3 increased lactate 
utilization (Table 1. in I).  This increase 
in lactate utilization could be affected 
highly by epinephrine itself though 
epinephrine affect alone was not 
statistically significant in our 
experiments.  CAC flux, defined as the 
overall acetyl-CoA oxidation rate 
increased by epinephrine with or without 
T3 (Table 2. in I).  Acetoacetate flux 
decreased and relatively lactate flux 
increased by epinephrine, while lactate 
flux decreased with T3 (Table 2. in I).  
No further synergism between 
epinephrine and thyroid hormone were 
found in studied substrate oxidation 
pathways. 
 

4.3 Inhibition of fatty acid 
oxidation by 
hypothyroidism 

 
The principal and novel finding at the 
time in the study I in normothyroid rats 
was the evidence for T3 promotion of 
myocardial FFA utilization.  This shift 
towards FFA preference occurred 
independen
c
parameters.  Concomitantly, our studies 
II and IV with systemic and card

tion of FFA flux, in 
ion of overall CAre

expected (Figure 5.; Fig 4. in II; Fig 5. 
in IV). 

Regulation of fatty acid oxidation 
by hypothyroid state had not been 
previously evaluated in heart.  However, 
FFA flux was not significantly improved 
by acute infusion of T3 in hearts from 
rats with systemic hypothyroidism (Fig 
4. in II).  Thus suggesting involvement 
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of multiple mechanisms in thyroid 
hormone regulation of FFA oxidation. 

 

 
Figure 5. Fatty acid oxidation was 
decreased in hypothyroid hearts.  
Modified from (45, 46) with permission 

om The American Physiological 

ation by 
337T hearts prompted an 

ution 
al of the 

∆337T 
inates the function of 

earts, 
ligand binding to thyroid hormone 

echanism for the 
A flux during pacing can be 

 the cause to be thyroid-
ediated transcriptional or translational 

ontrol over pivotal enzymes involved in 
fatty a

nd requires the co-operation 
of a se

ng us to believe 
that in

fr
Society. 

 

The heart rate elev
pacing in ∆
increase in FFA acetyl-CoA contrib
to the CAC and a revers
inhibition of FFA flux.  Since 
mutation elim
thyroid hormone receptor in these h

receptor as a m
increased FF
ruled out. 

To further explore the 
mechanism of FFA flux inhibition by 
hypothyroid state in studies II and IV we 
presumed
m
c

cid oxidation.  Accordingly, we 
measured protein content for a number 
of enzymes controlling rate-limiting 
reactions for substrate oxidation.  CPT I 
as a prominent regulator of fatty acid 
flux converts long-chain fatty acyl-CoAs 
to acylcarnitines for translocation across 
the mitochondrial membrane.  Thyroid 
hormone receptor regulates CPT activity 
by binding to the TRE in the CPT Iα 
promoter a

quence located in the first intron 
of L-CPT I gene (74).  It has been shown 
that the mRNA levels and enzyme 
activity of the liver isoform, L-CPT Iα, 

increase by hyperthyroidism in liver, 
although this increase is less robust in 
non-hepatic tissues (50).  In addition in 
our study IV the thyroid hormone 
receptor had a mutation rendering it 
incapable of binding the ligand and 
DNA in a dominant-negative manner.  
These might explain why in our heart 
studies the protein content for L-CPT I 
was not significantly changed due to 
thyroid state (Fig 6. in II; Fig 6. in IV).  
Similarly to hypothyroid hearts, 
hypertrophic hearts have a decreased 
rate of palmitate oxidation, though this is 
accompanied with an elevation of L-
CPT I (116).  Our systemic hypothyroid 
hearts were thyroidectomized 2-3 weeks 
prior to the experiments, which did not 
cause an increase in heart weight, a sign 
of hypertrophy.  It remains to be 
determined, whether a longer period of 
hypothyroidism would result in further 
compensatory responses to the reduction 
of fatty acid oxidation such as changes 
in L-CPT I expression.   

One prior study in rat heart 
showed that hyperthyroidism did not 
modify mRNA expression for muscle-
CPT I isoforms compared with the 
euthyroid state (16).  Though, studies 
have shown that the hypothyroid state 
has a greater metabolic sensitivity to 
thyroid hormone than the euthyroid state 
(86, 101).  Interestingly content for 
muscle-CPT I in our study II was 
significantly decreased in systemic 
hypothyroid hearts (Figure 6.; Fig 6. in 
II), suggesting a mechanism for FFA 
flux inhibition.  M-CPT I content 
returned to control levels in hypothyroid 
hearts with the T3 infusion (Figure 6.; 
Fig. 6. in II).  Thus leadi

 addition to long-term thyroid-
mediated transcriptional or translational 
control of M-CPT I content, thyroid is 
able to increase hearts M-CPT I content 
within 60 minutes.  Further studies are 
needed to see, whether this increase 
would later translate to recovery of FFA 
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flux to control levels in hypothyroid T3 
infused hearts. 

Figure 6.  Muscle-carnitine palmitoyl-
transferase I (M-CPTI) content 
decreased in systemic hypothyroid 
hearts.  Modified from (45) with 
permission from The American 
Physiological Society. 

 

Surprisingly the M-CPT I was 
not altered in ∆337T hearts compared to 
controls (Fig 6. in IV).  We
speculate that the original stimulus f
reduction of M-CPT I in our rat 
hypothyroid model is not cardiac 
originated, but is caused by the syste
adaptations by low circulating thyroid 

 can 
or 

mic 

r the decrease in 
∆337T hearts does not seem 

 be connected to M-CPT I.  Other sites 
regulat

eduction in cardiac function. 

CE can be altered by multiple 
factors such as hypothyroidism or 

hing of 
myos toward a slower 
heno 42, 79) causing 

multipl

 ∆337T heart (Fig 
5. in IV

hormone levels.  ∆337T mice with 
normal levels of circulating thyroid 
hormone would not have any systemic 
compensational mechanisms at work and 
would lack such a stimulus to the heart.  
Thus the mechanism fo
FFA flux in 
to

ing fatty acid utilization such as 
acetyl-CoA carboxylase need to be 
examined. 

 

4.4 Increased cardiac 
efficiency 

 
Decreased spontaneous heart rate 
accompanied with increased developed 
pressure and decreased MVO2 in the 
∆337T model resulted in improved 
cardiac efficiency (CE) at intrinsic heart 
rate calculated as the relationship of 

cardiac work to oxygen consumed 
(Figure 3.; Figs 1. and 2. in IV).  This 
CE improvement was produced without 
significant r

genetic manipulation by switc
in isoforms 
type (40, p

bradycardia.  Accordingly ∆337T hearts 
show an altered isoform profile with a 
marked predominance of slow myosin 
heavy chain (MHC) (93).  In addition 
hypothyroidism and ubiquitous TRα1-
knockout cause bradycardia by 
decreasing expression for mRNAs 
coding for potassium and cyclic 
nucleotide-gated channels (31).  One of 
the potassium channels showed a 
significant decrease in expression for 

e sequences in ∆337T hearts (12).  
Therefore bradycardia in ∆337T hearts 
can be explained at least partly by 
changes in regulation of these proteins at 
transcriptional level. 

In this study we hypothesized 
that the increased CE in the ∆337T 
murine hearts is altered by substrate 
utilization pattern.  A preference for 
glucose over fatty acid oxidation could 
yield a higher free energy of ATP 
hydrolysis simply due to the greater 
ATP-to-O ratios for glucose than for 
fatty acids (89).  Studies in isolated 
working mouse heart showed previously 
that raising palmitate concentration in 
perfusate decreased the ratio of glucose 
to fatty acid oxidation along with 
decreased CE (41).  Our results show a 
reduced flux for multiple substrate 
oxidative pathways in

) including a decreased FFA flux 
with intrinsic heart rate.  This was 
accompanied with a significant increase 
in fractional contribution from unlabeled 
substrates representative of glucose and 
endogenous substrates.  The heart rate 
elevation by pacing prompted an 
increase in FFA acetyl-CoA contribution 
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to the CAC and a reversal of the 
inhibition of FFA flux.  Though the 
concentrations of the provided substrates 
stayed the same in our protocol, the 
thyroid control over the substrate 
preference could play a role in the 
increased CE in our cardiac specific 
hypothyroid model. 

 

4.5 Thyroid alters substrate 
oxidation 

 
Thyroid hormone infusion in euthyroid 
hearts or systemic hypothyroid hearts 
with or without T3 infusion did not alter 
the fractional contribution of unlabeled 
substrates to the CAC (Table 1. in I; Fig 
3. in II).  However, in our results the 
∆337T hearts operating at intrinsic heart 
rate showed a significantly larger 
contribution of substrates to the CAC 
from the unlabeled pool compared to the 

e hearts (Figure 7.; Fig 3. in 
).   

cle (CAC).  ACAC, acetoacetate; 
LAC, lactate; FFA, free fatty acids; YS, 
anaplerotic component.  Modified from 
(46) with permission from The 
American Physiological Society. 

 

When the ∆337T hearts were 
paced to wild-type heart rate levels, the 

13

ilar to 
e contribution of unlabeled substrates 

in the p

difference in substrate utilization pattern 
and the energetic advantage were 
abrogated (Fig 2. and 3. in IV).  The 
unlabeled substrate pool can consist of 
exogenous glucose and endogenous 
substrates glycogen and triglycerides 
(32, 108, 109).  Though it was not part 
of the original goal of this study, we 
attempted to decipher the components of 
the changing unlabeled substrate pool by 
using 1-13C-labeled glucose as a 
replacement for labeled lactate.  The 

wild-typ
IV

 
Figure 7.  Fractional contributions of 
acetyl-CoA from substrates to the citric 
acid cy

contribution from C-glucose was 
similar between ∆337T mice at intrinsic 
heart rate and with pacing to heart rates 
comparable to wild-type mice, while the 
difference in the unlabeled contribution 
was approximately 2-fold in these 
groups.  In addition, the fractional 
contribution of glucose was sim
th

aced ∆337T hearts perfused with 
unlabeled glucose.  Therefore we could 
eliminate glucose as a major source for 
unlabeled portion as we did in the first 
study with epinephrine infusion.  
Therefore other substrates than glucose 
are responsible for the increase in 
unlabeled portion in ∆337T hearts with 
intrinsic heart rate compared to the wild-
type hearts. 

Though we were not able to 
directly determine all the sources of the 
increased unlabeled substrate fraction in 
the ∆337T hearts, the endogenous 
substrates triglycerides and glycogen 
remained as candidates (32, 108, 109).  
Even though under some conditions 
endogenous triglycerides can contribute 
a substantial portion of oxidative 
substrate (88, 110), they only provide a 
minor portion compared with glycogen 
under conditions as in our protocol using 
multiple substrates (109).  Additionally a 
decrease in CE would be expected with 
substantial triglyceride utilization due to 
the lower P-to-O ratio inherent with fatty 
acids. 
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Interestingly our amylogluco-
sidase assay revealed that the heart 
extraction procedure does not deplete the 
glycogen stores in our experiments.  
Further

C in these transgenic hearts under 
intrinsi

 

 

protein 

ability to increase oxygen consumption 
with pa

insufficient to produce a detectable 

more glycogen stores were 
significantly elevated in the ∆337T 
hearts at baseline compared to controls, 
5.14 ± 0.83 and 3.62 ± 1.02 µmol 
glucose derived/g wet weight, 
respectively.  It has been shown that 
acetoacetate enhances glycogenesis and 
glycogen content in isolated working rat 
hearts, suggesting that preferential 
oxidation of this ketone inhibits 
glycogenolysis (109).  Consequently, the 
reduction in fractional contribution and 
flux of acetoacetate, increased glycogen 
content and enhanced CE in ∆337T 
hearts strongly support the contention 
that glycogen is the source of the 
increased unlabeled acetyl-CoA entering 
the CA

c heart rate conditions. 

Additionally ∆337T hearts 
showed an inability to increase oxygen 
consumption, suggesting a limitation in 
carbohydrate oxidation capacity (Fig 2. 
in IV).  Our proteomic data are 
consistent with the shifts in fractional 
contribution and flux during pacing and 
are presented in Figure 8. (Fig 6 in IV). 

 
Figure 8.  Protein content relative to 
GAPDH for enzymes involved in 
substrate metabolism.  Modified from 
(46) with permission from The
American Physiological Society. 

 

Overall GLUT-4 and HK-2 
expressions were decreased in ∆337T 

hearts compared to controls.  It is 
tempting to suggest that GLUT-4, which 
promotes glucose transport and
oxidation while inhibiting fatty acid 
oxidation, was at least partly responsible 
for the reduction in carbohydrate 
capacity.  However, Fueger et al showed 
that GLUT-4 deficit alone does not limit 
stress-induced glucose oxidation (29).  
On the other hand the simultaneous 
changes in HK-2, responsible for 
glucose phosphorylation, can alter 
maximal glucose oxidation capacity.  A 
partial deletion of the HK-2 gene in 
heart can prevent the normal increase of 
myocardial glucose uptake during 
exercise (29).  Our ∆337T hearts showed 
a similar reduction in the HK-2 
content, which strongly suggests that the 
in

cing is due to decrease in glucose 
phosphorylation and transport capacity.  
Additionally, the reduction in HK-2 
content further supports the contention 
that glucose-6-phosphate, the source of 
the unlabeled acetyl-CoA entering the 
CAC in the transgenic mice hearts 
originates from glycogen rather than 
glucose. 

Our studies showed a significant 
decrease in lactate flux by thyroid 
hormone infusion in euthyroid and 
hypothyroid hearts (Table 2. in I; Fig 4. 
in II).  Since lactate is the main substrate 
for pyruvate dehydrogenase (PDH) 
complex in our experimental design, we 
studied this pathway further.  We 
measured the protein content for 
pyruvate dehydrogenase kinase (PDK)-2 
and PDK-4, which transcriptional 
upregulation phosphorylates and inhibits 
PDH.  Even though specific activity of 
recombinant PDK-4 is seven times 
greater than recombinant PDK-2 (11), 
PDK-4 is generally less abundant than 
PDK-2 in rat heart (128).  Our protein 
data in hypothyroid hearts, illustrated in 
figure 6. in II, show a modest increase in 
PDK-2 expression, which may be 
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decrease in lactate oxidation.  However, 
T3 infusion significantly decreased 
lactate oxidation and flux in the 

o
emb

llenge this 
assump

hypothyroid hearts with further increase 
in PDK-2.  These data suggest that acute 
T3 supplementation hinders PDH flux 
through activation of PDK-2.  These 
results from both long-term hypothyroid 
state and acute T3 supplementation show 
paradoxically an elevation of PDK-2, 
thus suggesting that at least two different 
mechanisms are involved in this 
regulation.  In addition the lactate flux 
was decreased in the hypothyroid ∆337T 
hearts accompanied with increased 
protein content for both PDK-2 and -4 
(Figure 8.; Figs 5. and 6. in IV).  Since 
the lactate oxidation did not change due 
to pacing in the ∆337T hearts with 
elevated PDK-2 and -4 expressions, 
carbohydrate oxidation seems to be 
limited along the glycolysis pathway. 

 

4.6 Transcriptional and rapid 
thyroid mechanisms 

 
In addition to elevations in cardiac work 
the changes in substrate utilization are a 
result from hormonal action.  The time 
course of these rapid changes implies 
that other mechanisms than 
transcriptional processes controlled by 
thyroid receptor (TR) are involved.  The 
candidate posttranscriptional sites for 
these rapid changes include T3 
participation in covalent or allosteric 
modification of enzymes, inhibition or 

 

enhancement of protein degradation, and 
prom tion of receptor translocation to 

ranes (20, 21, 67, 113). m

Our studies I and II in the 
euthyroid and hypothyroid rat hearts 
demonstrate the thyroid hormone 
regulation of cardiac metabolism by 
transcriptional as well as rapid 
mechanisms.  Our initial study design 
was to separate protein content mediated 
changes from other mechanisms.  Most 
prior studies evaluating protein synthesis 
rate of key enzymes involving T3 were 
performed with a long time-course, over 
days (56, 99).  Thus we assumed that 
acute T3 infusion would not elevate 
protein levels.  Our data cha

tion, as we found statistically 
significant changes or insignificant 
trends for multiple proteins over 60-
minute T3 infusion.  Previous data show 
that T3 requires at least 30 minutes to 
induce a detectable change in mRNA 
levels (19), while the minimum time 
required for translation is yet to be 
determined.  In our first study (64) we 
showed modifications on substrate flux 
in isolated euthyroid rat hearts in only 20 
minutes.  Unfortunately neither mRNA 
nor protein content were determined in 
this study.  In addition, T3-mediated 
changes in phosphorylation potential in 
hypothyroid hearts of the intact animal 
have been shown over a similar time 
period (96).  Thus the data strongly 
suggest that there are several 
posttranscriptional mechanisms 
mediated by T3 in substrate metabolism.
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5 CONCLUSIONS 
 

1)  Thyroid hormone has been shown to 
potentiate the effects of catecholamine, 
though this had not been studied in heart 
with regards to substrate oxidation.  Our 
results showed an increase in FFA 
utilization by thyroid hormone and a 
decrease by epinephrine.  When these 
hormones were infused simultaneously 
both effects were ameliorated.  These 
data indicate that no obvious synergism 
or cooperation was present between 
thyroid hormone and epinephrine 
with regards to fatty acid metabolism. 

 

2)  It has been shown that T3 increases 
FFA oxidation and epinephrine increases 
lactate utilization.  A similar pattern was 
found in studies of thyroid hormone 
effect on substrate utilization pattern at 
rest and with epinephrine stimulation.  
Lactate utilization was decreased, while 
FFA utilization increased by T3 at rest.  
With addition of epinephrine T3 
increased lactate and decreased 
acetoacetate utilization.  Thus thyroid 
hormone modifies substrate selection 
differentially at rest and at higher 
rates of oxygen consumption induced 
by catecholamine stimulation. 

 
3)  Thyroid hormone promotes 
myocardial fatty acid utilization in 
normothyroid hearts.  In addition thyroid 
dysfunction, either systemic 
hypothyroidism or cardiac specific 
hypothyroidism, results in decreased 
fatty acid utilization.  This shows that 
thyroid hormone plays a leading role 
in regulation of myocardial fatty acid 
utilization. 

 
4)  Systemic and cardiac specific thyroid 
hormone deficiency depressed total citric 
acid cycle flux.  The depression of total 

citric acid cycle flux in hypothyroid 
and ∆337T hearts was independent of 
heart rate and unaffected by acute 
thyroid hormone supplementation. 

 

5)  Insertion of a dominant negative TR 
alters metabolic phenotype and 
contractive efficiency in heart.  ∆337T 
hearts produced an increased cardiac 
efficiency without significant reduction 
in cardiac function.  This was 
accompanied with a substantial increase 
in utilization of unlabeled substrates 
likely glycogen for the most parts.  We 
suggest that the energetic advantage 
for ∆337T hearts occurs through an 
alteration in substrate utilization 
pattern away from fatty acids, as it 
could yield a higher free energy of ATP 
hydrolysis.   

Although pacing of the ∆337T 
hearts to control levels decreased 
developed pressure and eliminated the 
cardiac efficiency advantage, the hearts 
exhibited an inability to increase oxygen 
consumption and an increase in fatty 
acid utilization during pacing, 
suggesting that ∆337T hypothyroid 
hearts have a limited cardiovascular 
and respiratory adaptation capability 
to stress. 

 

6)  ∆337T hearts showed an increase in 
fractional contribution of unlabeled 
substrates (glucose and endogenous 
substrates), which was ameliorated with 
pacing hearts to control levels.  
Additionally ∆337T hearts showed an 
inability to increase oxygen 
consumption, suggesting a limitation in 
carbohydrate oxidation capacity.  Our 
proteomic data support this contention as 
GLUT-4 and HK-2 expressions were 
decreased in ∆337T hearts compared to 
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controls. In addition the lactate 
decreased in the hypothyroid

flux was 
 ∆337T 

hearts accompanied with increased 
protein content for both PDK-2 and -4.  

 
7)  Prolonged hypothyroidism and acute 
thyroid supplementation of 60 minutes 

ies 
substrate selection through nuclear-

Since the lactate oxidation did not 
change due to pacing in the ∆337T 
hearts with elevated PDK-2 and -4 
expressions, carbohydrate oxidation 
seems to be limited along the glycolysis 
pathway.  Therefore we conclude that 
the capability of the ∆337T heart to 
increase carbohydrate oxidation in 
response to stress seems to be limited 
along the glycolysis pathway. 

 

altered substrate utilization pattern in rat 
heart.  These were accompanied with 
alterations in proteins controlling critical 
steps in substrate oxidation pathways.  
Thus thyroid hormone modif

mediated and rapid 
posttranscriptional mechanisms.
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6 CLINICAL SIGNIFICANC
 

These studies provided a clearer 
understanding of chronic and acute 
thyroid function in heart.  
Transcriptional and translational 
mechanisms, through, which thyroid 
controls substrate oxidation and function 
were investigated.  Hypothyroidism is 
suggested to be linked to heart diseases 
such as myocardial hypertrophy.  
Especially disturbances in thyroid 
regulation of substrate utilizatio

E 

n such as 
diminished fatty acid oxidation can 

mplications and disease.  
nhancement of fatty acid oxidation has 

been observed in various organs such as 
liver (84, 117) although has not been 
fully evaluated in heart. 

Experimental and preliminary 
clinical studies suggest that increased 
glucose oxidation may improve cardiac 
function in patients with chronic heart 
failure.  Concomitantly altered FFA 
oxidation induced by thyroid state could 
provide a pathway for enhancing 
myocardial glucose oxidation.  Thus 
manipulation of myocardial energy 
metabolism by thyroid hormone could 

supplement after cardiopulmonary 
bypass, which causes drops in its 
circulating levels.  Thus it is imperative 
to understand the function of thyroid 
hormone and identify the underlying 
mechanisms.  In addition, 
pharmacological targeting of nuclear 
receptors involved in metabolic control 
is currently developing as a strategy for 
treatment of heart failure.  Another 
approach is development of specific 
agonists or antagonists for specific 
thyroid receptor isoforms or 
manipulation of receptor phenotype to 
increase ligand-binding isoforms, or 
repress the dominant-negatives.  The 
data in these studies provided guides for 
future pharmacological development 
using these approaches. 

 

cause co
E

serve as an approach for managing heart 
failure.  Further studies will be required 
to elucidate the mechanisms involving 
activation and inhibition of the FFA 
pathways by thyroid hormone state in 
heart. 

Thyroid hormone has received 
significant attention clinically as a 
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